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Abstract:

The enzyme known as MoCu-CODH has a unique active site that has captured the interest
of bioinorganic chemists since the elucidation of its structure in 2001. Thus, a high-fidelity small
molecule analogue of the MoCu CODH active site has been a long-pursued target of synthetic
bioinorganic chemistry. While there have been several published attempts at this target, none of
the entrants has preserved both the single bridging sulfido moiety between the metal centers and
the active equatorial molybdenum-bound oxo ligand. Both of these structural features are thought
to be critical to the catalytic activity of this enzyme. Pursuant to this goal, a synthetic strategy has
been designed that was based on a result that has resisted reproduction. This strategy includes the
synthesis of a sterically hindered silylated mixed oxythiomolybdate and sterically crowded
coordinatively unsaturated Cu(I) center with the aim that the steric bulk on both metal centers will

prevent the molybdate chalcogen ligands from binding the Cu(I) in bidentate arrangement.

In Chapter 2 the synthesis of mixed oxythiomolybdates is explored. This synthesis has a
long history going back to Berzelius nearly 200 years ago. Despite this long history of active
investigation, no significant changes to the reagents or processes employed have resulted. The
synthesis presented here is being undertaken utilizing a new chalcogen exchange reagent,
hexamethyldisilathiane, (Me3Si)2S, whose mechanism and reaction thermodynamics toward the
entire set of mixed oxythiomolybdates (MoOxSsx?) are explored through synthetic and
computational approaches. This synthetic exploration includes consideration of some observed

byproducts.

Chapter 3 presents the copper center that is called for in the synthetic strategy. While this

copper center has precedent in literature of structurally similar Cu(I) complexes, many of these



precedents show luminescent or photocatalytic properties. To explore the chemistry of the
proposed copper complex, its coordination chemistry with a variety of hard and soft sulfur donors,
halides, and pseudo-halides is investigated. Computational investigation of the frontier orbitals,
coupled with some of the observed reactivity, reveals that this complex displays a metal-to-ligand
charge transfer (MLCT) in its absorption spectrum that complicates the synthesis of the desired

complex.
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Chapter 1: Synthesis of a Small Molecule Analogue of Molybdenum-Copper
Carbon Monoxide Dehydrogenase

Introduction

Molybdenum has been known to play a vital role in enzymatic active sites since the mid-
1950s, with several of those enzymes being well characterized both structurally and
mechanistically through the synthesis of small molecule analogues by the mid-1990s.” Most
molybdoenzymes catalyze some form of oxygen atom transfer reaction either to or from the metal
center. These enzymes are categorized into several families, illustrated in Figure 1 below, based

on their active site structure, modifications to the pterin cofactor, and the substrate they activate.”’

X=0,S (S-cys)
( or Se) x\\ §-ser (Se-cys) ‘/{\‘ S, S

S 1L MOVJ, S—Mo— (o]

%p K4 \'QSI/ Vo,

The DMSO Reductase Family The Xanthine Oxidase Family

(true hydroxylases)

' ‘S-cys
(-OHy)

The Sulfite Oxidase Family

Figure 1: The general structure of the families of Molybdoenzymes reprinted with
permission from Hille, R.; Hall, J.; Basu, P.; “The Mononuclear Molybdoenzymes”
Chem. Rev.2014. 114.7 3963-4038. Used with permission.

Nearly all known molybdoenzymes contain the molybdopterin, or pyranopterin, cofactor
which, while it supports some structural variation, always coordinates the metal center through a

redox-active enedithiolate moiety.” The enzyme that enables the aerobic carboxidotrophic bacteria



Oligotropha carboxidivorans to employ carbon monoxide as its only source of carbon and
reducing equivalents is a molybdoenzyme that belongs to the xanthine oxidase family.’ This
enzyme formally catalyzes the transfer of an oxygen atom from Mo(VI) to carbon monoxide and
bears the name molybdenum-copper carbon monoxide dehydrogenase, or MoCu-CODH due to its
unique active site which is illustrated in Figure 2, below. First elucidated in 2001, this enzyme has
a unique heterobimetallic structure which contains the familiar Mo(VI) coordination environment,
with mixed oxo/sulfido ligation in its first coordination sphere, arranged in a square pyramidal
geometry, including a single molybdopterin cofactor.’ Unusually, this molybdenum center is
bound only through a single sulfido bridge to another metal, Cu(I). This copper ion resides in a
linear coordination environment in which it is bound to only the bridging sulfido and a
deprotonated cysteine residue. The enzyme also contains several Fe,S; clusters for the purpose of

electron transport and a FAD cofactor as the

. i o
'9
] ’) terminal electron acceptor.

% \‘ = \

* -3 - Thus far, despite significant efforts, limited
-7 | A

. * success has been reported for the synthesis of a
t structurally faithful or functional small molecule

Figure 2: The active site of MoCu-CODH.
Carbon=Grey, Nitrogen=Blue, Oxygen=Red,
Sulfur=Yellow, Molybdenum=Teal, Phosphorous

MoCu-CODH active site analogue. The challenge

=Orange, Reprinted with permission from is attributable to several factors, among them the
Shanmugam et al. “13C and 63,65Cu ENDOR studies
of CO dehydrogenase from Oligotropha difficulty of avoiding the thermodynamic sink

Carboxidivorans. Experimental Evidence in support

of a Copper-carbonyl Intermediate.” J. Am. Chem. L.
Soc. 2013. 135 17775-17782. Copyright 2013 represented by  molybdenum  coordinating

American Chemical Society.
irreversibly to Cu(l) in a bidentate manner and

failing to maintain the unsupported linear copper geometry.” Recently there has been some

computational evidence that the natural enzyme may be best characterized as a frustrated Lewis-



pair (FLP), kept from forming a stable Lewis adduct by the steric bulk of the protein, which may

provide an important strategy to synthetically interrogate this long-sought structure.®
Early Research and Structural Characterization:

Ortwin Meyer is primarily credited with much of the early research on Oligotropha
carboxidivorans and has, in fact, dedicated much of his career to the research of carboxidotrophic
bacteria and molybdoenzymes. His research is responsible for the isolation and reclassification of
this microbe from the Pseudomonas family into the Oligotropha family.*’’ Meyer’s Group is also
responsible for the isolation and purification of the MoCu-CODH protein and the identification of
its substrate and products in the late 1970s and early 1980s.’//? Through this work, CODH was
initially proposed to be just a molybdenum containing flavoprotein. Later, his group collected EPR

13,14,15

and other spectral data, identified the presence of molybdopterin,’® determined the location

1’]7

of the protein within the cell,’’ identified selenium as promoting the reaction,’® as well as identified

and sequenced the genetic code that contains the instructions for biosynthesis.’’

In 1999, Meyer and his coworkers reported the X-ray crystal structure of MoCu-CODH at
a 2.2 A resolution, seen in Figure 3A below. The results of their past experiments, coupled with
this data, led them to declare that the CODH enzyme found in O. carboxidivorans was a
molybdenum flavoprotein in which the molybdenum was bound to the molybdopterin and to a
selenocysteinate residue, similar to the already known formate dehydrogenases at the time. They
also proposed a catalytic cycle, seen in Figure 3B below, which was supported by previously
known synthetic organic chemistry. In this mechanistic proposal carbon monoxide is coordinated
between the selenocysteinate and a molybdenum bound hydroxide ligand. Following attack by
Se’, a selenocarbonate intermediate was proposed, which then leads to carbon dioxide after

attachment of the deprotonated equatorial molybdenum oxido- ligand.”**!

3
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Figure 3: The 1999 Dobbek and Meyer structure and mechanism proposal, in the structure Green=carbon,
blue=nitrogen, white =molybdenum, red=oxygen, orange=selenium, yellow=sulfur, purple=phosphorus.
Reprinted with permission from Dobbbek et al. “Crystal structure and Mechanism of CO dehydrogenase, a
molybdo iron-sulfur flavoprotein containing S-selenocysteine” Proc. Natl. Acad. Sci. USA. 96. 1999. 8884-8889
Copywrite 1999 National Academy of Sciences.

However, not all newly emerging data were consistent with Dobbek and Meyer’s structural
or mechanistic proposal. The next year, the group edited the initial structure to include an
equatorial sulfido- ligand in the place of the previously identified hydroxy ligand on the
molybdenum center. Even in this paper, they cite several pieces of evidence which challenge their
proposed structure, namely: elemental analysis of the purified protein and electron paramagnetic
resonance spectroscopy. The elemental analysis showed an insufficient amount of selenium to
populate the active site and provide the activity levels which had been observed in purified
samples. Furthermore, the EPR spectra of the spin-active reduced active site displayed hyperfine
splitting patterns.?” This hyperfine splitting had previously been assigned to the organic radicals
in the electron receptor chain but was now shown to be a much better fit for a proximal copper(I)
center in the place of the proposed selenocysteine. In 2002, the group reported several new XRD
structures with an improved resolution of 1.1 A. In this report, the selenocysteine was replaced

with a hitherto unprecedented, unsupported linear copper (1) bound by a cysteinate residue and the



Mo=S ligand. They also reported structures of a
n-butylisocyanide trapped intermediate in
addition to the oxidized and reduced forms of the
enzyme. These results also contained a new
proposed catalytic cycle which was informed by

the new data, illustrated in Figure 4 to the right,.”’

The Meyer group continued work on what
was now being referred to as MoCu-CODH,
including their report of its ability to split
hydrogen in 2006 and a further investigation of
the biosynthesis of the active site before moving

on to other areas of interest.’%?°

Interest and the Water-Gas Shift Reaction:

E I o8
S Mﬂﬂl’l .Cuﬂl 5

P y -8 OH co

. Oxidized stare

b1 i

o

1 o v

I Wi = il | E g i

. 5 Mo Cu—35 s R ™1 % U_,.-l'.".U" S
s OH & o
Reduced state Intermediate state
‘.

Figure 4: The Meyer and Dobbek proposed reaction mechanism,
reprinted with permission from Dobbbek et al. “Catalysis at a
dinuclear [CuSMo=0)OH] cluster in CO dehydrogenase resolved at
1.1-A resolution.” Proc. Natl. Acad. Sci. USA. 99, 25. 2001. 15971-
15976. Copywrite 1999 National Academy of Sciences

The attention of synthetic chemists was almost immediately captured by this unique

enzymatic active site. In addition to having an unusual active-site geometry, the reaction catalyzed

by CODH is analogous to the water-gas shift reaction (WGS) that is employed industrially for the

production of syngas. Syngas is vital for the synthesis of ammonia, hydrocarbons, methanol, and

other products through a variety of industrial processes. The Fischer-Tropsch reaction, for which

the feedstock is carbon monoxide and hydrogen, also uses Syngas mixtures as do other applications

seen in Figure 5 below.?%



CO + H,0 2 CO, + H,

CO + H,0 ———— CO0, + 2H* + 2e~
MoCu CODH

Equation 1: The water-gas shift and the MoCu-CODH and other CODH enzymes’ catalytic reactions

The water-gas shift reaction is also gaining more interest as a green fuel source for
hydrogen-based power storage. For different applications, the exact composition of the syngas
mixture varies, thus the conditions at which the WGS reaction is performed vary accordingly.
However, in general, elevated temperatures are employed to shorten the amount of time that is
required to reach the reaction’s equilibrium state. Current low temperature water-gas shift reaction
catalysts employ heavy and/or precious metals such as gold, platinum, palladium, or rhodium or
27,28

expensive materials like multi-walled carbon nanotubes.
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Figure 5: The Uses of Syngas and some of the catalysts involved,
reprinted with permission from Alfano and Cavazza “TheBiologically
mediated water-gas shift reaction: storage, function and biosynthesis

of monofunctional [NiFe] Carbon monoxide dehydrogenases.” Sus.
Energ. Fuels. 2018. 2. 1653. Reprinted with permission from RSC.

The similarity between the WGS and the reaction catalyzed by MoCu-CODH can be seen
in equation 1 above. It is clear that a MoCu-CODH inspired catalytic system, which could be

synthesized from relatively earth abundant elements and able to operate at near room temperature



would be a significant development. To this end, efforts to generate a small molecule analogue for

structural and mechanistic studies began almost immediately.
Synthetic Efforts:

The first effort at synthesizing a small-molecule analogue of MoCu-CODH was by the
group of Kazuyuki Tatsumi. Tatsumi had long had interests in research on transition metal
chalcogenide and dithiolene compounds, particularly those of molybdenum and tungsten.?*3*3 In
2005, Tatsumi reported the synthesis of the dinuclear molybdenum-copper compound,
[02M0S2Cu(CN)]* and several derivatives including dithiolene bound compounds like the one

illustrated in Figure 6. These complexes appear as square pyramidal molybdenum, as found in

the enzymatic active site, and were synthesized by the

H 0 | reaction of [EuN]2Mo00O,S, with an appropriate copper
S ~=pMo= 9
gy \S:{'“ SAr salt. Derivatization of the copper ligand was then
R

performed by ligand exchange reactions utilizing a

Figure 6 Tatsumi 2005 synthetic effort

highlighting the similarity to the MoCu- potassium salt of the desired ligand which resulted in
CODHactive site in red. Reprinted with
permission from Gourlay et al “Models for
aerobic carbon monoxide dehydrogenase:
synthesis, characterization and reactivity of L . o .
Paramagnetic Mo"O(1-S) Cill complexes. Chem.  the dithiol with the elimination of two equivalents of

Sci 2018. 9 876.

the removal of KCN. The dithiolene was installed as

H>O.

This effort was notable because the product was exclusively dinuclear with no trinuclear
product of the form [02MoS>(CuCN):]*, as is common in the analogous reaction with MoS4%".
These compounds were also the first dithiolene bearing sulfido-bridged Mo-Cu complexes.
However, in these complexes the molybdate sulfido ligands chelate Cu(I), rather than form the
single x-S bridge as is found in the enzyme. This bridging occurs despite efforts to introduce steric

bulk at the copper center to discourage the formation of the double sulfido bridge. Further, all
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attempts to detect an interaction between this complex and carbon monoxide or t-butylisocyanate,
as seen in the native enzyme, were unsuccessful despite the authors noting a color change under
10 atm of CO. Despite this setback recent investigations of this complex by Fontecave and Mougel
showed that it is capable of the electrocatalytic reduction of CO> to formate at an overpotential of
800 mV.* Additionally, the Sarkar group was able to isolate a stable copper bound thiyl radical

when the complex was reacted with a second equivalent of benzene dithiolene.*

Later in 2005, the group of Charles Young reported another MoCu-CODH active site
analogue that took a different approach. The Young model system is illustrated in Figure 7, to the
left, and is a [{Tp™ }MoO(OAr)(p-S)(Cu(Mesten))] complex in which the molybdenum center, in
this case Mo(V), is bearing a fac-tris(pyrazolyl)borate ligand and its equatorial oxo ligand is
protected as a 3,5-di-tertbutylphenolate ligand.>’ This molybdenum center is bound through a
single bridging sulfido ligand to a copper ion whose remaining
coordination sites are occupied by N,N',N"-trimethyl-1,4,7-
triazacyclononane. This assembly was synthesized by a reaction

of [{Tp™}MoOS(OAr)]"" and [(MeCN)Cu(Mestcn)][BFa]

acetonitrile. The anionic molybdenum complex had been prepared

Figure 7 Young et al. synthetic
effort, Reprinted with permission
from Gourlay et al “Models for

aerobic carbon monoxide cobaltocene, however, the coupling was also facile if the reductant
dehydrogenase: synthesis,
characterization and reactivity of
Paramagnetic Mo"O(u-S)Cu!
complexes. Chem. Sci 2018. 9 876.

prior to mixing by the reduction of [{Tp™}MoOS(OAr)] by

was added to a solution with both species present. This modular
approach reduced the difficulty of generating derivatives and
many were later reported by the authors. These later reports of derivatives focused on varying the
identity of the phenolate ligand and the effect this had on key structural parameters, EPR features,

and the redox properties of the resulting complexes as gauged by cyclic voltammetry.*® However,



the supporting ligands in the Young system are decidedly abiological, the molybdenum ion is not
in the starting oxidation state and lacks the dithiolene moiety, and the terminal oxo ligand is
rendered unreactive by the arene ring. Furthermore, the copper center is coordinatively saturated
rather than occurring with the linear, two-coordinate geometry found in the enzyme. Despite these
perceived shortcomings, the Young system did provide valuable insights into the nature of the
enzymatic system. Foremost, the reduced Mo(V) center has an unpaired electron which allows the
collection of EPR spectra. Interestingly, these spectra closely match that of the native enzyme. The
EPR spectral data collected allowed for the quantification of the delocalization of the SOMO
containing the unpaired Mo(V) electron as 44% Mo dxy character, 25% S, character, and 21% Cu
dz2/dxy. This assignment was further reinforced by DFT calculations of the electronic structure,
which showed significant delocalization of the unpaired molybdenum electron across the Mo-S-
Cu bridge. The involvement of the copper s- and d-orbitals in the delocalization of this unpaired
electron led Young to surmise that only in a linear or pseudo-Csy coordination environment can
the appropriate orbital mixing take place for this orbital-stabilized radical to delocalize in this way.
This conclusion led to a rethinking of the enzymatic mechanism that will be discussed later.
Additionally, several key geometric parameters matched the native system quite well, including
the Mo—S length (2.2844 A in Young’s model vs 2.27 A in the native system), Cu—S length (2.1348
A vs2.21 A), and the Mo—S—Cu angle (118.905 °vs 113 ©). Finally, the action of the cyanide anion
on this system was similar to its action on native CODH, namely extraction of the bridging sulfide

ligand, which leads to loss of the copper center.



Following on their work

with other oxo-transferases,’’ the

Br= e, -
group of R. H. Holm reported L PH_._if)E-——fb -
el s /P
synthesis efforts aimed at CODH g I -f"l {;:;'?
i o [ ey
5 o) W
active site models in 2010. The " Nosph,
results reported by the Holm
Group were not fundamentally 8 "'H L&
.-"-""”“r - ||._-- ~ i | i o | L2
[ wE o ]| =Rl e
different in the structures of their k’l\ o '} g Lo, WT Tou— .
: iPh,

reported products from those of the

Figure 8: The products reported by the Holm Group. Adapted) with
permission from Groysman et al.” Reaction of monodithiolenetungsten (VI)
sulfido complexes with copper(l) in relation to the structure of the
Though the model compounds active site of carbon monoxide dehydrogenase” Inorg Chem.2010. 49 1082-
1089 Copyright 2010 American Chemical Society.

Tatsumi effort noted above.

prepared by the Holm Lab

employed tungsten dithiolene rather than the molybdenum dithiolene complexes and the synthetic
route to these products was quite different.>® The choice to use tungsten over molybdenum was
made to simplify synthetic efforts by avoiding the self-reduction to which thiomolybdates are
prone. The authors of this effort tried many different sterically bulky 2-coordinate copper starting
materials in an effort to avoid the (u-S)2 binding motif including a 2,5-di-(1,3,5-tri-isopropyl)
benzenethiolate complex, a di-isopropylcarbene complex, and a bis(triphenylsilanethiolate)
complex. These sterically hindered copper complexes were reacted with benzene dithiolate
tungsten compounds with the WO.S, WOS;, WO>(OSiMes3), and WS,(OSiMes) cores.
Interestingly, regardless of the first coordination sphere of the tungsten starting material only
complexes with the (u2-S)> core were isolated, as seen in all the complexes in Figure 8 above.

This bridging arrangement is so stable that it was isolated even in the reactions in which the
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tungsten reactant bears only equatorial oxygen atoms, hypothetically from the disproportionation

of the tungsten complex.

The next major synthetic effort was Figure 9: The Groysman monometallic complexes and the
heterobimetallic reaction cascade. Reprinted with permission
from T. S. Hollingsworth, R. L. Hollingsworth, R. L. Lord and S.
Groysman, Dalton Trans., 2018, 47, 10017. Copywrite 2018
Royal Society of Chemistry.

published in 2018 and was led by former

Holm group member Stanislav Groysman.
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accomplish this goal, they targeted a single By O
organic backbone with a hard dianionic

catechol site to bind the molybdenum, and a soft iminopyridine site to host the Cu(I). This design
was built on a 2,7-di-fertbutyl-9,9-dimethyl-4,5-diaminoxanthene backbone. While this host
molecule could host either metal center in the desired location individually as seen at the top of
Figure 9. Any attempt to place both metal centers resulted in the loss of copper and the isolation
of pyridine-2-carbaldehyde and the O,0,N bound molybdenum center shown at the bottom of

Figure 9. This result was postulated to be a cooperative bimetallic reactive cascade that resulted
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from an intramolecular nucleophilic attack by
the equatorial molybdenum oxo- ligand on
the electrophilic copper-bound imine. This

reaction is reminiscent of the mechanism of

another molybdoenzyme, xanthine
oxidoreductase, in that a molybdenum
catalyzed oxygen atom transfer to a

conjugation stabilized sp’ carbon located

between two imines is observed.

Figure 10: Groysman Dimerized Heterobimetallic product
reprinted with permission from Kaluarachchige D. et al

“Studies Relevant to the Functional Model of Mo-Cu
CODH: In Situ Reactions of Cu(l)-L Complexes with

Mo (V1) and Synthesis of Stable Structurally Characterized

Heterotetranuclear
Mo";Cu'; Complex.” Molecules 2023, 28, 3644.

,Bu

To avoid the problematic bimetallic reactivity they had observed, the Groysman group

modified the copper binding site from an iminopyridine to an amino-dipyridine coordination site.

Doing so deprived the nucleophilic molybdenum oxo ligand of an electrophilic target and allowed

for the isolation of a heterobimetallic product as a dimer with a Mo-O-Mo linkage (Figure 10).7’

This approach has gleaned hopeful results, as they have demonstrated that the Cu(l) is

coordinatively unsaturated by isolating phosphine-bound, cyanide-bound, and halide-bound

products. Furthermore, exposure to an atmosphere of carbon monoxide produced a color change

and a change in the "H NMR spectrum that suggested a new product was being formed. However,

this product was not isolable, and the spectral changes simply revert back to the starting material

in the absence of carbon monoxide.
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The most recent entry into this field is the work of the group of Neal Mankad published in
2020.* Taking inspiration from their predecessors, the Mankad Group designed their synthetic
strategy to include a tungsten dithiolene core with benzene dithiolate simulating the pyranopterin
moiety and rendering the tungstate square pyramidal. To prevent the chelate coordination mode
that is thermodynamically favored, they deactivated the equatorial oxo ligand using a cleavable
tri-isopropylsilyloxy protecting group. The 2-coordinate geometry of the Cu(I) was enforced by
employing a bulky carbene ligand with 2,5-diisopropylphenyl substituents. When the respective
monometallic compounds were combined in dichloromethane at -40°C, the primary product was
the desired singly-bridged W/Cu heterobimetallic complex. In the isolated complex the copper was
by the carbene, the p-S ligand, and a dative interaction with one of the dithiolene sulfur atoms,
shown on the left side of Figure 11, below. When the silyl protecting group was cleaved with a
fluoride source, the copper center rearranged to be reminiscent the Holm and Tatsumi efforts.
However, this complex shows a mixed bridging system composed of a u-O and p-S, that had not
previously been observed. The authors characterized the Cu-O interaction as a short dative bond
with a length of 2.377(8) A, which is much longer than an average Cu(I)-oxygen bond. Mankad

further concludes that this “closed” conformation is the relaxed conformation of the CODH active

0O
wa,ﬂsvr*ra & NEL,
T [
\ /’5 S""'#w‘i\ \Cu

I

L

Figure 11: The initial and final product of the Mankad synthesis, reprinted with permission from Reprinted
(adapted) with permission from Ghosh, D. et al. A W/Cu Synthetic Model for the Mo/Cu Cofactor of Aerobic CODH
Indicates That Biochemical CO Oxidation Requires a Frustrated Lewis Acid/Base Pair Journal of the American
Chemical Society 2020 142 (29), 12635-12642.Copywrite 2020 American Chemical Society.
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site and that the enzymatically active native site is therefore the “open” conformation. The strain
energy required to maintain the “open” conformation is compensated for by the protein
environment. They take this observation to mean that native enzyme must represent a frustrated
Lewis acid-base pair (FLP), that is a Lewis acid/base pair that cannot form a stable adduct due to
steric or electronic effects.?” Mankad postulates that this frustration is steric and enforced by the
protein bulk and supports this by pointing out stabilizing interactions amongst conserved residues
and water molecules found near the active site. By this conclusion, the current models show no
enzyme-like activity due either to their ligated equatorial oxo-ligand, which is a much weaker
Lewis base, or by the quenching of frustration through the formation of Lewis acid/base adducts
in the form of the bidentate molybdate/tungstate coordination mode seen in numerous examples

above.

The Donahue group has an unpublished result
@ @ from 2012 which has resisted replication thus far. This
@ \ compound, seen in Figure 12 to the left is
o]
[0}
\MD /< 1m0 [(Mesphen)Cu(‘BusP)(1-0)MoO2(OSiPhy)]. This

a NEF — . ,
E et T LT4SLLS) complex was synthesized by the reaction of

>C;m,,,P/ /O o 2.0964(19)
[(‘BusP)Cu(SSiPh3)] and [(Mesphen)MoO2(OSiPhs):]
with XRD quality crystals forming upon standing in

diethyl ether. The intended reaction was a coupling of the

Figure 12: Unpublished Donahue Group ~ metal centers across a single sulfido bridge by silylative
structure
dioxygenation of the molybdenum silyloxy ligand to form

hexaphenyldisiloxane, (Ph3Si)20, similar to the approach by the Holm Group in 2010. However,

the species lost in this reaction is the far less stable hexaphenyldisilathiane, (Ph3Si)2S, which likely
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degraded through side reactions. Another unusual feature is the migration of the phenanthroline
ligand from the molybdenum center, where it started, to the copper center, where it resides in the
crystal structure. Phenanthroline ligands, by their bidentate nature, aren’t generally considered
particularly labile making this a surprising result. Regardless of the unusual reaction pathway, the
product is quite similar to the native enzyme with its single, unsupported, chalcogen bridge, as
well as its free equatorial molybdenum oxo- ligands, and d'® Cu(I). As none of the existing
analogue candidates show all of these features this structure provides a tempting target for further

synthetic efforts.
The Mechanism of Action of MoCu-CODH:

The mechanism by which MoCu-CODH catalyzes the oxidation of carbon monoxide to
carbon dioxide is still the subject of some debate and has been since the initial selenocysteine
structure and accompanying mechanism of action was proposed by Dobbek and Meyer. The
mechanism suggested along with the original structure proposed that the carbon monoxide binds
to the uncharged selenium moiety of the selenocysteine, which polarized the C-O bond. The
polarized carbon was then attacked by the nearby equatorial molybdenum hydroxy ligand, forming
a bridging selenocarbonate, from which CO> is freed through proton transfer (cf. Figure 3
above).”’ This mechanistic proposal was reasonable for the proposed structure and has analogues
in the synthetic chemistry literature for the synthesis of selenocarbamates.”’ Of course, this
mechanism was discarded when the structure was corrected and the selenium removed from the

active site.

A short time later, Dobbek and Meyer again proposed a mechanism for the activity of
MoCu-CODH under the new structure. This proposal involved the insertion of CO into the Mo-S-

Cu bond with immediate attack by the equatorial oxo-ligand to form a bridging thiocarbonate (cf.
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Figure 4, above). This mechanistic proposal was based largely on the crystal structure of the n-
butylisocyanide trapped intermediate the group had obtained of the enzyme as isocyanide is

isostructural and isoelectronic to carbon monoxide.

Computational Investigation:
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Figure 13: The Mechanistic Proposal by Hofmann and Graf. Reprinted with permission

The first two significant computational investigations of this mechanism were submitted a
week apart in January of 2005 and reached similar conclusions. The first was undertaken by
Hofmann and Graf, who calculated several steps of a mechanistic cycle at the B3ALYP/LANL2dz
level of theory, with the basis set supplemented by d-type polarization functions. Hofmann and
Graf examined both the catalytic oxidation of carbon monoxide and the interaction of the enzyme
with the n-butylisocyanide inhibitor.”’ The mechanism they proposed, show in Figure 13 above,

began with the coordination of carbon monoxide to the Cu(l) center followed by nucleophilic
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attack by the nearby molybdenum bound oxo-ligand. This produces a five-membered Mo-O-C-
Cu-S ring, which undergoes ring contraction by extrusion of the copper from the ring and
formation of a C-S bond to form a four-membered ring. It was thought by the authors that, from
this four-membered ring, the trapped intermediate described by Dobbek and Meyers is formed by
the migration of the copper center to generate the thiocarbamate analogue of a bridging
thiocarbonate. Their computations showed that the bridging thiocarbonate proposed by Dobbek
and Meyers lays at the bottom of thermodynamic well, nearly 24 kcal/mol below the next step in
the catalytic cycle. Such a thermodynamic barrier is insurmountable in a practical sense, making
the formation of a thiocarbonate a dead end and thus ruling it out as a part of the mechanism. This
point seems to be a reasonable conclusion when considering that the crystal structure that prompted

the consideration of thiocarbonate as a part of the catalytic cycle is, in fact, catalytically inert.

The other paper that was 8 5 o
. L G
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Figure 14: Siegbahn and Shestakov Mechanism steps showing
the insertion of water in the Mo-CO bond. Reprinted with
permission from Shestakov, A. et a “Quantum chemical
for the Mo, Cu, and S atoms. The modelling of CO oxidation by the active site of molybdenum CO
dehydrogenase” J. Comput. Chem. 2005 26.9. 888-898.
Copyright 2005 Wiley Periodical Inc.

set that included effective Core potentials

positions of some atoms were frozen to
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ensure active site geometry remains close to the native enzyme.*” These authors were also quite
troubled by the formation of the thiocarbonate intermediate and the resulting energy well. As such,
they searched for pathways that might avoid its formation including altering the time of the
oxidation event as well as interrogating various spin states and protonation states for the active site
constituents. This investigation led them to a structure in which an incoming water molecule is
located between the Mo center and CO» oxygen, shown in the starred structure of Figure 14,
above. The association of this water molecule avoids the thermodynamic sink of thiocarbonate
formation. As such, the carbon dioxide, or n-butylisocyanate, is released by the severing of the C—
S bond followed by the association of the incoming water. These steps reduced the energy barrier
for the release of CO2 to only 17.9 kcal/mol. Later, EPR experiments have concluded that neither
the Mo(V) nor the Mo(IV) centers are protonated due to the lack of change in these spectra in D»0,
which serves to deepen this mystery. Citing the inherent error in the calculations and the lack of
clarity for the rate limiting step, Siegbahn and Shestakov were unwilling to propose a full
alternative catalytic cycle at the and could not rule out thiocarbonate formation to their satisfaction.
Biochemical work to measure the K¢a has since determined that the rate limiting step is after the
formation of an enzyme-CO complex and before oxidation of the molybdenum. Further work by
Hille et al suggests that the rate limiting step is the reductive half-reaction, i.e., the two step
reduction the electron acceptor by the Molybdenum center, which results in the oxidation of
Mo(IV) to Mo(VI) and the regeneration of the active site.”” However, the question of the depth

and very existence of the thiocarbonate energy well has persisted in spite of these revelations.
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In 2013, the group of Russ Hille published the results of their ENDOR experiments on the
partially reduced native enzyme using 'CO and *CO as the reducing agents.”” The aim of this
experiment was elucidation of the structure of the enzyme containing the EPR active Mo(V). In
these spectra, they observed hyperfine coupling between the Cu(l) and Mo(V) species which is
affected by covalent interactions of the species to their immediate surroundings. Through
comparison with similar molybdoenzyme intermediates and computational modelling, they
believed that the signal did not arise from species containing a Mo—C bond or from a thiocarbonate
intermediate. The authors also note that the data collected by these experiments does not match

the computational model for the five membered intermediate that had been postulated.

Figure 15: The Hille Mechanism in 2015 highlighting the SOMO-CO?2 resonance structure in red, reprinted with
permission from Hille. R. et al. “'3C and %% Cu ENDOR studies of CO Dehydrogenase from Oligotropha
carboxidovorans. Experimental Evidence in Support of a Copper—Carbonyl Intermediate” J. Am. Chem. Soc. 201 3.
135.47.17775-17782. Copywrite 2013 American Chemical society
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With these points in mind, the Hille Group concluded that the signal must be arising from
an accumulated partially inactivated active site in which the carbon monoxide is coordinated to
Cu(l) and that catalysis cannot proceed from there due to the molybdenum center being in a
reduced state. They further concluded that the Mo(V) center does possess a protonated hydroxy
rather than an oxo ligand. They followed this analysis with a lengthier review of the progress of
the field to that point in 2015, in which they considered the thiocarbonate intermediate not as a
true intermediate but as a complex resonance structure with the delocalized SOMO, seen above in

Figure 15.7 This mechanism includes the highlights of the previous computational studies.
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Figure 16: Stein and Kirk proposal suggesting an activated water molecule
nearby residues for a total of about attack on coordinated CO>, Reprinted with permission from Kirk, M. et al.
“Electronic structure contributions to reactivity in xanthine oxidase family

enzymes.” J. Biol. Inorg. Chem. — 2015. 20. 183-194. Copywrite 2015
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70 atoms but at a low level of
theory.  Neither group of
researchers gave significant consideration to second sphere residues or the active participation of
the several other water molecules which hydrate the active site found in the XRD structure. In
2014, Stein and Kirk postulated that one of these coordinating water molecules, located 2.4 A from
the Cu(I) center and additionally activated by a nearby glutamate residue, could be sufficiently
activated to attack the carbon in the five-membered ring configuration shown in Figure 16 above.
Such an attack would yield a protonated carbonate intermediate that is coordinated only to the
molybdenum. The reduction of the molybdenum center occurs simultaneously making this product
a Mo(IV)-carbonate and thus avoiding C-S bond formation and the thiocarbonate sink. The
thermodynamic effects of this theory are significant as the activation energy of this process is only
12.8 kcal/mol. The authors based this proposal on an orbital analysis of the intermediate, which
shows significant CO> character in both the HOMO and LUMO of the examined complex. The

result of this orbital character is a bent CO2 molecule that is prone to nucleophilic attack at the
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carbon atom. This mechanism also shows parallels with other, better studied members of the

xanthine oxidase family of molybdoenzymes.

Figure 17: The Rakhsana computations “necessary” residues.
Unlabeled atoms grey=carbon, blue=nitrogen, red=oxygen.
Reprinted with permission from Rokhsana, D. et al “A realistic
in silico model for structure/function studies of molybdenum—

copper CO dehydrogenase” J. Biol. Inorg. Chem. 2016 21 491-

499. Copywrite 2016 Springer

48,49

As the apparent importance of the
second and outer sphere residues and hydrating
waters grew, the necessity for a more
comprehensive investigation became clear. The
group of Dalia Rokhsana stepped in to complete
this daunting task in 2016.°’ They ran the most
comprehensive computational investigation to
date that included all of the structurally essential
features of the second and outer sphere. As well
as including all the reasonable variations of the
metals’ ligand environments and all reasonable
The determination of

oxidation  states.

essentiality for a given residue was evaluated by deleting the residue in question and observing the

effect upon the active site structure. This method led to a set of models that included nearly 180

atoms and is partially illustrated in Figure 17 to the left. These models were optimized in ORCA

under BP86/TZVP for all atoms except carbon and hydrogen, which were considered under the

lower basis set def2-SVP. The resulting geometries and their computed spectra were then

compared to all of the available experimental spectroscopic data for the native enzyme active site.

The structures that resulted from the endeavor led by Rokhsana compared well with the

geometry obtained from XRD and EXAFS studies. Furthermore, the computed geometries were

able to nearly reproduce the delocalization of the electron density across the sulfido bridge found
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in the reduced Mo(V) native enzyme and the model compound from the Young Group. Rokhsana’s
computational model was also able to provide an acceptable estimate of the reduction potential,
which was calculated to me -467 mV versus -558 mV for the experimental value, and Mo-O
vibrational frequencies that were within 11 cm™ of the experimental values. The vibrational
simulation is particularly notable, as what had been assigned to an asymmetric Mo-O stretch in
previous experiments was reassigned to N-H and O-H rocking motions of the residues that are
hydrogen bonded to the equatorial Mo-O. Lastly, they found that many of the second- and outer
sphere residues were important structurally. For example, the close loop comprised of Val®%*-
Arg*®7 has a significant impact on the S—Cu—S and Mo—S—Cu bond angles. The removal of Glu’®
also had a major effect on these same bond angles, resulting in a contraction of 29° upon its
removal. Based on this observation and the proximity of Glu’® to the vital equatorial oxygen it
seems that this residue is likely involved in the catalytic process. While the removal of Ser°’” had

little impact on the structure of the complex, it is also located close to the molybdenum bound

equatorial oxygen and might have a significant impact on its donor/acceptor properties.

Further investigation of the thiocarbonate intermediate was undertaken by Xu and Hirao in
2018, using a QM:MM hybrid investigation of the entire enzyme structure.’’ Their calculations
determined that the thiocarbonate intermediate was in fact not as deep of a thermodynamic well as
was previously thought, with an energetic barrier to CO; release of only 12.8-12.9 kcal/mol and
depended on the protonation state of the active site and the location of a nearby promoter water
molecule. The end fate of this water molecule is the reoxidation of the Mo (IV) center leading to
the reset of the catalytic cycle. This water molecule also serves as the source of the 2 H ions

formed as part of the catalytic product.
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Figure 18: The Hirao catalytic cycle reprinted with permission from Xu, K et al. “Revisiting the catalytic
mechanism of Mo-Cu carbon monoxide dehydrogenase using QMi/MM and DFT calculations.” Phys. Chem.
Chem. Phys.2018, 20, 28, 18938 — 18948. Copywrite 2018 Royal Society of Chemistry.

Xu and Hirao produced the currently accepted model of the MoCu-CODH catalytic cycle.
The catalytic cycle begins with the coordination of carbon monoxide to the Cu(l) center. This
coordination of carbonyl to copper shifts a greater positive charge onto the carbon and promotes
the attack by the nucleophilic molybdenum-bound equatorial oxo ligand forming the five-
membered ring described above. This five-membered ring appears in many of the mechanistic
proposals and pictured on the right side of Figure 18 above. This five-membered ring then
collapses to a four-membered ring as the CO> bond is partially formed. The release of COx is
prompted by the protonation of the bridging sulfido ligand, leading the reduction of the Mo (VI)

to Mo(IV). The two electrons gained through this reduction are shuttled out through the electron
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acceptor chain, one at a time as the Mo (1V) is oxidized by an incoming water molecule. The
protons on the incoming water molecule are harvested as part of the catalytic cycle, thereby
regenerating the Mo (VI)-S-Cu active site. The thiocarbonate-like trapped t-butylisocyanate
intermediate is too stable to undergo release in the same manner, resulting in the trapped structure

that has been characterized.”’

However, consensus has still not been reached. The group of Russ Hille proposed in 2015
that perhaps an activated water molecule is the nucleophile in this enzyme, rather than the
equatorial molybdenum oxo- ligand.?” This idea was investigated computationally by Greco et al.
in 2022, and found to be thermodynamically favorable.”” A second, new camp of thought
surrounding this mechanism, also proposed by Greco et al. in 2019, has recently developed which
considers the active site not in a classical stepwise sense but as a frustrated Lewis pair, or FLP.8
In the FLP scenario the copper d-orbitals form the Lewis acid and the molybdenum oxo-ligand is
the Lewis base.? This proposal is consistent with a report that MoCu-CODH can split H», a type or
reactivity that is a hallmark of FLP chemistry.” While FLP’s can be formed by energy and
symmetry mismatches between the donor and acceptor orbitals, in the case of MoCu-CODH it is
thought that the FLP is prevented from quenching by the protein bulk and that carbon monoxide
bridges this physical gap, is oxidized, and then the FLP is regenerated.*’ This conceptualization of
the enzyme’s working has been supported by synthetic efforts from Mankad et al. in 2020, detailed
above, and is both a convenient explanation for the lack of high-fidelity small molecule analogues
and an elegant description of the enzyme’s reactivity. The FLP mechanistic theory implies that
any small molecule analogue that hopes to be a high-fidelity model must either have a significant
energetic mismatch between the Mo=0O and Cu d-orbitals to prevent Lewis adduct formation or

have a profound amount of steric hinderance sufficient to prevent attack by the former upon the
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latter and the subsequent quenching of the frustrated Lewis pair. Overall, the amount of discussion
around the mechanism is significant and seems unlikely to be swayed to consensus without the

development of a functional small molecule analogue.
Synthetic Strategy:

Pursuant to the replication of the Donahue Group result shown above in Figure 12, a
rational synthetic strategy was developed, shown below in Figure 19, to bypass the irreproducible
original synthesis. A rational retrosynthetic analysis divides the heterobimetallic complex at the
Cu-O bond, producing a three-coordinate [(phen)Cu(PBus)]” complex, which would be a
monocation. The remainder would be best described as a silylated molybdate (V1) oxoanion, which
would be monoanionic. Similar Cu(I) complexes exist in the literature and are detailed in Chapter
3 of this work. Molybdates of this type can easily be synthesized from the base oxometallate, which
is a dianion, by reaction with the corresponding chlorosilane. Further, oxomolybdate has a long
synthetic history detailed in chapter 2 of this work, including studies of its ability to exchange
chalcogen ligands to form mixed oxythiomolybdates. Therefore, while the current complex has an
oxo bridge it should be possible to synthesize a version in which the chalcogen bridge is the desired

sulfido bridge. This is the target of this study.
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Figure 19: Retrosynthetic analysis for the rational synthesis of the unreported Donahue heterobimetallic complex

.
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Chapter 2: Oxo- for Sulfido- Exchange in Molybdate and Tungstate Oxyanions and
the Synthesis of Sterically Hindered Derivatives

Introduction:

Molybdenum is the 54™ most abundant element in the Earth’s crust where it is found in a
variety of minerals as either Mo(V1I), such as in the anion MoO4%", or as Mo(IV), such as in MoS.
The molybdate oxyanion is quite water-soluble, depending on the cation with which it is paired,
and thus molybdenum is significantly more abundant in the oceans where it is the 25" most
abundant element. / Aqueous molybdate is known to undergo ligand exchange reactions in the
presence of aqueous sulfide in nature, which, depending on the conditions can lead to the
accumulation of MoS4> and small amounts of other mixed oxythiomolybdates MoOxS4>".>* This
chemistry is remarkably similar to that of the molybdenum’s cousin, tungsten. # Perhaps it is due
to this abundance, molybdenum’s ready ability to exchange chalcogen atoms, and its rich redox
chemistry that these species have been employed in several enzymes occurring in a wide range of
organisms. Together these metallated enzymes number nearly 60 characterized members falling
into four families.”® With the notable exception of the nitrogen fixation enzyme, nitrogenase,
nearly all of these enzymes catalyze oxygen-atom transfer reactions either from the metal to a
substrate or the reverse reaction. Additionally, nearly all molybdoenzymes have a first

coordination sphere that is a mixed oxygen/sulfur environment ’.

Beyond their biological applications mixed oxythiomolybdates and oxythiotungstates have
found a wide variety of applications in other areas such as industrial lubricants and as corrosion
control agents, as well as finding applications in nonlinear optics, as catalysts for hydrogen
evolution reactions and ammonia evolution reactions, hydrodesulfurization catalysts in the oil

industry, colorants and additives in the rubber industry, as reagents and catalysts in synthetic
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organic chemistry for reactions such as alkene and alkyne metathesis like the famous Schrock

catalyst, and as chromophores and ligands in inorganic chemistry. 5%
Original Synthesis:

The synthetic chemistry of mixed oxythiomolybdates and -tungstates predates their
discovery in enzymatic active sites, with the original observation of their synthesis being credited
to Berzelius in 1826.°?% Though his description of the reaction makes it difficult to know what
was actually performed and the only characterization offered is a brief description of some of the

physical properties of the product, Berzelius describe the synthesis:

In one of my experiment’s, I received this salt crystallized:
A somewhat dilute solution of potash molybdenum
containing much double salt was decomposed by hydrogen
sulfide gas and the solution concentrated by distillation.
When the liquid no longer flowed with ease due to the
amount of precipitate formed, it was cooled. Small runic
red, heavy crystal grains appeared in the precipitate, which
had the following properties when sloughed off: they were
very small, showed up under the microscope as
rectangular, transparent, ruby red scales, densely striped
across the long side. At the usual air temperature, they were
caustic potash. When boiled in water, they dissolved into an
already red liquid, from which the super-sulfurous

molybdenum was precipitated by hydrochloric acid. While
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it was gently glowing, with some crackling, they added
water and a small trace of sulfur and hydrogen sulfide gas,
and the salt became brilliantly grainy. Water only sucked
sulfur-potassium from it, the undissolved was gray sulfur-

molybdenum, which had retained the form of crystal flakes.

Reading between the lines of the archaic description produces the first report of the

appearance of tetrathiomolybdate which was produced by the reaction:
H,Mo00, + KOH + xs H,S(g) 2 K,MoS,
Equation 2: Berzelius’ tetrathiomolybdate synthesis

The next chemist to approach this family of materials was Gerhard Kriiss. In 1863, Kriiss
collated the works of Berzelius, and other early works by Debray, Bodenstab, and Braun, when he
reported the first purposeful synthesis of the some of the mixed oxythiomolybdates in a manner
more familiar to modern chemistry. He also included some rudimentary elemental analysis of the

corresponding products and is credited with coining the name “mixed oxythiomolybdate.”?%2%4

Kriiss:

H,M00,(s) + Na,CO5(s) j; C0,(g) T +Na,M03;0,y + Na,S o Red Oil + Yellow soln (Na,Mo05S)

A(my

H,Mo00,(aq) + NH,OH + H,S —c— (NH);M00, S, (s) L
15-20

Equation 3: Kriiss Mixed Oxythiomolybdate Synthesis

Using these methods, or adapted versions thereof, this report contained the synthesis and elemental

analysis of Nax[MoOsS], (NH4)2[M00:S:], K2[M002Sz], (NH4)2[MoSs], Ko[MoS4] as well as
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several other oxysulfido-molybdate compounds of higher nuclearity. Kriiss also noted the

hygroscopic nature of the isolated products and their propensity to discolor in air.

Ehrenfried Corleis credited the work of a different set of chemists in the field of the
synthesis of sulfur compounds, specifically O.B. Kuhn, R. Schneider, and L.F. Nilson before
noting the accomplishments of Kriiss above.”” Through noting the similarity between the reactivity
of tungstates and molybdates, he was able to extend the above synthesis in 1886 with his reports
of the syntheses of Nax[WSi], Ko[WS4], Ko[WOS3], Ko[WO:S:2], and K[WO3S]. This was
accomplished through the employment of an adapted method, since higher nuclearity tungstate is
insoluble in water. Corleis also found that the degree of chalcogen exchange could be controlled

through adjustment of the pH of the tungstate solution.?®
Modern Confirmation and Improvement

Another study of the synthesis of these species was not undertaken until 1961, when
Bernard and Tredot published their replication of the previously performed syntheses as well as
adaptations that allowed them to synthesize some of the sodium, potassium, and ammonium salts
of the mixed oxythiotungstates and the ammonium salts of dithio- and tetrathiomolybdate. Most
importantly the Bernard and Tredot report included the UV-vis spectra of their reported products.?
Several things are notable about the first synthesis report of the modern era. Firstly, they do not
report the synthesis or characterization of the monosulfido- species of either metal center, instead
implying in their discussion that the dithiometallate is made directly from the oxyanion by the
reaction of two equivalents of H2S (g). Secondly, they note the difficulty in preparing any of the
reported complexes in a pure form and present the observation that the oxo-for-sulfido reverse

reaction is so facile that in a short time all the mixed oxo- sulfido species are present in a solution

that initially contained only a single species.
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A particularly notable improvement came in 1966, when Leroy and Kauftman prepared the
first tetraalkylammonium salts (Me4N™ and EtsN™) of tri- and tetrathiomolybdate by the reaction

of the tetraalkylammonium hydroxide with H-MoO4 or H;WO4 in a solution saturated with H>S.%’
NR,OH + H2MO, + H,S — [NR,],MOS; or [NR,],MS,

[NH,],MO, + 2 P(Ph),Cl or 2 As(Ph),Cl + H,S [P(Ph),],MS, or [As(Ph),],MS,

T —
Dilute NH3
water

R=Me, Et M=W, Mo

Equation 4: Leroy and Kauffman Mixed Oxythiomolybdate Synthesis wit organic cations

They also reported the synthesis of the tetraphenylphosphonium and arsonium salts by the reaction
of [NH4]2[MoO4] or [NH4]2[WO4] with (Ph4P)CI or (PhsAs)Cl in dilute aqueous ammonia. Finally,
this report included a synthesis for trithiotungstate, [WOS3]*", and the previously elusive
trithiomolybdate, [MoOS3]* as their cesium salts by the acidification of a solution containing the
dithiometallate, [MO2S>]* (M=W, Mo), and 2 equivalents of cesium chloride over the course of a
few hours at -5 °C. Their products were found by X-ray diffraction to be isomorphic with the
lighter alkaline salts synthesized by previous methods. Lastly, this group also performed
thermogravimetric analysis of the tetraethylammonium salt and found that it decomposes above

200 °C to MoS3, triethylamine, and diethyl sulfide.

Miiller and Diemann entered the field in 1968, having previously done vibrational analysis
of the tetrathiomolybdate and tetrathiotungstate anions with a variety of cations.’ Their first entry
into the synthesis of mixed oxythiomolybdates was in confirming the synthesis and vibrational
spectra of the cesium salt of trithiomolybdate and trithiotungstate which were previously reported
by Leroy et al.’” They also added a brief section on the reactivity of mixed oxythiomolybdates

with the metal ammonium complexes of nickel and cobalt. This is the first available report of
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mixed oxythiomolybdates in heterobimetallic complexes. ? The employment of thiomolybdates
as ligands and chromophores would be of great interest in the near future. Miiller’s work on the
synthesis and characterization of this family of complexes continued, including a report in 1969
that showed evidence of the existence of [M0O3S]*" and [WO3S]* through the examination of
isosbestic points in the UV-vis spectrum of a reaction mixture taken throughout the course of the
reaction of each respective oxyanion with hydrogen sulfide .*’ It wasn’t until 1980 the Miiller
group reported a synthesis of the elusive monothiomolybdate by the vigorous shaking of a

molybdate solution in an H,S atmosphere for a short time followed by immediate precipitation. 3/

By 1954 mixed oxythiomolybdates had been discovered in the active sites of several
biologically significant and chemically interesting enzymes, with the discovery of tungstates
following in 1983.3%% Over the next decade this led to widened interest in the development of a
simple and facile synthesis as well as the full characterization of these species. This discovery also
strengthened the interest in the synthesis of derivatives and applications of the mixed
oxythiomolybdates and oxythiotungstates. In 1983, the research group of John McDonald
published their synthesis of mixed oxythiometallates.”” While the syntheses of the
tetrathiometallates and dithiometallates were essentially the same as those in the previous reports,
the work of McDonald introduced several improvements and important observations. McDonald
notes that tetrathiotungstate is sometimes contaminated by trithiotungstate, despite employing
elevated temperatures. due to the much slower rate of chalcogen exchange to form the most
substituted tungstate. This is not a problem for the molybdate, as the [MoS4]* species forms quite
readily. The opposite problem is found for the trithiometallates with trithiotungstate being easily
isolated in a pure form, while trithiomolybdate is often contaminated with tetrathiomolybdate.

While the synthesis of Leroy and Muller’s cesium salt of [MoOS3]* is simple and affords a
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reasonably pure product, this cation imparts poor solubility. The McDonald synthesis modified the
preparation of [Et4N]2[MoOS;] by flowing H>S gas over a solution of ammonium molybdate at 0
°C, rather than bubbling the gas through the solution. McDonald followed this step with the
immediate quenching of the reaction by precipitation and subsequent cation exchange. Also noted
in this procedure is a key solubility difference; [EtsN]2[MoOS3] is soluble in isopropanol, whereas
[EtaN]2MoSs is not. This work is considered a seminal paper in this field as it includes the UV-vis
spectra of these products, including the molar extinction coefficients at their respective absorbance
maxima. The inclusion of these values was particularly important as the absorption bands of the
various products overlap extensively and good alternative characterization methods were lacking

at the time.

McDonald’s work represents the most significant improvement in the synthesis of these
products since their original publication, but it glaringly omits any mention of the synthesis of the
[MO3S]* anion for either metal. In fact, the 1980 Miiller preparation remains the only published
method for the synthesis of pure monothiomolybdate. However, in 1985, the group of R.H. Holm
published a study on the reaction of ["'BusN]2[Mo0207] with 0.5-7 equivalents of
hexamethyldisilathiane, Me3Si-S-SiMes, as seen in the reaction below.’® The Holm group
determined one of the early products of this reaction to be the silylated monosulfidomolybdate,
[Mo0O>S(0SiMe3)]!"". This monosulfido species was a minor product whose presence was primarily
confirmed by **Mo, 'O, and '"H NMR measurements. The reactions described in this report
produced solutions which were complex mixtures and were unstable under the experimental
conditions. Due to these factors, this method was of limited usefulness until 7 equivalents of

(MesSi)2S were added, at which point the multitude of contaminant NMR signals produced by the
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mixtures of products shown in Figure 20, below, disappeared and a 31% yield of the triply

exchanged trithotrimethylsilyloxymolybdate, ["BusN][MoS3(OSiMes)], resulted.

MeCN
("BuyN),Mo0,0, + n(Me;Si),S - ("BuyN)[Mo05_,S..(0SiMe3)]

Equation5: The Holms Group chalcogen exchange reaction with hexamethyldisilathiane on Mo ;07

Figure 20: The Products and their proportions reported from the reaction of 1-7 equivalents of Hexamethyldisilathiane
with Mo207 by Holms et al. Reprinted with permission from Do, Y. et al. “Oxo/Sulfido Ligand Substitution in [Mo>O7]*:
Reaction Sequence and Characterization of the final product, [MoS3(OSiMes] * Inorg Chem. 1985 24 1831-1838.
Copywrite 1985 Amercian Chemical Society
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Much of the loss that resulted in the low yield of this reaction was thought to be due to the
formation of NMR silent multinuclear clusters composed of reduced metal centers though none
were reported. Similar work by the Holm group also found some other creative ways of generating
the singly exchanged version of these metal oxyanions. In 2004 they reported the that the reaction
of monosilylated molybdate with (EtsN)(SH) in dry acetonitrile at -20 °C in the presence of the
2,6-lutidine or (PhsC)(PFs) produced the monothiometallates in good yields and in high purity.*’
The same reagents carried out the desilylative chalcogen exchange on a monosilylated molybdate,
[M0O3(0SiR3)]*’ as well as a later report of a chalcogen exchange procedure using Ph3SiSH that
was able to leave an existing silyl group in place.?’ Finally, they reported the chalcogen exchange

reactions of triazacyclononane capped trioxometallates with Lawesson’s reagent and B2S3.%/

The employment of increasingly long chain tetraalkylammonium counter cations for the
purpose of imparting solubility in organic solvents continued, first lead by the Holm Group, as
noted above, then championed by Alonso ef al, who reported the synthesis and characterization of
the entire set of tetraalkylammonium (C=1-10) tetrathiomolybdates and -tungstates between 1998
and 2001.%*## The most recent advancement of this synthetic procedure was devised by Cruz-
Reyes et al in 2017, when they reported that, in the synthesis of tetrathiotungstate, hydrogen sulfide
gas can be replaced with a 40-48% solution of aqueous ammonium sulfide, (NH4)2S, which has
the advantage of being more easily stored and measured than its gaseous predecessor though, it
arguable that this is the reagent actually present in the earlier syntheses.”” Most of the recent
synthetic work has focused only on the synthesis of tetrathiomolybdate and none of the partially

thiolated products have been reported from the use of this reagent.

40



Characterization:

The earliest characterization method for mixed oxythiometallates, employed by Kriiss and
Corleis was elemental analysis of crystalline samples.’??’ While elemental analysis is still the gold
standard by which much inorganic and organometallic chemistry is judged, it is insufficient to
claim a positive identification based on this single data point. For example, for this family of
compounds an equimolar mixture of [EtsN]2[MoO4], [EtsN]2[M0O;S], and [EtaN]2[M0O2S:]

would be indistinguishable from [EtsN]2[MoOsS].

The next step in the historical characterization of these products was the introduction of
spectrophotometry, first UV-vis followed by vibrational spectroscopic methods.””*?” As
demonstrated by Miiller and Leroy, all of the mixed oxythiometallates have clear and ecasily
distinguishable IR transitions for both the M=O and the M=S bonds, illustrated as vertical lines on
the chart in Figure 21, below. Many of these vibrations are also Raman active, a field in which
46-50

Miiller showed great interest and productivity.

Infrared Absorptions of MoO,S, >

MoS4

MoQS3

Mo02S2
MoO03S

— Et4N

Mo00252(S2)2

950 850 750 650 550 450 350 250 150

Figure 21: A line diagram of the infrared spectra maxima reported in Muller et al. 1973 and the reported
absorption for the byproduct Mo202S52(52)22-. Line lengths are only for discernment of maxima and not
representative of extinction coefficient.
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This makes IR and Raman spectrophotometry attractive characterization methods for any
molybdate salt in which these regions aren’t obscured by signals arising from the cation.
Furthermore, the measurement of vibrational spectra allowed for the calculation of atomic force
constants for the metal-chalcogen bonds in all of these species. The derivation of atomic force
constant data from vibrational spectra was particularly important in light of the scant SC-XRD
data on these species which is difficult to collect and model due to extensive disordering. This
disorder arises from the tetrahedral shape of the molecule and the similarity in size of the oxo and
sulfido ligands and is further exacerbated by the difficulty in synthesizing and crystallizing pure
samples. The examination of the calculated force constants, shown in table 1 below, also helps to
rationalize the kinetic data for the chalcogen exchange reaction examined in the next section. The
force constant data shows that the strength of Mo-O bond increases as the number of bound oxygen
atoms decreases. But there is no such linear relationship between the degree of sulfidation and the
Mo-S bond strength, with the Mo-S bond strength initially decreasing as sulfur is substituted for

oxygen until a marked increase when only one sulfido ligand remains.

MoO4> Mo0sS* Mo0,S>* MoOS3* MoS4*
M=0 5.81 5.83 5.87 5.95 --
M=S - 3.12 2.93 3.08 3.11

Table 1: The Mo-O and Mo-S force constant by the degree of chalcogen exchange on Molybdate. Data from Muller
etal 1973

Vibrational spectroscopy, while useful, is not a standalone method. As can be seen in
Figure 21 above, the IR absorptions are not sufficiently resolved from those of other members of
the mixed oxythiometallate family to be used as a measure of purity for any given sample. Instead,
one is forced to rely on the number and position of these signals which overlap for the different

species in question. Furthermore, the Mo=S vibrations for the mononuclear mixed
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oxythiomolybdates occur below 500 cm™ which is outside the measurement range of most modern
IR instrumentation. Nearly all of the IR active vibrational modes are also Raman active for these
species. The narrow linewidth of Raman scattering, coupled with the ability to measure lower
energy transitions, allows the collection of the complete vibrational spectrum for any species.
Thus, Raman can provide more clarity than IR when used on samples with more than one

constituent.

The UV-vis spectra of these salts were discussed briefly above. The mixed
oxythiometallates are highly colored, while the tetraoxomolybdate and tetraoxotungstate are both
colorless. The molybdate progresses through yellow to orange, then red, and finally crimson as the
chalcogen exchange is carried out, while tungstate progresses through increasing intense yellow

hues.

MO, 57 (V]
—MoQ 5§ (V3 )
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Figure 22: UV-Vis from Muller et al 1973 Showing the change in absorbance over time
of a Mo042-/H2S reaction with absorbance maxima for each species labelled.
Reproduced with permission from Miiller, A. et al.” Thiomolybdates and
Thiotungstates: Their Properties and Role as Ligands in Coordination Chemistry.” In:
Miiller, A., Newton, W.E. (eds) Nitrogen Fixation. (1983) Springer, Boston, MA.
Copywrite 1973 Springer
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UV-vis spectroscopy was first used to confirm the purity of synthesized samples by
McDonald and coworkers but the spectra themselves were first published by Bernard and
Tredot.’®?” These spectra were the subject of intense discussion in the early mixed
oxythiomolybdate and oxythiotungstate world, as the data they provided were used in sample
systems for calculating transition energies and labelling electronic transitions. This scientific

t26, Mﬁller’”'30’3146’6'50'54,

conversation included the synthetic chemists Bernard and Tredo and

19,55, and

Leroy”’, but it also included such other participants such as Bartacki and Dembicka
Clark’® amongst them. The limitations of UV-vis as an analytical method began to be exposed by
McDonald when he calculated that the absorption spectra could not confirm the presence of a
[MoOS3]* impurity if it was less than 10% of the sample by mass.’” This constraint is a direct
result of the highly overlapping spectra, seen in Figure 22 above, and is complicated by the
difficulty in isolating a single pure species with which the spectra can be benchmarked. The
problem of the lack of high-quality UV-vis data for these species is significant enough that
consideration of it has extended to other facets of the study of these oxysulfido anion families
including kinetics and reactivity studies.’”” The benchmarking problem may have been recently
settled when Quagraine and Reid undertook a multivariate curve fitting study of the chalcogen
exchange reaction using computationally deduced absorptivity values, though there have been
throughout history several reported maxima and absorption coefficients for each constituent of the

mixed oxythiometallate families.’”

%Mo is a spin active nucleus with a spin of 5/2 with a natural abundance of 15.92%. Lutz
and Nolle were beginning to explore the applicability of NMR measurements in molybdenum
structural determination when they first observed the Mo NMR signals related to KxMoO4 in

1976.%® The next year they created considerable impact in the mixed oxythiomolybdate field when
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they demonstrated that each mixed of the oxythiomolybdates has a characteristic and well resolved
%Mo signal. These signals are detectible at attainable concentrations and spread across a range of

2000ppm, the positions of the NMR signals can be seen in Figure 23 below.”

Mo0,;57" Mo0,53"  MaDs?

—

s ARS LAS Sa78 T35 v/ Hr

Figure 23: %Mo NMR of the [MoOxS4x]?>Reprinted from Lutz, O.; Nolle, A;
Kroneck, P. “Use of %Mo NMR for Identification of Molybdenum(VI)
Chalcogenide Anions in Aqueous Solution.” Z. Naturforsch. 1977. 31a 505-506.
Copywrite DeGruyter 1977. Used with permission.

While > Mo NMR may seem like a straightforward and unequivocal technique in this field,
it has several drawbacks. Specifically, Mo NMR is best collected in D,0O, at concentrations of 1
- 2 M, additionally, with its fast relaxation time, many replicate measurements are required causing
long collection times. Under these conditions the less stable, i.e., less substituted, mixed
oxythiomolybdates have enough time to decompose through ligand exchange and hydrolysis. Lutz

and Knolle themselves showed that after 1 h at pH 7, a sample of [NH4]2[M00O>S>] showed NMR
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signals for [MoO4]*, [MoO3S]*, [M002S:]*, and [MoOS3]* which was the strongest evidence yet

produced of molybdenum’s facile ligand exchange processes.’”
Ligand exchange and Nucleation Kinetics

Noticed early on in the modern examination of the mixed oxythiomolybdates and -
tungstates was the ability of these species to undergo facile chalcogen exchange reactions. In other
words, in solution, a pure sample of a single species will soon speciate into all of the members of
the [MOxS4x]*> (M = Mo or W) family quite quickly and for molybdenum can result in higher
nuclearity complexes. While this behavior is one of the more interesting facets of the chemistry of
these metalates and is of particular importance when utilized by the cell in metallated enzymatic
active sites, it does have a confounding eftect on efforts to synthesize and utilize these materials.
Thus, this nucleation and ligand exchange phenomenon has undergone extensive investigation and
quantification throughout the years, particularly for molybdenum, as it is of environmental and
geochemical significance. This history of research has provided some clarity on the factors that

control this ligand exchange.

The nature of H2S, and of gaseous reagents in general, made kinetic and mechanistic
studies challenging. The first study of any kinetics involving H»S and inorganic salts appeared in
the late 1970s, when the engineering adaptations arose that enabled them.®” Harmer and Sykes
followed not long after with a study of the mechanism, kinetics, and equilibria of the chalcogen
exchange of [MoOxS4]*" This study was carried out using saturated aqueous solutions of H>S, or
1.1 M solutions of ammonia and hydrogen sulfide for the more substituted members of the family.
These reactions were buffered to pH ranges 3.6-5.6 or 8.2-10.2.%/ Harmer and Sykes explicitly
considered several reactions including the oxygen-for-sulfur exchange of [MoQ4]*, the sulfur-for-

oxygen exchange of [MoS4]*, and both of these reactions of [MoOS3]*. This set of reactions
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allowed them to calculate an array of rate constants Koi, Kio, K23, K32, K34, and K43. In their
notation, the first subscript is the degree of sulfidation of the starting species and the second
subscript is the degree of sulfidation of the product species, so Kos is the rate at which [M002S2]*

becomes [MoOS3]%. In the first exchange reaction, represented by the formula:
MoO;~ + HY + HS™ 2@ M0o035% + H,0
the corresponding rate law expression resulted:

1 _ 1 1 4 1
covs  Kor[H*]e [Mo0;7] &

Equation 6: Harmer and Sykes’ Rate Law

in which eobs and & are the molar absorptivity coefficients for [MoO3S]* and [MoO4]*
respectively, and Ko1 is the rate of the forward reaction. Plotting the measured absorption vs
1/[M0O4*] resulted in a linear plot the slope of which was Koi[H*], which is the proton
concentration dependent rate of the first chalcogen exchange reaction. A value of Ko1 = (5.8 £0.3)
x 10" was found for the forward reaction under the conditions studied by examining the
equilibrium position over a range of pH values, similarly, Kio was determined to be (6.5 + .05) x
107 under the conditions studied. Both of these rates were also found to be dependent on the pH
of the solution. Though the pH dependance of further exchange reactions was questioned, all the
forward reactions were observed to be considerably more rapid than the reverse reactions.
Furthermore, they calculated that subsequent oxo-for-sulfido exchanges took place at increasingly
slow rates, with the trithiomolybdate to tetrathiomolybdate reaction requiring more forcing

conditions than the other reactions for a rate constant to be measured at all.

Harmer and Sykes reached several conclusions from the analysis of their rate study.

Mechanistically they concluded that the chalcogen exchange in either the forward or reverse
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direction must take place by an associative addition mechanism, the H»S (ag) or H2O associates
with a protonated tetrahedral molybdate anion, or perhaps a protonated octahedral molybdate with
two coordinating water molecules, as the first step of the reaction. They rationalized that increasing
sulfido-for-oxo substitution leads to a reduced rate of further substitution due to increased steric
crowding by the larger sulfido- ligands. Further, this steric crowding may have the subsequent
effect of reducing the amount of octahedral complex present in solution. While this point has not
been the subject of much further investigation in relation to the reaction in question, Lu and Liu
found in 2013 that the solution structure of molybdate in aqueous solution is most likely the doubly
protonated, doubly hydrated octahedral form and that this hydration and protonation weakens the
Mo=0 bonds.* Lastly, Harmer and Sykes extended their speculation to the analogous reactions of

the tungstate family of mixed oxythiometallates.

This work was followed by that of Laurie et al. in 1987, which did support the Harmer and
Sykes data in some areas, notably their mechanistic proposals.”® However, the Laurie study
differed significantly in some of its findings and interpretations from its predecessor. Amongst the
primary differences were that this study was limited to a pH range of 6-7 using phosphate buffers,
a profoundly different scenario as the work of Harmer and Sykes had established the pH
dependance of the forward and reverse reactions. Further, Laurie explicitly studied the monothio-
to dithiomolybdate and dithio- to trithiomolybdate reactions whereas Harmer and Sykes had
neglected the former and inferred the latter from other data. Finally, the Laurie work considered
the possibility of several exchanges happening in near-simultaneous rapid succession, rather than
as a single stepwise exchange that then stops. This idea harkens back to the thought of a double
oxygen-for-sulfur exchange proposed by Leroy before the existence of [MoO3S]* was confirmed.

While treating the chalcogen exchange as discrete events does simplify the data treatment, the
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former is in much better agreement with observations. This concept of rapid successive reactions
is particularly pertinent for the aqueous reverse reaction in which there is a large concentration of
reactive species, H>O, present in solution. Laurie also refutes the pH independence of the
[MoOS3]* to [M002S]* transformation, arguing that they could isolate no product species and
that the reaction must rapidly proceed all the way to [MoQ4]* at pH 3-7 at a rate that matches the

measurement by Harmer and Sykes for the single step reaction.

In 2000, Erikson and Helz reported their treatment of the equilibrium, stability, and lability
of the mixed oxythiomolybdates in relation to their geochemical significance.” They employed
carefully set-up, long reaction time experiments which they evaluated by UV-vis within time
regimes where it was expected that only two mixed oxythiomolybdates were in solution. The
concentrations of the two mixed oxythiomolybdates present were calculated from the measured
absorbance values of the solutions and the reported extinction coefficients for the species present.
The resulting calculated concentrations were used to calculate reaction quotients until the
concentrations became stable. Thus, equilibrium constants for the forward and reverse reaction for
each member of the mixed oxythiomolybdate family were obtained. This experimental design
allowed them to test a wide regime of different reaction conditions and confirm that the reaction
is indeed first order in both molybdate and H>S (ag), and also that the reaction is subject to acid
catalysis. They did postulate that there is perhaps an alternative reaction pathway for the
trithiomolybdate to tetrathiomolybdate reaction that exists at very high buffer concentrations, but
otherwise confirmed the reaction mechanism proposed by Harmer and Sykes. However, the
accuracy of these results depends on only the two members of each stepwise pair being present in

solution, an assumption that seems dubious given the apparent extent of the ability of these metals
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to readily exchange sulfido- and oxo- ligands in light of the Lutz and Knolle NMR result, and the

Laurie kinetics work detailed above.
Novel Work:

The work of Harmer and Sykes and those that came after them have shown a strong
dependance on the protonation of an oxo or sulfido ligand to promote the reaction that causes
chalcogen exchange in either direction. Despite nearly 200 years of innovation in this field, water
and hydrogen sulfide are still the reagents most employed in the synthesis of mixed
oxythiometallates, ignoring that they possess Branstead acid/base behavior and thus give rise to
facile ligand exchange. Since the problem of ligand exchange, and thus the difficulty of forming a
single pure product, requires protonation as postulated in the kinetics work above. The ligand
exchange problem might be eliminated by doing away with water as the reaction medium and
instead performing the chalcogen exchange in an anhydrous organic solvent. By exchanging the
cation of a molybdate or tungstate anion for a quaternary ammonium cation, or other organic
cation, sufficient solubility in an organic medium is attained that enables this idea to be explored.
To further this aim, rather than using hydrogen sulfide gas, the hydrosulfide anion, or ammonium
sulfidle as the chalcogen exchange reagent, an analogous disilylsulfide, such as
hexamethyldisilathiane, can be employed to avoid another source of protons in solution. This
reaction will be driven to completion by the formation of the more thermodynamically stable Si-

O bonds from the less stable Si-S bonds in the starting material.
[EtsN12M00, + x(CH3S1)5S —— [Et,N],M00, Sy + X(CH3S1),0

Equation 7: Synthesis of Mixed Oxythiomolybdates using hexamethyldisilathiane.
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To investigate the feasibility of this hypothesis, an extensive computational investigation
of the thermodynamics of each oxygen for sulfur exchange was undertaken for both the molybdate
and tungstate anion, as well as a computation investigation of the proposed reaction pathway in an

effort to elucidate the reaction mechanism.
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Figure 24: The reaction mechanism proposal for the chalcogen exchange of the molybdenum oxyanion with
hexamethyldisilathiane

The proposed mechanism proceeds in a similar manner to that proposed for the aqueous
reaction by Harmer and Sykes, above. The reaction begins when one of the trimethylsilyl groups
of hexamethyldisilathiane is attacked by the nucleophilic molybdate oxo-ligand with the
trimethylsilanethiolate anion acting as a leaving group as illustrated in Figure 25 step A, above.
This produces a metal bound silyloxy ligand which is shown to have notably longer metal-oxygen
bond, labelled B above. The electropositive metal is then attacked by the trimethylsilanethiolate
anion in a position adjacent to the silylated oxygen, thereby generating intermediate C above, in

which the molybdate is in a distorted square planar geometry. As the new bond forms with the
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incoming trimethylsilanethiolate, the bond to the leaving trimethylsilyloxide ligand lengthens,
increasing the charge density on the oxygen and attracting the electropositive trimethylsilyl group
from the incoming trimethylsilanethiolate ligand. This produces a four membered transition state,
D in the scheme above, in which the metal center is forming a bond with the silanethiolate sulfur
while the metal-oxygen bond, which was previously weakened by the first trimethylsilyl attack, is
a forming a strong interaction with the thiolate silane group. The Si—O bond being much stronger
than the Si-S bond, the four-membered ring intermediate collapses, breaking the Si—S bond and
leaving the sulfur atom as a fully reduced terminal sulfido ligand (S%°). This produces the stable
hexamethyldisiloxane, which exits the coordination sphere of the metal center and completes the

chalcogen exchange reaction.

While the four-membered ring intermediate, labelled D in figure 24 above, has been shown
to form with the less sterically encumbered H3Si- group its formation with the MesSi- has been
shown to be much higher in energy. This may result in a different reaction pathway which deviates
from the above pathway after the formation of intermediate C. Rather than forming the four-
membered ring intermediate, the rearrangement of the distorted square planar transition state to
tetrahedral causes the dissociation of the siloxide ligand. The siloxide then attacks the silicon atom
of the associated silanethiolate in a manner analogous to an SN2 reaction. This attack forms the Si-
O bond, breaking the Si-S bond with the oxythiometallate acting as the leaving group, generating

the products above.
Computational Investigation:

Theoretical calculations were carried out utilizing both the Supercomputing Facility at
Tulane University New Orleans and through WebMO. The GAUSSIAN-09 package®” was used to

perform all calculations. Geometry optimizations were conducted using the Becke, 3- Parameter,
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Lee-Yang-Parr (B3LYP) level of theory,” the pure functional of Perdew, Burke, Ernzerhof
(PBEO0),% and the Moller-Plesset expansion truncated at the second order (MP2) %’ for the purpose
of comparison with the typical basis sets. Optimizations were carried out starting from the anion
in Ty symmetry to the “verytight” tolerance level, with force constants recalculated at every step
of the optimization, and with no symmetry restriction placed on the structure. Frequency
calculations were used to confirm the validity of optimized structures and thermochemical
quantities were calculated from these outputs in the standard way at 298.15 K.% For molybdenum,
and silicon a double-{ (DZ) basis set with an effective electron core potential (LANL2DZ ECP)
was implemented.”’ For all lighter atoms (hydrogen, carbon, nitrogen, potassium, oxygen and
sulfur) the Pople-style augmented basis set including diffuse functionals, 6-311++G (2d,2p), was
chosen.%””? Implicitly solvated model systems were calculated using the polarizable continuum
model employing on-the-fly selection of either acetonitrile or methanol as applicable.”” The entire
series of mixed oxythiomolybdates with the general formula, [MoOxS4.x]** were optimized as the
isolated anion and as the potassium or tetramethylammonium salts for the purpose of examining
both tightly associated and loosely associated ion interactions. The set was also optimized in the
gas phase, as well as solvated in either methanol or acetonitrile to investigate the effects of external

polarity on the system energetics. AH}’ and AGfO were calculated as detailed in the white paper from

Ochterski,” which is from the go+Hcorr and €0+Georr of the products and reactants respectively, and

follows the form of Hess’ Law:

AranO(298-15 K) = Z(EO + Heorr)Prod — Z(EO + Heorr)react

Equation 8: The calculation of A,,,, H°(298.15 K) from the white paper by Ochterski.
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The AG}) is calculated similarly. As the elements on both sides of this equation are the
same, and thus cancel out, only the molecular information is left which is what is required to
compute this value. The same thermodynamic parameters were also calculated from AH }9 and AG}?

to control for errors that arise from the effective core potential and misidentified anharmonic
vibrations and internal rotations. This is a slightly more involved calculation which requires the

calculation of the AH ]9 (0 K) from the AH ]9 of the constituent atoms and the atomization energy of

the molecule:

AHP(M,0K) = z xAHP(X,0K) — C( Z x £9(X) — gg(M) — &zpp (M))

atoms atoms

Equation 9: The Second method for the calculation of A Hj9 (M, 0K) from the white paper by Ochterski

in which x is the number of each element present, the AH ]9 is the literature value for the standard

enthalpy of formation for that atom, taken from NIST or Argonne National Lab Active
Thermochemical database,”>”* C is the conversion factor from Hartree/particle to Kcal/mol which
is 627.5095, g9(X) is the sum of the electronic and zero point energy for each atom from the
frequency calculation, and &,(M) — £;p5 (M) is the sum of the electronic energy and the zero point

energy from the frequency output for the molecule. This is scaled to 298.15 K by:
AHP(M,298.15 K) = AHY (M, 0K) + C (Hoorr (M) + €5 (M) ) — xAH (T)X

Equation 10: The equation for the calculation ofAH;) (M, 298.15 K) from the white paper by Ochterski

where Heorr(M) and ezpe(M) are from the frequency output for the molecule, and xAH J,9 (T)X isthe
difference between the AH ]9 of the constituent elements at the different temperatures, 0 K and

298.15 K. With the corresponding AH}) now in hand, AG}) can be calculated in the usual way
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employing literature values for the AS® of the constituent elements. With AH}? and AG}’obtained

through either method the entropic contribution to the Gibb’s Free energy can be obtained by:

0 _ 0 0

0 0 _ 0

Equation 11: That equation for Gibb’s Free Energy Solved to isolate the entropy term.

In which AG}9 is the Gibb’s free energy obtained by either method above in the standard state,

AH ]9 is the enthalpy of formation obtained by either method above in the standard state, AS ]9 is the

corresponding standard entropy of formation, and T is the temperature in kelvin.

The first step toward evaluating the quality of any DFT calculation is structural comparison

of the computed geometries to those available in the literature. The computed structures are

solvated or in gas phase while available measurements for Mo-O and Mo-S bond lengths are from

SC-XRD crystal structures. Direct comparison, if not exact, are nonetheless useful. The three

different levels of theory produced similar results for the bond lengths, seen in Table 2 below,

with the PBEO level of theory consistently predicting the shortest bond lengths and MP2

consistently predicting the longest, though the two never differ by more than 0.06 A with an

average difference of 0.045 A.

Table 2: Bond lengths for the structure computed under three levels of theory and their comparison to literature values.
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MoO4 K2Mo0O4 Literature
B3LYP MP2 PBEO B3LYP MP2 PBEO
Mo-0 1.80 1.84 1.79 1.79 1.83 1.78 1.821
Mo03S K2Mo03S
B3LYP MP2 PBEO B3LYP MP2 PBEO
Mo-O 1.78 1.82 1.76 1.78 1.81 1.76, 1.77 1.7532
Mo-S 2.32 2.35 2.30 2.25 2.29 2.23 2.22222




Mo02552 K2Mo002S2
B3LYP MP2 PBEO B3LYP MP2 PBEO
Mo-0 1.76 1.80 1.74 1.77 1.81 1.75 1.724%
Mo-S 2.28 2.30 2.26 2.24 2.27 2.22 2.1412
Mo0OS3 K2Mo0S3
B3LYP MP2 PBEO B3LYP MP2 PBEO
Mo-0 1.75 1.80 1.75 1.76 1.80 1.75 1.7203
Mo-S 2.25 2.28 2.25 2.22 2.24,2.32 2.22 2.1873
MoS4 K2MoS4
B3LYP MP2 PBEO B3LYP MP2 PBEO
Mo-S 2.22 2.22 2.20 2.21 2.25 2.19 21793

1: Data retrieved from the Materials Project for MoO4 (mp-1221467) from database version v2022.70.28.
2. Data retrieved from ref 47,48
3.Data retrieves from ref 49, 50

The evaluation of calculated vibrational frequencies also provides a simple method for
determining the quality of any given calculation, and vibrational data for these species is readily
available. As can be seen in Table 3 below, there is no one level theory that outperforms the other
two for every species in this series. Although for each set the PBEO level of theory has the smallest
average error, it is outperformed by B3LYP when average of the absolute value of the error is the
metric of quality. For [MoO4]* both B3LYP and PBEO do a reasonably good job approximating
the experimental vibrational frequencies with PBEO attaining an error of less than 2% on both
vibrations, while B3LYP was slightly worse with an average error above 2.5%. PBEO also
performs the best for the monothiomolybdate anion when considering the whole set, though
B3LYP has lower absolute error when considering the higher energy characteristic vibrations for
this ion. For the prediction of the vibrational frequencies of the dithiomolybdate, again, B3LYP
and PBEO do an equally good job, though B3LYP has the lower average error when compared to
the literature values. PBEQ also performs the best for the trithiomolybdate anion when both the

average error and the average absolute value error are considered with the average error across all
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of the trithiomolybdate vibrations being less than 1%. The tetrathiomolybdate is the only member

of the set in which MP2 is the top performer, with its exact calculation for the frequency of the

reported vibrational mode. Although PBEO is a close second in this case with both of these levels

of theory drastically outperforming the B3LYP level of theory. With the structural and vibrational

comparison considered, it is evident that that PBEO and B3LYP are the best performers when it

Table 3: The computed vibrational frequencies compared to
literature values.

MoO,

Literaturg 901 857

B3LYP B87 827 316 299

MP2 791 757 284 275

PBED 892 346 320 304
MoO35

Literature] 882 833 475 331 314 239
B3LYP 879 858 412 314 251 210

MP2 B27 7Bl 408 287 266 192 191 144
PBEOD 506 BBl 429 32 305

MoO,5;

Literaturgl 857 471 451 342 310 248 200

B3LYP 886 442 431 252 174 157 228 208 154
MP2 340 B01 442 420 284 23% 213 144
PBEOD 912 900 447 442 317 266 233 210 156
MoO5,

Literaturgl 862 470 461 263 183

B3LYP 886 442 431 252 174 157

MP2 818 461 415 231 163 148

PBEC 913 462 450 257 175 159

Mo5,

Literaturg 472

B3LYP 453 452 438 141 156

MP2 472 416 161 147

PBEOD 474 458 173 159
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comes to predicting the structures and
vibrational frequencies of the mixed
oxythiomolybdates. While the quality
of MP2 calculations is not profoundly
wrong, and indeed sometimes even
the closest of the three, taken as a
whole it seems to overestimate bond
lengths which led to the calculation of
lower vibrational

frequencies

sometimes by as much as 20%.



Isolated Anion:

For the molybdate anion in the gas phase, all three employed levels of theory display a
similar picture of the energetics for chalcogen exchange reaction with both hexamethyldisilathiane

and H:S, as can be seen in Table 4 below. Under all three levels of theory employed, the AG}) is

more negative for the hexamethyldisilathiane/hexamethyldisiloxane reaction than for the hydrogen

Table 4: AHrxn and AGrxn of the modeled systems as the isolated anion in the gas pahse under the three levels of theory

employed (B3LYP, MP2, and PBE()

Gas Phase Anion | AH_ HMDSHMDO | AG_, HMDSHMDO AN, H28M120 AG,.. H,$H,0
Method 1 (Kcal/mol) (Kcal'mol) (Kcal‘mol) (Kcal'mol)
1366258 (BILYP) 137.2885 (B3LYP) 1226261 (BILYP) 1224435 (BILYP)
MoO;—Mo0:$ -37.1843(MP2) -37.9894 (MP2) -24.4900 (MP2) -24.2991 (MP2)
-32.5050 (PBEO) -33.2825 (PBED) -25.9387 (PBE0) -26.3253 (PBEO)
-31.1420 (B3LYP) -31.7143 (B3LYP) -17.1423 (B3LYP) -16.8694 (BILYP)
Mo0;5—Me0:S:[ 302278 P2 -30.9168 (MP2) -17.5332 (MP2) -17.2264 (MP2)
1266748 (PBEO) 1273676 (PBED) 120.7015 (PBED) 1204104 (PBEO)
28 2216(B3LYP) 128 7493 (B3LYP) -142219 (B3LYP) ~13.9044 (B3LYP)
Mo0,S,—MoOS;|  -27.0664 (MP2) 1277045 (MP2) 143719 (MP2) 1401416966 (MP2)
-23.5630 (PBEO) -24.1993(PBED) -17.5897 (PBE0) -16.3762 (PBEO)
-26.3723(B3LYP) -26.8499 (B3LYP) -123720 (B3LYP) -12.0049 (B3LYP)
MoO5;—MoS, -26 5656 (MP2) -27.1605 (MP2) 138711 (MP2) ~13.4702 (MP2)
-21.6121 (PBED) -22.2226 (PBED) -15.6388(PBED) -15.2654 (PBEO)

sulfide/water reaction with an average difference of 4.5 kcal/mol between the largest AG}’ and the
smallest AG{ among the different levels of theory for each reaction step. The entropic contribution
to AG}’, calculated by subtracting the enthalpy term from the Gibb’s free energy term as shown in

Equation 11 above, is generally small and positive for the H2S/H2O reaction and larger and
negative for the HMDS/HMDO reaction as shown on Table 5, below, the values for all entropic

terms are plotted at the end of this section in Figure 25. Interestingly the energetic spacing of the
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products, that is the 44 Gixn, for the formation of the same products under any given level of theory,
employing either set of reagents, is equal. For example, the 44G:wxa for the reaction to form
[MoOS3]* from [M00>S,]* under B3LYP is 2.96 kcal/mol regardless of which reagent is used to
carry out this transformation. Also of note is that the MP2 level of theory has the largest curvature,
when calculated by its deviation from the best fit line. The curvature is also evident by noting that

the largest and smallest 44Grxn belong to this set of calculations.

The AH}) and AG}? can be calculated from the 4Hyand 4Gy values that can also be extracted
from the frequency calculation output file as shown above in Equation 9 and Equation 10. Since
the values calculated by method 1 employ values extracted from the partition function for the
molecule, they might factor in errors from the incorrect assignment of vibrational modes. The
values from method 2 employ only the sum of the electronic and zero-point energy and literature

values for the AH ]9 and AS}’ for their constituent atoms. Thus, they are not as exposed to errors

Table 5: AGy, and AH x, calculated by Method 2.

Gas Phase Anion | AH_, ms_-mmo A m-@s_.-m-mo AHMH;S_-HEU o B
Method 2 (Kcal'mol) (Kcal'mol) (Kcal/mof)
-36.4062 (B3LYP) -35.7429 (B3LYP) -22.6075 (BILYP) -18.0970 (B3LYP)
MoO,—Mo0sS | 371881 (MP2) 386621 (MP2) 244942 (MP2) 247760 (MP2)
32,5042 (PBED) 317267 (PBE0) -26.5305 (PBED) 1267363 (PBED)
-30.9243 (B3LYP) -30.3514 (B3LYP) ~17.1256 B3LYP) -12.7054 (B3LYP)
Mo035—Mo0;S; [ -30.2102 P 1317545 (MP2) _17.5163 (MP2) -17.8683 MP2)
-26.6754 (PBED) -25.9825 (PBE0) -20.7015 (PBED) -20.9921 (PBEO)
-28.0032 (B3LYP) 274749 (B3LYP) ~14.2045 B3LYP) -9.3289 (B3LYP)
Mo0,5,—Mo0S: [ -27.0463 (VP2) 28,6370 (MP2) 1143524 (MP2) -14.7509 (MP2)
-23.5627 (PBE0) -22.9271 (PBE0) -17.5891 (PBEO) -17.9367 (PBE0)
261540 (BILYP) | --25.6764 (BILYP) -12.3553 (B3LYP) - 80305 (BILYP)
MoOS;—~Mo5, -26.5324 (MP2) _28.6370 (MP2) -14.3523 (MP2) _14.7509 (MP2)
_21.6119 (PBED) -21.0007 (PBEO) _15.6381 (PBED) _16.0103 (PBE0)
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stemming from the incorrect assignment of vibrations in the same manner. Because of this

Figure 25: Graphs of the thermodynamic parameters for the chalcogen exchange of the isolated molybdate anion in the

gas phase
B3EYP
— .Deg_[ee nfThi'Dlhtiun_
2 3 4
-5
-10 = dH HADS/HMDO Method 1
=8 G HWDS/ HM DO Method 1
=B " o —— dH HMO5/HMDO Methad 2
E“ % 20 | —— & HMDS/HMDE Method 2
Hiiad —&— it HZS/H20 Method 1
- —a—dG H2%/H20 Methgd 1
430 —e—dH H25/H20 Method 2
35 —a— G H2%H 20 Method 2
40
PBEOD
- _Deg_ree_uf Thiuﬂon:
1 2 3 4
5
-40 —a— dH HMDS/HMDO Method 1
—a— dE HMD5/HMDO Method 1
_’;;'E' ——dH HZSH20 Method 1
E‘:E--zu —&— dg H25/H 20 Methad 1
e e dH HMDE/HMDO Methad 2
= —& dig H DS/ HMDO Methad 2
30 | —8—dH HZH20 Method 2
= —8— G H25/H 20 Method 2
a0
o
1 2 3 4
5
—8—dH HMDS/HMDO Mathod T
= —a— G HMDS/HMDO Method 1
s —g—dH HZ5/H20 Mathod 1
i E —o—dG HZS/H20 Method 1
T T ¥
= E [ —8—dH HMDS/HMDD Method 2
-1 —8— dE HMDOS/HMDO Method 2
o —8—dH H25/H20 Method 2
—8— 1 H25/HI0 Method 2
= —8— i H2Z5/H20 Method 2
-40

60



difference the values calculated in this way differ slightly as can be seen in table 5 below.

While the values for the thermodynamic parameters are similar in magnitude and have
comparable 44Gwn values when calculated from the AH}), the most notable difference is the
entropic contribution to the reported AG}’ values. The 44G values and entropy term values can be
see below in Table 6. Under the B3LYP level of theory the entropic term is negative and nearly
equal to the above reported values for the HMDS/HMDO system; however, for the H2S/H,0O
system the entropic term calculated by this method is positive and much larger in magnitude than
that calculated above, resulting in AGJQ values that are smaller by an average of more than 4

Kcal/mol. This example provides a stark contrast to those calculated under the MP2 level of theory

Table 6: The entropy term and the AG of the isolated anion in the gas phase under all three levels of theory.

| ':’I"'E F'dh:?e Methad 1 Methiod 2
selate Anen I MOSHMOD H.StH,0 HMOSHMOD H.5iH,0
B3LYR AS AAG As AnG as AAG AS AMG
04->51 -0.6627 01826 ~0.6633 4.5105
5.5742 55742 5.3916 5.3316
51352 05723 0.2730 05723 4.4202
2.9850 29650 2 8765 2 8765
52-553 -0.5277 03175 -0.5284 4.3756
18395 18395 17954 17954
53-554 -0.4775 0.3577 -0.4775 4.3248
FEED A% anG A%k AAG F- aaG AS aAG
051 0TS 02065 07775 02058
5.9143 5 9143 5 744z 5 7442
S1-352 -0.6928 0.zate 0.6928 -0.2905
3.1683 31883 3.0553 3.0553
52-553 -0.6363 03476 0.6357 -0.3476
19767 19767 19265 19265
53-354 -0.6108 03734 OET2 -0.3721
MPz As AAG AL ARG as AAG AsS AMG
04-351 -0.8051 013902 -1.4740 -0.2818
7.0727 7.0727 -6.3076 £.3078
51352 -0.6890 03063 15443 -0.3520
3.2122 32122 31175 3175
$2-353 -0.6382 03577 15307 -0.3985
05441 0.54d1 -0.4544 04544
53-354 -1.5343 04010 -16202 -0.4280
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in which the entropic term for HMDS/HMDO system is negative but larger in magnitude by an
average of 0.88 Kcal/mol. For the H2S/H>0 system, the entropic term is opposite in sign but nearly
equal in magnitude to the value calculated through method 1. For the entropy term calculated under
PBEQO, yet a different relationship is seen, with the HMDS/HMDO and H>S/H»O systems having
an entropic term that is opposite in sign but roughly equal in magnitude to their counterparts.
Despite these differences, the contribution of the entropic term is small in comparison to the

enthalpic term and the general relationship between the reported AG}) and AH }’ are similar,

With the calculated AG}’ values from the equations above, the equilibrium coefficient for

each reaction can be calculated by the standard relationship:

AGY ~AGy
InK = T therefore: K = e RT

Equation 12: The calculation of the equilibrium constant from AG?

As all of the AG}) values are large and negative, it follows that the calculated K values will
heavily favor the product. It is clear that under all levels of theory in the gas phase for the isolated
anion, the reaction with HMDS more heavily favors the products that does the H2S reaction, with
the HMDS being more favorable than the current reaction system by ~11 orders of magnitude
under B3LYP when calculated in the standard way and ~13 order of magnitued when calculated
using method 2 as seen below in Table 7. Under MP2, the HMDS reaction favors the product by
roughly 10 order of magnitude in both cases, while, by contrast, under PBEO the products are only
favored more when formed through the reaction with HMDS by ~5 orders of magnitude. However,
the comparison of the calculated equilibrium constants for the H2S/H>0O reaction with those
reported by Harmer and Sykes show significant differences for all but the lowest calculated values,

those being the equilibrium constants calculated by method 2from the AHr under B3LYP. As this
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system is examining only the unsolvated, isolated anions this is not surprising and begs further

investigations of ion paired salts under solvation conditions.

Table 7: The Calculate equilibrium constants for the isolated anion in the gas phase under all levels of

theory and both computational methods

BILYP
T=253 From H,..; and Gegy from AH; and AGy
HMDS/HMDO H;0/H.5 HMDE/HMDO H:5/H;0
04-251 22204E+27 7 RBOAE+16 1.6329E+26 1.B700E+13
51-252 1.8133E+23 2.3525E+12 1.8152E+322 2.0BE+09
S52-*53 1.2135E+21 1.5743E+10 1.4105E+20 162E+07
53-=54 4 5092E+19 6.3690E+08 b.7676E+18 7.75E+35
MP2
From H.o and Gooy from AHr and AGs
HMDS/HMDO H30/H.5 HMIOS/HMDO H:0/H:5
04->51 7.2522E+27 6.6115E+17 1.2584E+28 1.4793E+18
51-»52 4.7152E222 4.7992E+12 1.9406E+23 1.2711E+13
52-»83 2. 07B7E+20 1.8951E+10 1.0O03BE+21 6.5752E+10
£3-=54 8. 294BE+19 7.5620E+00 4 4298E+20 2.9016E+10
PEE
From H.o and Geon from AHr and AGs
HMDS/HMDO H.0/H-5 HMW DS HMWM D H:0/H:5
04-=51 2.5616E+24 2.0243E+19 1.8516E+23 4.0524E+19
E1-=52 1.1767E+20 4 2002E+14 1.1347E+19 2.4834F+15
52-»83 5.5EEIE+17 4.4147E+12 £.518BE+16 1.4267E+13
£3-354 1.983BE+16 1.5677E+11 2.5197E+15 5.514BE+11

The Potassium Salts:

As the potassium salts of molybdates have a long history in the literature, it makes this
alkali metal a fitting choice for this computational examination. In general terms, the computed
thermodynamic values are very different for these salts than for the isolated anion. For the
potassium salts in gas phase, the AH and 4G values are negative when calculated using either

method under any level of theory as seen in Table 7 below.
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Figure 26: Plots of the thermodynamic parameters for the chalcogen exchange of potassium molybdate in the gas phase
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However, the shape of the plot of these 6\z‘alues is no longer a smooth concave downward



curve toward less negative values. As seen in the Figure 26 above, the 44G and 44H of the
S2—83 reaction is now a negative value under all three levels of theory resulting in a plot with
local maxima and minima. A curve of this shape serves to divide the products into the even-
numbered, higher energy and therefore less stable set, and the lower energy, and therefore more
stable, odd-numbered set, though these energy differences are only around 2-4 Kcal/mol in this
example, which is a quite small gap. When computed using method number 2, this overall picture
remains the same, though the energy well for K2MoOS; under the MP2 level of theory grows to

more than 6 Kcal/mol, as seen in Table 8 below.

The shape of the plot formed from the thermodynamic parameters for the chalcogen
exchange on potassium trithiomolybdate under all three levels of theory show that similar energy
is required to move in either direction. The 44G values to move in either the forward direction,
toward KoMoS4, or the reverse direction, toward KoMoO-S; are nearly equal under PBEO and

B3LYP, while the MP2 level of theory shows a wider range of 4H and 4G values for the reaction.

Table 8: The calculated thermodynamic parameters for the chalcogen exchange of potassium moybdate in the gas phase

Pnia;ﬁln“;'ak AH,HMDSHMDO | AGLHMDSHMDO | AH..HISH20 AGn HiSH:0
Method 1 (Kcalimol) (Ecal‘mol) (Kcal/mol) (Kcal/mol)

-21.9283 (B3LYP) -22.7472 (B3LYP) -7.9286 (B3LYP) -7.9022 (B3LYP)

MoOs—NMo0:5 -22.1134 (MP2) -23.2455 [MP2) -0.4189 (MP2) -8.5551 {MP2)
-17.6186 (PBED) -1B.5931 (PBED) -11.6453 {PBED) -11.6359 {PBED)

-18.9495 (B3LYP) -19 8626 (BILYP) -4.9498 (B3LYP) -5.0176 (B3LYP)

Mo0;S—Mo045, -19.3618 (MP2) -20.3538 (MP2) -6.6673 (MP2) -6.6635 (MP2)
-14 532 [PEED) -15.6702 (PBED) -8 6260 (PBED) -8.7130 (PBED)

-20.9475 (B3LYP) -21 8254 [B3LYP) -6.9478 (B3LYP) -5.5804 (B3LYP)

M00;S,—Mo0S; -23.1482 (MP2) -23.8215 (MP2) -10.4536 (MP2) -10.1311 {MP2)
2164244 (PBED) -17.5169 (PBED) -10.451% [PBED) -10,5597(PBED)

-1B.4256 [B3LYP) -19:3888 [BILYP) -3:8258 [B3LYP) -4:5438 [B3LYR)

MoO8:—MoS, 17 3770 (MP2) -19.7471 (MP2) -4 6825 [MP2) -6.0567 (MP2)
-14.0612 {PBED) -14.2733 (PBED) -8.0880 {PBED) -7.3101 [PBED)
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This brings the complicated solution behavior of these species, which were described in the
kinetics studies above into focus. Considering that under this energetic profile the likelihood of

the reaction proceeding forward or backward is similar.

The consideration of the potassium molybdate ion pair greatly improved the accuracy of
the calculation. This is best exemplified by the calculated equilibrium constants for the chalcogen
exchange reaction on potassium molybdate for the H>S/H>O system, which can be seen below on
table 9. These reported values compare much better than those of the isolated anion in the section
above to the equilibrium constants calculated by Helz et al.? This comparison is particularly good
for the calculations under the B3LYP level of theory for both computational methods. Under the
MP2 and PBEO levels of theory the reaction energies are overestimated, resulting in Keq values
that are larger than those calculated determined Helz. However, these data are for the gas phase,

which might be the cause of the discrepancies between these computations and the available data.

Table 9: The equilibrium values computed for potassium molybdate in the gas phase under both computational
methods and all three levels of theory.

Method 1 Method 2
T=283

HMDS/HMDO H20/H25 HMDS/HMDO H25/H20
04->81] 4 719E+16 6.200E+05 2.964E+15 B.92BE+04]
51-353| 3:625E+14 4.763E+03 1.661E+13 5.003E+02]
52-»53 8.957E+15 1.30BE+05 5.142E+14 1.549E+04
53-»54] 1.630E+14 2.141E+03 6.2B3E+12 1.B52E+02]

MP2
From Hcorr and Georr from dHf and dGf

HMDS/HMDO H20/H25 HMDS/HMDO H25/H20
04-251 1.0941E+17 1.0091E+07 1.0599E+17 8.1219E+06
51->53) 8.30B4E+14 7 6630E+D4 1.2B54F+15 9 BR13E=04
52-383) 2.8927E+17 2 6RBOE+D7 1.3196E+18 1.0112E+08]
53->84] 2.89835E+14 2.7518E+D4) 4 4155E+12 3.3B37E+02

PBE
From Heorr and Georr from dHf and dGE

HMDS/HMDO H20/H25 HMDS/HMDO H25/HZ0
04->81 4.2545F+13 3.3821F+D8| 1. 5BB4F+12 3.4913E=08]
51-»52| 3.0642E+11 2.4359E+D8| 9.3550E+09 2.0562E+D8|
52-383) £.9183E+12 5.4897E+07 9.5042E+10 2 DBRIE+DT|
53-284] 2.9002E+10 2.3055E+05 6.9617E+09 1.5301E+06

Values Reported by Helz ef al: Koi=1.54 x 10° K;,=6.31 x10* K»;=1.0 x 10° K34=7.59 x 10*
K01=5.75 x 10* K12=5.89 x 10* K53=6.03 x 10* K34=8.13 x 10*




Table 10: The thermodynamic parameters for the chalcogen of exchange of potassium molybdate calculated by the second method

; G{i?h“: 3 AH.,HENDSHMDO | AG.HMDSHMDO | AHLHISH20 | AGmHSHO
”iagfél“;]; : t (Keabmol) (Kealmol) (Kealmol) (Keal/mol)
-21.9277 (B3LYP) -21.1075 (B3LYP) -7.9394 (B3LYP) -6.7540 {B3LYP)
MoOs—Mo;S -22.1128 [MP) -23.2266 (MP2) -0 5048 (MP2) -0 4765 [MP2)
-17.6190 [PBED) -16.6451 {PBED) -11.6453 (PBED) -11.6547 (PBED)
-18.9485 {B3LYP) -18.0358 (R3LYP) -4 8606 [B3LYP) -3.6824 (B3LYP)
MoO;5—=Mo0, 5, -12.3612 (MP2) -20.6143 (MP2) -6.7533 (MP2) -6.8142 (MP2)
-14.6365 [PBED) -13.6030 [PBED) -8.6628 (PBED) -B.6176 [PBED)
-20.9475 {B3LYP) -20.0685 (B3LYR) -6.8592 [B3LYP) -5.7161 (B3LYP)
Mo(h5,—=Mo05; -23.1482 (MP2) -24 7207 [MP2) -10.5403 [MP2) -10.9206 [MPZ)
-16.4475 [PBED) -14 5766 {PBED) -10.4738 (PBED) -0.9862 [PBED)
-18:4243 (B3LYP) -17.4600 (B3LYP) -4 4360(B3LYP) -3.1063 {B3LYP)
MoOS:—MoSs -17.3757 (MP2) -17.2509 [MP2) -4.7678 (MP2) -3.4507 (MP2)
-14 0598 [PBED) -13.4279 {PBED) -B.0861 (PBED) -8.4375 [PBED)

Tetramethylammonium salts:

There are no reports of the chalcogen exchange reaction being performed on molybdates
with tetraalkylammonium cations. In all of the reported syntheses, including those performed by
MacDonald, Alonso, and others, the cation exchange is performed after the chalcogen exchange is
carried out as the NH4" salt. The proposed synthesis would require these reactions to occur in the
opposite order for the reactants to possess the necessary solubility in anhydrous solvents and
eliminate the acidic proton which catalyzes the ligand exchange and nucleation reactions. Thus, a
computational examination of the chalcogen exchange thermodynamics was carried out using a
tetraalkylammonium cation. The use of tetraalkylammonium cations for calculations such as these
can rapidly make them much more computationally demanding, as the memory and time demands
of the calculations are proportional to at best N*> where N is the number of atoms and the number

of functionals included in a basis set. Furthermore, the saturated and unbranched sidechains that
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are employed in these reactions must undergo conformational analysis to ensure that any minimum
energy point found is the true global minimum not a local minimum for a given conformation. To

eliminate  these complications the simplest tetraalkylammonium salt possible,

Table 11: The AAG and values for the entropic term of the chalcogen exchange reaction on tetramethylammonium

molybdate.
R Method 1 Method 2
Tetramethylammonium
HMDS/HMDO H.5/H.0 HMOS/HMDO H.5/H.0

B3LYP AS AAG AS AAG AS AAG AS AAG
04->51 -1.6397 -(.7944 1.6397 20224

1.4765 14765 -0.4531 -0.4531
51-252 -0.6156 0.2297 6162 09990

3.8378 3.8378 -3.5643 -3.5643
52-253 -0.3414 0.5039 0.3426 0.7254

0.B754 0.B754 -0.8647 -0.8647
53-=54 -0.3313 05139 0.3320 0.7147

tetramethylammonium, was chosen for the purpose of these calculations despite that it was not
employed synthetically. Additionally, the computations for this cation were run only under B3LYP

due to the computational demands.

This cation had a surprising effect on the thermodynamic parameters calculated for the

studied reactions, the AG}? and Angvalues can be found on Table 12 below while the AAG and

entropic contributions can be found on Table 11 above. These reactions have similar contributions

Table 12: The calculated thermodynamic parameters for the chalcogen exchange on tetramethylammonium molybdate in the

gas phase
T\E'{“fmb;jl?'lzmg;ﬁm AHHMDSHMDO | AG.HMDS/HMDO AHo HISH20 AGrs HsSH:0
Moy 3 g
PR o (Kcalimot) (Kcal/mol) (Kcal/mot) (Kcal/mol)
Methad 1
MoO:—Mo0:S 23,0351 255748 0.0354 107208
MoO3s5—Mo055; 234827 240082 04820 02533
Mo035;—Mo0Ss -19.0100 202604 50193 54154
MoOS:—MoS, -19.0537 219.3850 -5.0540 45400
AH EMDSHMDO |  AGe HMDS/HMDO AH HISH20 AG HySH;0
Method 2 (Kcal/mol) (Kcal/mol) (Kcal/mol) (Kcal/mol)
MoOs—MoD:S -23.0351 -22.2054 00106 7.8071
MoOs5—Mo0:5; 234820 22 8658 -0.4665 84675
Mo038:—Mo0Ss 199178 19,5752 5.0022 5.1769
MoOSs—MoS, 19,0531 “18.7211 50373 43278
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from the entropic term as those discussed above, with the HMDS reaction in the gas phase,
calculated in the usual way, having entirely negative entropic contributions. However, the
analogous H»S reaction has a negative entropic term for the first substitution but positive entropic
terms for all remaining reactions. Again, this relationship is reversed when the other computational
method is employed, with the HMDS reaction entropic contribution being nearly equal in
magnitude but opposite in sign, while the entropic term for the H>S reaction has a larger positive
value in all reactions. Furthermore, the reactions are grouped into lower energy and higher energy
pairs by the thermodynamic parameters calculated by both methods in the gas phase as seen above

in Table 12 and Figure 27 below, respectively.

The reactions that form the mono- and disubstituted products form a pair that are separated
by a small energy gap, having AH values that are only separated by roughly 0.45 kcal/mol when
reacted with H»S and calculated by method 2. Meanwhile, the reaction to form the tri- and
tetrasubstituted members form the other pair with a change in enthalpy for these reactions of
roughly 0.86 Kcal/mol under the same conditions. While the later set of reactions is separated by
a much larger energetic difference than the former pair, the difference seems meager when
compared to the energy difference between the reactions that form the di- and trisubstituted
products, which is more than 4 Kcal/mol for the standard method compared with 3.576 Kcal/mol
when computed under method 2. These values are roughly eight times larger than the previous
step and more than four times larger than the next step in the set. These computed thermodynamic
values separate these products into the more substituted, more reactive, higher energy pair and less
substituted, less reactive, lower energy pair as opposed to the even/odd comparison that was seen

in the potassium salts as seen in the plot of the thermodynamic values below in Figure 27.
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In most cases, these levels of theory produce similar thermodynamic parameters for
reactions examined in the gas phase. When the molybdate is paired with different cations,
computational examinations predict a variation in the relative energies of the various products and
thus the shape of the reaction profile for this series of chalcogen exchange reactions changes. In
spite of these variations between ion pairing effects seen under different levels of theory,
examination of the predicted Gibb’s free energy of reaction and the equilibrium constants that are
calculated from it show a clear picture: Hexamethyldisilathiane undergoes a more
thermodynamically favorable reaction with molybdate to form tetrathiomolybdate and the mixed
oxythiomolybdates by between 4 and 12 orders of magnitude in this series of reactions in the gas

phase than do the same reactions employing hydrogen sulfide as the chalcogen exchange reagent.
Solvation Models:

The calculations were also run implicitly solvated using the polarizable continuum model
with acetonitrile, the solvent in which the synthesis was performed for this study, and in methanol
for comparison. The results are tabulated in Table 13 below.”®. While acetonitrile and methanol
have similar € values, solvation had a significant effect on both the computed energies and the
shape of the reaction energy profile. Interestingly there is much larger disagreement between the
two computational methods and among the different levels of theory employed under the solvation
model than was seen in the gas phase calculations. For example, for the isolated molybdate anion
under the B3LYP level of theory, the shape of the curves plotting the 4G and 4H of this series of
reactions were generally similar to those of the gas phase calculation under both solvation
conditions examined when these values were computed under method 1. However, under method

2, the calculated AG value is roughly the same, but the AH values shows a “hockey stick™ like
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shape with the AAH between the reactions that form [MoO3S]* and [M002S,]* being quite large

and the remaining reactions being nearly equal.

The chalcogen exchange reactions under the B3LYP level of theory were calculated to be
overall less exergonic while solvated than they were in the gas phase, with this difference being
more pronounced for the earlier reactions, to form the less substituted products, than for the
formation of the more substituted products. The thermodynamic parameters for the solvated
reactions are also generally higher energy when calculated under the acetonitrile conditions than
when calculated under the methanol conditions. This is not to say the shape of these curves are
identical, only that there are no significant changes to the general relationship between the

produced values as can be seen in the plots in Figure 28, below.
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Figure 28:

The plots of the thermodynamic parameters of the chalcogen exchange reaction on the isolated anion under the tested solvation
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Amongst the specific differences that are important to note under the B3LYP level of
theory for the isolated anion is that, when calculated in the usual way, the solvation condition
decreases the magnitude of both the change in enthalpy and Gibb’s free energy for each reaction
when compared to the gas phase condition, as well as the relative change in these values between
reactions. The only notable deviation to the trends is the series of chalcogen exchange reactions
under the methanol solvation condition when calculated by method 2, this set has both the largest
and smallest AAG values seen, and the smallest unsigned entropy values seen amongst the set of
isolated anions under solvation conditions. While the smallest AAG value is not an outlier in these
data, the largest AAG value seen is above 6 Kcal/mol, nearly eight times the size of the next AAG
in this set. This very large AAG does not fit the trend established under the other conditions for the

isolated anion examined under B3LYP.

For the isolated anion under solvation conditions using the PBEQO level of theory, the
increase in energy due to solvation is comparable to that seen under the B3LYP, even though the
difference in energy between the acetonitrile and methanol conditions is less pronounced.
Additionally, the shape of the curve of the plotted thermodynamic parameters stays relatively
consistent between the gas phase reaction, the reaction in methanol, and the reaction in acetonitrile,
so much so that the AAG for the SO to S1 reaction, when calculated using method one, is identical
under both solvation conditions. PBEO also shows the smallest thermodynamic difference between
the two reagents than any other level of theory and shows a high level of agreement between all

conditions examined when calculated using either method.

When calculated under method 1 the MP2 level of theory also shows a high level of
similarity between the two solvation conditions, though shows the reaction with HMDS to be much

more thermodynamically favorable than does PBEO. Under MP2, the thermodynamic preference
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for HMDS is roughly equal to the thermodynamic preference that is seen under the B3LYP level
of theory. The same parameters under the MP2 level of theory change very little for the HMDS
reaction when calculated using method 2. Though, the hydrogen sulfide reaction is found to be
nearly 5 kcal/mol less favorable when calculated under the alternative method for the methanol

condition without any significant change in the trends observed for each reaction.

The more complex shape of the graphs for the potassium salts makes it more difficult to
make broad comments about the effects of the solvation conditions on the thermodynamic
parameters of the reactions examined. However, some general statements can be made before an
examination of the specific effects under each condition are discussed. Firstly, for the potassium
salts, regardless of the level of theory or solvation condition employed, the effect of the solvation
conditions on the calculated parameters, as compared to the gas phase values, are minor when
computed under method 1. However, the impact is more pronounced when calculated by method
2. This is illustrated well by the series of potassium salts calculated under the B3LYP level of
theory under both solvation conditions and calculated by both methods as can be seen tabulated

on Table 13 and plotted in Figure 29, below.

The reaction with hexamethyldisilathiane has very similar thermodynamic parameters
across all three solvation conditions, regardless of which method was used to calculate these
values, and while the reaction with hydrogen sulfide shows more variability when calculated by
method 2, the general trends and shape of the plot do not deviate from the reminder of the set.
Interestingly for these salts, solvation resulted in a slight loss of exothermicity and spontaneity for
the reactions with hexamethyldisilathiane but an increase in these parameters with the hydrogen
sulfide. The scale of these changes was more pronounced for the hydrogen sulfide system by an

impressive amount with the calculated AGxn nearly doubling under methanol solvation.
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The thermodynamic parameters for the chalcogen exchange of reaction for the isolated anion (left) and potassium molybdate (right) in acetonitrile and

Table 13

methanol, calculated by both methods, under all three levels of theory.
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values nearly doubling under methanol solvatio%when compared to the gas phase computations.



This set of effects, taken together, has the impact that the hexamethyldisilathiane reaction is
calculated to be favored by only roughly 10 orders of magnitude under the solvation conditions as

compared to the nearly 15 orders of magnitude in the gas phase.

When calculated by the first method under B3LYP, a similar trend is seen for the
thermodynamic parameters under the solvation condition as were seen in the gas phase
calculations. However, when calculated by the second method, the shape of the plots produced
from graphing the calculated thermodynamic values show less resilience for the potassium salts
computed under the PBEO level of theory than has been seen in the above cases. When calculated
using the first method for the gas phase and both solvation conditions, the shape of the plots of the
calculated thermodynamic values were similar to those seen under all conditions when calculated
by B3LYP. However, when calculated using the second method the relative changes in energy are
altered enough that the shape of the curve is distorted. Furthermore, these impacts are different

under the two solvation conditions.
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Figure 29: The plots of the thermodynamic values for the chalcogen exchange reaction on potassium molybdate under both solvation
conditions
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The most interesting effect of the solvation condition is the impact it has on the entropic
contribution of all the reactions examined. While the entropic term is reasonably linear for the gas
phase reactions, with R? values for a linear regression greater than 0.94. The behavior is decidedly
more complex when the dielectric constant is considered within the calculations, as in the
polarizable continuum model, and even more so when the ion pair is included as seen below in

Figure 30.

Figure 30: The value of the entropic term for all reaction conditions and levels of theory examined for the isolated anion.
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Figure 31: The plots of the entropic term for chalcogen exchange reaction on potassium molybdate under all conditions and levels of theory investigated.
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Since the chalcogen exchange reaction performed on the molybdate oxyanion involves the

same number of molecules on the product and reactant side of the equation, and over the course of

all four exchanges there is only minimal change in the symmetry of the molecules, both the

magnitude and variation in the entropy term are surprising. One would expect the entropy change

for these reactions to be low and roughly equal throughout the course of all four exchanges. While
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that is the case for many of the reactions, seen in Figure 30 above. For the gas phase chalcogen
exchange, only small variations in the entropy term and reasonably linear relationships can be seen
even for the solvated reactions, which in practice would also have some solvation contribution to
the entropy term. The exception to this gas phase trend is the reaction with H>S calculated using
method two under the B3LYP level of theory, which is the largest entropy term in any of the

examined calculations by a large margin.

The entropy contribution for the ion paired potassium molybdate is a very different story
than that of the isolate anion. In this set, linear or even nearly linear entropic terms for the Gibb’s
free energy equation are the exception rather than rule and are seen in only four of the 36
combinations of computational methods and levels of theory, as seen in Figure 31 above. In
general, the entropy term is small in comparison to the calculated Gibb’s free energy, and the
averages compare well across sets and even somewhat between sets. Though none reach the size

of the largest entropy value seen in the isolated anion set.

While the tetramethylammonium cation chosen was intended to be a loosely interacting
cation, and certainly is less interacting than the potassium ion. The computed structures here, and
other work by Chang et al show that each of the chalcogen atoms bound to the metal are hydrogen
bound to at least two alkyl C-H hydrogen bond donors. In the XRD structures reported by Chang
the hydrogen bond donor ability of the cation had a significant effect on the Mo-S length with the
tetraphenylphosphonium salt producing a larger number of hydrogen bonds to the sulfido ligand
than does [EtsN]" or [NH4]" and also displaying the longest Mo-S bond length by 0.02A though

this is small and the effect on reactivity has not been explored further.””

Syntheses
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All reactions and manipulations were performed under a pure dinitrogen or argon
atmosphere using either modified Schlenk techniques or an inert atmosphere glovebox. Solvents
used for syntheses and crystallizations were dried with a system of drying columns from the Glass
Contour Company (Et20 and THF), freshly distilled according to standard procedures (MeOH and
CH3CN) or purchased in an anhydrous form suitable for immediate use (CH3CN). All NMR
spectra were recorded at 25 °C with a Bruker DSX 300 operating at 300 MHz for 'H and were
referenced to the partially labeled solvent residual. Ultraviolet—visible (UV—vis) spectra were
recorded at ambient temperature with a Hewlett-Packard 8455A diode array spectrometer, while
IR spectra were recorded as KBr pellets using a Thermo Nicolet Nexus 670 Fourier transform
infrared instrument in transmission mode, or as the neat solid by ATR on a Thermo Nicolet iS10.
Mass spectra (ESI-) were recorded with a Bruker microTOF II mass spectrometer, Elemental
analyses were performed by Kolbe Microanalytical Laboratory in Oberhausen, Germany.
Procedural details regarding crystal growth, X-ray diffraction data collection, data processing, and
structure solution and refinement are available in Appendix A. Unit cell data and selected
refinement statistics for the compounds that have been structurally identified are listed in Table

14; more complete crystallographic data are presented in Appendix A.
[EtsN]2Mo0Osx.

This method in analogous to that reported by McDonald for the synthesis of
[EtsN]2MoOxSax (x#4).37 0.300 g (1.53 mmol) of ammonium molybdate, (NH4)>:MoOs, is
suspended in 30 mL of acetonitrile. To this suspension is added 2.15 mL of tetracthylammonium
hydroxide, [(C2Hs)4N]JOH, (25% in methanol, 3.1 mmol). The solution clarifies upon addition and
is allowed to stir for ~30 min. A vacuum is applied to remove the ammonia formed in the reaction

and is maintained until all that remains is white solid. The solid residue is taken up in minimal
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volume of dry acetonitrile, and the product is precipitated with diethyl ether and separated by
cannula filtration. The solid is rinsed with diethyl ether and tetrahydrofuran (2x10 mL) and dried
in vacuo. Yield: 0.520 g, 81%. 'H NMR (8, in CDsCN): 1.07 ppm tt (J = 7.3 Hz, 1.9 Hz, 12H),
3.07 ppm (q, J = 7.3Hz, 8H); IR (cm™): 3006, 2976, 2945, 2281, 1485, 1475, 1455, 1436, 1393,
1315,1185,1172,1080, 1077, 1053, 1039, 1001, 802, 794(sh), 780(sh), 617. This procedure works
with any quaternary ammonium hydroxide, and has been performed with [MesN]OH,

[("Pr)aN]JOH, [("Bu)sN]OH, [EtzMe>N]OH, and choline hydroxide.

Alternatively, 0.300 g (0.8 mmol) of silver molybdate, AgzMoQs, is suspended in 30 mL
of acetonitrile and protected from light by completely wrapping the vessel in aluminum foil. To
this suspension is added a solution of 0.260 g (1.5 mmol) of tetracthylammonium chloride,
[(C2H5)4N]Cl, in 10 mL of acetonitrile. This mixture is heated to reflux and stirred for 48 h. The
solution is allowed to cool, then separated by filtration from the AgCl that forms. The solution is
then concentrated in vacuo to ~10% the original volume. The [EtaN]2[MoQOs] is precipitated as a
white powder by the addition of diethyl ether, separated by cannula filtration and dried in vacuo.

Yield: 0.285 g (85%). Characterization is identical to the above method.
[EtsN]2WOs4.

0.300 g (1.2 mmol) of tungstic acid, H2WOs, is suspended in ~30 mL of acetonitrile. To this
suspension is added 1.7 mL (2.4 mmol) of tetraethylammonium hydroxide 25% in methanol. This
solution is allowed to stir until clear (~ 1 h) and then is taken to dryness in vacuo. The resulting
white powder is taken up in minimal volume of dry acetonitrile and precipitated with diethyl ether.
The liquid is removed by cannula filtration and the solid dried in vacuo. Yield: 0.730 g (85%) 'H
NMR (8, in CD3CN): 1.07 ppm tt (J = 7.3 Hz, 1.9 Hz, 12H), 3.07 ppm q (J = 7.3Hz, 8H); IR (cm’
1):3012, 2977, 1491, 1458, 1419, 1240, 1203, 1029(sh), 1020, 971, 923, 798.
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[EtsaN]2MoSa.

0.45 mL (2.25 mmol) of hexamethyldisilathiane, (CH3S1).S, is diluted with 30 mL of dry
acetonitrile and cooled to 0 °C. This solution is added dropwise over the course of 1 h to a
vigorously stirred solution of 0.200 g (0.5 mmol) of [Me2Et2N]2MoO4 and 0.050 g of freshly
resublimed DABCO in 50 mL of dry acetonitrile. The reaction solution changes color as addition
proceeds of the reaction, first to yellow, then to orange, and finally to a deep red color. The reaction
is then allowed to warm slowly to room temperature, and stirring is continued for a total of 24 h.
The volatiles are removed in vacuo. The resulting red solid residue is taken up in 10 mL dry MeCN
and precipitated as a red powder by the addition of dry Et2O. This powder is washed with dry
diethyl ether (2 x 20 mL) and dried in vacuo. Crystalline material can be grown by the diffusion
of diethyl ether into a MeCN solution containing 5% DABCO. Yield: 80% (0.185 g) Analysis
Caled for Ci6H40N2MoSs: C, 39.65%; H, 8.32%; N, 5.78%. Found: C, 39.94%; H, 8.37%; N,
5.82%. '"H NMR (3, in CD3CN): 1.07 ppm tt (J = 7.3 Hz, 1.9 Hz, 12H), 3.07 ppm (q J = 7.3Hz,
8H); IR (cm™): 3005(sh), 3003, 2971, 1489, 1472, 1453(sh), 1447, 1436, 1423, 1394, 1330, 1234,

1201, 1160, 1136, 1090, 1076, 1020(sh), 1016, 967, 919, 863, 815, 794. UV-vis:
[EtaN]2WS4.

Hexamethyldisilathiane (0.45 mL, 2.25 mmol) is diluted with 30 mL of dry acetonitrile.
This solution is added dropwise over the course of 1 h to a solution of 0.200 g (0.5 mmol) of
tetracthylammonium tungstate, [EtaN]2WOs in 40 mL of dry acetonitrile. This reaction mixture
assumes an increasingly intense yellow color over the course of the addition. Once addition is
complete, the solution is allowed to stir for 24 h, then the volatiles are removed in vacuo. The
resulting yellow solid is then taken up in 15 mL of dry acetonitrile and precipitated by the addition

of 50 mL dry diethyl ether this step is repeated three times. The resulting yellow powder is dried
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in vacuo. Yield: 70% (0.158 g). '"H NMR (5, in CD3;CN): 1.07 ppm (tt, J = 7.3 Hz, 1.9 Hz, 12H),
3.07 ppm (q, J = 7.3Hz, 8H); IR (cm™): 2976, 2940, 1647, 1452, 1396, 1306, 1248, 1181, 1118,

1078, 1011, 1007, 880, 849, 790, 697.
[E t:N]2[(S2)Mo(O) (n-S):Mo(O)(S2)].

Tetraethylammonium molybdate (0.250 g, 0.6 mmol) is solvated in 30 mL of acetonitrile
and warmed to 50°C. To this solution hexamethyldisilathiane (0.56 mL, 2.6 mmol) in 10 mL of
acetonitrile is added dropwise over the course of 10 minutes. After 2 hours the volume of the
reaction is reduced 50% in vacuo, the stopper is removed, and the reaction mixture is allowed to
stir overnight. The volume is then reduced in vacuo to 10% of the original volume. The product is
precipitated by the addition of diethyl ether (70 mL). The liquid is removed by cannula filtration,
and the resulting red/orange powder is dried in vacuo. Xray quality crystals can be grown by the
vapor diffusion of diethyl ether into a solution of the product in acetonitrile. Yield 60% 'H NMR

(300MHz, CDsCN) 1.08 (tt, J=7.3 Hz, 1.9Hz, 12H), 3.07 (g, J=7.3 Hz 8H).
((BuzNCS2)MoO(p-S):MoO(S2CNiBuz)

To a solution of 0.100 g (0.15 mmol) of [EtsN]2[(S2)Mo(O)(p-S)2Mo(O)(S2)] in 10 mL of
acetonitrile is added 1.5 equivalents (0.092g, .23 mmol) of tetra-isobutylthiuram disulfide in 5 mL
of methylene chloride. The reaction is allowed to stir, open to the air, for 24 hours producing a red
solution with a large amount of black solid suspended in a red solution. This mixture is filtered
through celite, and volatiles are removed in vacuo. The resulting red oil is taken up in 2 mL of
tetrahydrofuran and precipitated with 20 mL pentane, then washed with pentane 2x10 mL. XRD

quality crystals can be grown by the layered diffusion of 10% THF in pentane into a concentrated
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methylene chloride solution in the freezer Yield: 20% "H NMR (8, in CD3CN): 5.32 (s, 3H), 3.81

(d J=7.2 Hz, 6H); 3.51 (d J=7.6 Hz), 2.39 (m 4H); 2.21 (m 4H).
[PhsP=N=PPhs][MoO3(OSiPh:'Bu)].

Silver molybdate, AgaMoO4 (0.300 g, 0.8 mmol), is suspended in 30 mL of dry acetonitrile
and completely wrapped in aluminum foil. To this suspension is added a solution of chloro-terz-
butyldiphenylsilane, ‘BuPh;SiCl ( 0.219 g, 0.8 mmol) in 10 mL of dry acetonitrile. The mixture is
allowed to stir for 72 h, whereupon a solution 0.458 g of [Ph3P=N=PPh3]Cl in dry acetonitrile (10
mL) is added by cannula transfer, and the mixture is allowed to stir for an additional 24 h. The
reaction is then cannula filtered through 2 cm of packed celite under inert atmosphere into a flame
dried Schlenk flask. The reaction vessel is rinsed with CH>Cl> (2 x 10mL), and the rinses are
passed through the celite filter. The resulting clear colorless filtrate is brought to dryness in vacuo,
resulting in a white foamy product. X-ray diffraction quality crystals can be grown by the layered
diffusion of diethyl ether onto a dichloromethane solution of the product. Yield: 0.376 g (40%) 'H
NMR (8, in CD>Cl): 7.57 (m, 40H), 2.20 (s, 9H) ESI-M/S: m/z=400.99 IR (KBr, cm™): 2200,

1500, 1440, 1400, 1100, 1050. 975, 955, 900.
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Structures:

cH

©sm

Figure 32. Thermal ellipsoid plot of [Et4N]2[MoS4] at the 50% probability level. Two equivalents of [Et4N]2[MoS4] occur
in the asymmetric unit of the unit cell. All H atoms are omitted for clarity. The methylene groups of two of the
independent [Et4N]+ cations are disordered and refined as best fit distributions between the two sites.
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Figure 33: Thermal ellipsoid plot of [Ph3P=N=PPh3][Mo03(0SiPh2tBu)] at the 50% probability level. All H atoms omitted for
clarity

- . N(1) C(1B)
by

C(3B)

C(18) c(15)

Figure 34: Thermal ellipsoid plot of [Et4N]2[(S2)Mo(0O)(u-S)2Mo(0)(S2)] at the 50% probability level. All H atoms are
omitted for clarity. The methylene groups of one of the [Et4N]+ cations are disordered and refined as best fit
distributions between the two sites.
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Figure 35: Thermal ellipsoid plot of (iBu2NCS2)MoO(u-S)2MoO(S2CNiBu2) at the 50% probability level. All H atoms omitted for
clarity.
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Table 12. Crystal and refinement data for [Et4N]2[MoS4],[Et4N]2[(S2)Mo(O)(u-S)2Mo(0)(S2)], [PPN][MoO3(0SiPh2tBu)],
(iBu2NCS2)MoO(u-S)2MoO(S2CNiBu2)

compound #

structure
code
Formula
Fw
temperature,
K
wavelength,
A
20 range,
deg.
crystal
system
space group
a,
b, A
¢, A
a, deg.
p, deg.

y, deg.
volume, A?
V4
density,
g/cm?

y, mm’!
F(000)

crystal size

color, habit
limiting
indices, &
limiting
indices, k
limiting
indices, /
reflections
collected
independent
data
Restraints
parameters
refined
GooF“
R1 ’b,cszd,c
R1 ,b,eWde.e
largest diff.
peak, e-A
largest diff.
hole, e-A3

[EtN]o[MoSa]

JPD911_0Om

CisH4oN2MoS4
484.68

150
0.71073
3.018 - 60.354
triclinic
P-1
12.9317(18)
13.6008(19)
15.903(2)
110.9156(18)
112.603(2)
91.066(2)

2372.4(6)
4

1.357

0.906
1024
0.260 x 0.294
x 0.423
red-orange
block

-18<h<18

-18<k<18

-22<1<21
46625

13042
0
463

1.056
0.0312, 0.0910
0.0371, 0.0941

1.450

-0.729

[Et4N]2[(S2)Mo(O)(p-
$)2Mo(0)(S2)]

JPD901 Om_a

C16Ha0N20,S;
676.74

150
0.71073
4.254 -43.628

monoclinic

P21/}’l
9.8786(11)
27.947(3)
10.2875(11)
90
97.7611(15)
90
2814.1(5)
4

1.597

1.351
1384

0.039x 0.117x 0.336
orange needle
-10<h<10
-29<k<29
-10<7<10
30730

3369
0
269

1.064
0.0503, 0.1324
0.0565, 0.1363

2.138

—-0.556

[PPN][MoO5(OSiPh,'Bu)]

JPD1290 Om 4 a

Cs;HioMoNO4P,Si
937.89

150
0.71073
2.203 —32.8875

Monoclinic

P2,
9.8005(5)
18.4905(10)
12.9652(7)
90
103.327(2)
90
2286.2(2)
2

1.362

0.429
972

0.516x0.286x0.111
Colorless block

-l4<h<l14

1.055
0.0260, 0.0656
0.0286, 0.0674

0.358

-0.755

(‘BBuzNCS2)MoO(p-
$):MoO(S:CNiBuy)

JPD1399 0m M a

Ci1sH36M02N>0,S6
696.73

150(2)
1.54178 A
2.54-72.31

Monoclinic

PZ]/C
18.7186(5)
9.6217(2)
16.9453(4)

90
11.6280(10)
90
2837.06(12)
4

1.631
1416
.0178 x.0145x .071

Red Block
-23<h<23
-11<k<11
20<17<20

67808

5576
0
279

1.053
.0190,.0478
.0199, .0485

0.391

-0.658
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“GooF = {Z[w(F,? - F.2)*]/(n - p)}”, where n= number of reflections and p is the total number of parameters refined; *R1 = Z||Fo| — |Fe||[/Z|F;
“R indices for data cut off at I > 20(1); “WR2 = {Z[W(F,> — F2A)?/EW(F,2)*} "% w = 1/[cX(F?) + (xP)* + yP], where P = (F,? + 2F.)/3; ‘R indices
for all data.

Discussion:

The cation exchange is easily undertaken by the reaction of the ammonium salt of the
metalate with two equivalents of the corresponding tetraalkylammonium hydroxide. The product
is isolated by removing under vacuum the NH3(g) byproduct and water followed by solvation in
acetonitrile and precipitation with diethyl ether producing a white solid in good yield for the
molybdate (81%). The reaction is less effective for the tungstate, with a yield of 54% due to the
formation of an insoluble white solid which is ascribed to the formation of a higher nuclearity

polyoxotungstate.

The cation exchange can also be executed by refluxing the silver salt of the metalate with
the corresponding tetraalkylammonium halide in acetonitrile for 48 hours, removing the silver
halide precipitate by filtration, and finally concentrating the solution and precipitating with diethyl
ether. While this approach is comparable to the [R4N][OH] method in its yield for the molybdate
anion (85%), this method results in higher yields for the synthesis of tetracthylammonium
tungstate (~80%) by avoiding the intractable solid that forms from the ammonium tungstate salt
under basic conditions. The reaction of tungstic acid with a quaternary ammonium salt of [OH]—
is faster, less costly, and proceeds with comparable yield, making it the preferred synthetic method

for the organic soluble tungstate salt.

Once the tetraalkylammonium oxometallate is purified and thoroughly dried, it is solvated
in enough 1% DABCO in very dry acetonitrile to form a solution with a metalate concentration
between 7.5 mM and 10.0 mM. To this solution is added four equivalents of

hexamethyldisilathiane (HMDS) which has been diluted to 2.0-3.0 mM in very dry acetonitrile.
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For the molybdate, both solutions are cooled to 0 °C in an ice bath. The HMDS solution is then
added dropwise at a rate of approximately 0.5 mL/min. The low concentration, low temperature,
addition of an organic base, exclusion of air, and slow addition rate are necessary to reduce the
formation of the [EtaN]2[(S2)Mo(O)(p-S)2Mo(O)(S2)] side product, which while interesting in its
own right, is not the targeted compound. The addition of the base is successful in managing the
product distribution and suppressing formation [EtsN]2[(S2)Mo(O)(u-S)2Mo(O)(S2)] in the
synthesis of [EtsN][MoS4], as evidence by elemental analysis and the reactions monitored UV-Vis
presented in Figure 36, below. Despite this improvement, a single pure product has not been
isolated for any mixed oxythiomolybdates by this method to date. The reaction time varies for the
formation of each of the molybdate species with the less substituted molybdates forming faster
than their more substituted counter parts. For the [MoS4]*, after addition of the
hexamethyldisilathiane the solution is stirred for at least an additional 12 hours, while [MoO3S]*
can be seen almost instantaneously by UV-vis spectroscopy. Crystalline material can be grown
from the vapor diffusion of diethyl ether into a concentrated solution of the tetraalkylammonium
metalate in acetonitrile, though these crystals suffer from extensive disorder due to the similar
ligand size and interaction strength with the cation. Because of this disorder only [Et4aN]2[MoS4]

has been fully characterized using this method.
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Figure 36: The UV-vis spectra taken over the course of the reaction of [Et4N]J2MoO4 with 4 equivalents of (Me3Si)2S without the
addition of base (top) and with the addition of 1% by volume DABCO (bottom,).
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The silylation of the molybdate oxo-ligand is carried out in a similar manner as that
reported by both DeKock and Holms with adaptations to account to for the difference is solubility
caused by the more sterically bulky organosilane employed in this report and the new cation
choice, which was selected due to its comparatively less hydroscopic character than the
tetracthylammonium chloride employed in the previous reports. **’" The molybdate-bound
silyloxy ligand generated by this procedure is profoundly water sensitive, with only a small amount
of atmospheric water or oxygen leading to the widespread degradation of a sample. With water
this is accomplished by the hydrolysis of the silyloxy ligand which is lost as the silanol. This
formed silanol is acidic and is capable of causing the further hydrolysis of other metal bound
silyloxy ligands, the ultimate product of this unfortunate cascade is the formation of higher
nuclearity polyoxomolybdates. Products a nuclearity between 2 and 8 having been isolated as a
result of this process including molybdenum blue, of which the first description is ascribed to

Scheele in 1778 and further investigated by Berzelius in 1826.757¢
Characterization:

As purity has always been the primary problem plaguing the aqueous synthesis of these
salts, it was also the main focus of our characterization priorities. While others have had success
with “*Mo NMR, we found that the extraordinarily wide chemical shift range, long collection time,
and high concentrations necessary to produce a usable signal-to-noise ratio to be overly
cumbersome. This concern was magnified by the desire to avoid water wherever possible,
including D20, which is the preferred solvent for >Mo NMR experiments. We found that ESI-MS
shows good signal intensity and that the products are easily identified by m/z and isotopic
distribution as the protonated monoanion as seen below in Figure 36. It is clear from the total ion

count that a variety of impurities are present in the recrystallized sample, including higher
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nuclearity products with m/z of up to 460 mass units. However, a significant majority of the product

is represented by the HMoOxSa'

- species with m/z ratios as follows: HMoO4'" = 156-169 mass

units, HMo0O3S"" = 172-185 mass units, HM00,S,'"" = 188-203, HMoOS;3'" = 204-219, and

HMoS4'" =220-237.
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Figure 37: The TIC from m/z=100 to m/z=300 (above) for a reaction of [Et,;N],MoO, with 1 equivalent of (MesSi),S and closer

view of m/z=150 to m/z=185 (below)
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The ESI-MS experiment suggests that the reaction conditions do not produce a single
product even under the constraining conditions used. However, these indications may be
deceiving, as there is evidence from the work of Quagraine that the ESI-MS method results in a
significant amount of ligand scrambling. The result of this ligand scrambling is a drastic lowering

the apparent purity of any given product.®’

This suggestion was rationalized as the ESI process
liberating “free” sulfide from the complex, which then reacts with other molecules throughout the
nucleation and evaporation process and produces a wide array of byproducts as evidenced by the
0.5 m/z spacing seen in the HMoO4™! and HMoO3S™' mass spectra in Figure 36 which are attributed
to an unknown contaminant that possesses a 2° charge. In their work, the purity of synthesized
mixed oxythiometallates was established by both aqueous *Mo NMR measurements and through
UV-vis spectrometry. As noted ecarlier, however, both of these methods also have their
shortcomings. However, the purity established by both methods deviates significantly from the
apparent purity from ESI-MS experiments as can be seen in Figure 37 below., further the deviation

observed by Quagraine is similar to that in the ESI-MS sample produced through the method

presented here. Quagraine observed that the ligand scrambling is reduced for the more intrinsically
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stable [MoOS3]* and [MoS4]* complexes and was ultimately led to reject ESI-MS as a reliable

measurement of purity for mixed oxythiometallates.*’
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Figure 38: An example of the curve fitting analysis results
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Thus, we are relegated to relying on a combination of the oldest methods to determine the
degree of success of these reactions: a combination of multivariate analysis of the UV-vis spectra,
vibrational spectroscopy, and elemental analysis. The UV-vis curve fitting analysis was
undertaken in the same manner similar to that by Quagraine and Reid, with a wavelength cut off
of 285 nm.*” The molar extinction coefficients for the absorption maxima of each product were
taken from literature and an absorbance value at each of eight points was calculated from these
values. An initial guess was then made as to the concentration of each product in a reaction mixture
from the known concentration of the analyte solution and compared to the calculated values for
each mixed oxythiomolybdate species as seen in Figure 38. The sum of the absolute value of the
error was minimized mathematically by the use of an evolutionary algorithm, finally the root mean
squared error was minimized in the same manner. This procedure produces a value for each mixed

oxythiomolybdate in solution with the results of one such analysis seen in Figures 39 above.

One of the byproducts of this reaction is the previously known[(S2)MoO(u-
S)2Mo(O)(S2)]* anion, whose structure is shown above in Figure 35 above. This doubly sulfido
bridged di-Mo(V) complex is somewhat common in the history of the chemistry of mixed
oxythiomolybdates and forms more readily at higher levels of thiolation.®’ The hazard the
formation of this complex presents in monitoring reaction progress and purity is difficult to
overstate. The vibrational absorptions for the dimolybdate complex differ only slightly from the
mononuclear precursors with the dimetallic complex Mo=0 and bridging Mo-S vibrations being
found at only slightly higher wavenumbers than their monometallic counter parts. These minor
differences leave only the S-S stretching frequency of the terminal disulfides as diagnostic in the
IR spectrum. In the UV-vis spectrum, the dimolybdenum complex is characterized by absorptions

at 460 nm and 390 nm, the latter of which is common to all of the mixed oxythiomolybdates and
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the former of which is shared with [MoOS;3]* effectively adding a sixth species to these already
significantly overlapping spectra. The UV-vis spectra can be seen in the spectrum of the base free

reaction presented above in Figure 36 as the final product.

In the past, the formation of the dimolybdenum byproduct was thought to be the result of
an internal redox process in which the metal center is reduced by 2 electrons through the oxidation
of two of its sulfido ligands to form a coordinated disulfide.®’ This disulfide then attacks another
metal ion in solution and a metal-metal electron transfer produces a pair of Mo(V) ions bound by
two bridging sulfides. However, the reagent employed in this study may reach this product through
another mechanism, shown below in Figure 40. The mechanism for the formation of the byproduct
begins the same way as the that of the intended product, with the nucleophilic attack of the of the
molybdenum bound oxo-ligand on the trimethylsilyl group of hexamethyldisilathiane with the
trimethylsilylsulfide acting as the leaving group. In the formation of the byproduct however this is
not followed by the subsequent nucleophilic attack of that silylsulfide on the same metal center
but a different one, on that has already undergone three previous chalcogen exchanges, that is
[EtaN]2MoOSs3. This produces an 18 e”complex that undergoes a similar internal redox mechanism
as proposed for the formation of the product in the classical synthesis.®’ The result of which is an
oxidized coordinated disulfide and a two electron reduced Mo(IV) center coordinated to a
trimethylsilylsulfide group and one oxo and one sulfido ligand. This silylsulfide ligand undergoes
an intermolecular attack by the silylated oxo ligand formed in the first step, this attack is similar
to the intramolecular attack seen in the mechanism of the intended product. The resulting
dimetallic complex contains a single bridging sulfide between a reduced Mo(IV) and a Mo(VI)
center. The sulfido ligand bound to the Mo(IV) center is well positioned for nucleophilic attack on

the electrophilic Mo(V1), this causes the oxidation of the two terminal sulfido ligands bound to the
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Mo(VI) atom to form another coordinated disulfide and prompt the reduction of the Mo(VI) to
Mo(IV). One electron from each metal is then used to form a metal-metal bond, oxidizing the

molybdenum centers to Mo(V).

Figure 40: Proposed mechanism for the formation of the major byproduct [Et;N]:[(S:)Mo(O)(u-S) Mo (0O)(S>)]
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In pursuit of other projects of interest to the Donahue group, the optimization of the
synthesis of dimolybdenum byproduct was carried out and investigations into its derivatization
were undertaken. The dimolybdenum byproduct was first described by Miiller and the chemistry
of such complexes have been explored extensively in the past by Coucouvanis and others. 5254/
However, the hexamethyldisilathiane employed in this study provides a new synthetic route to this
potentially useful material. While oxygen and moisture still play a role in the optimized synthesis
of the dimolybdenum compound as detailed above, the byproduct still appears in the synthesis of
the more substituted mixed oxythiomolybdates even when meticulous care is taken to ensure the
exclusion of room air. At elevated temperatures and rapid addition rates, the bright colors of the
mixed oxythiomolybdates aren’t the only colors seen over the course of the reaction with each
drop of added (Me3Si).S generating a deep blue color that rapidly fades, such colors are common
to Mo(V) and Mo(IV) complexes such as those in the mechanism proposed above. However, this
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suspected intermediate is short-lived and has not been isolated thus the mechanism in Figure 40
is not confirmed. The derivatization of the dimolybdenum byproduct by the substitution of the
terminal disulfide groups with di-isobutyldithiocarbamate was explored pursuant to hydrogen
evolution reaction applications, an application in which this complex has shown to be a
decomposition product of the Mo3Si3 cluster and has further been theorized to be active in its own

right.#>% Scale up and HER activity evaluation are pending.
Future Work:

The thermodynamic calculations suggest that the hexamethyldisilathiane should be able to
carry out the chalcogen exchange in a stepwise manner however, this has thus far been complicated
by the ability of the mixed oxythiomolybdates to undergo ligand exchange even in the absences of
catalytic water. The investigation of the analogous reaction with hydrogen sulfide in aqueous
solution shows that raising the pH reduces the rate of ligand exchange, and the rate of the forward
and reverse reaction are heavily dependent on the hydroxyl ion concentration. The addition of a
Brensted base to the ostensibly anhydrous organic system has been shown to decrease the rate of
internal reduction and improve selectivity for the formation of [MoS4]* . These improved reaction
outcomes have come along with a modest reduction in the rate of reaction for the formation of the
desired products. The effect of the addition of an appropriate base on the formation and selectivity
of this reaction system for the less substituted mixed oxythiomolybdates may prove fruitful,
additionally the effect of the choice of cation and solvent should be further explored as ion
interactions and solvent effects could play a vital in the synthesis of the target compounds.
Furthermore, the extension of this reactivity to other oxyanions, with the exception of tungsten,

has not been investigated.
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Further improvements could also be found by slowing the rate of reaction in other ways.
For example, rather than employing hexamethyldisilathiane as the chalcogen exchange reagent, an
a bulk silathiane, such as hexaphenyldisilathiane, or an asymmetric silathiane, such as trimethyl-
tri-isopropyldisilathiane, could reduce the rate of reaction and raise the steric barrier to the
formation of the byproduct. Additionally, a cyclic silathiane could also serve the same purpose
and reduce the hazard posed ionized silanethiolate to this reaction’s selectivity. Alternatively, to
further slow the reaction down and increase selectivity, the reaction could be performed in two
steps. The first step being the silylation of the oxo ligand with silyl halide followed by the
chalcogen exchange with an appropriate silanethiolate. This would serve to reduce the possibility
of more than one silylated oxo ligand on a single metal center, as well as reducing the chance of

silanethiolate attack on an unsilylated metal center.
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Chapter 3: The Structure and Reactivity of Three-Coordinate Copper(I) Complexes
Bearing tri-fert-butylphosphine and Aromatic Diimine Ligands

Introduction:

Copper has been utilized from the very beginning of civilization as the earliest tools and
ornaments and in the first alloys, such as bronze.”? This is partly due to its occurrence in nature in
its native metallic form as well as its various salts where it is found in the +1 or +2 oxidation state
from which it can easily be reduced to the workable metal. As the lightest member of the group 11
transition metals above its cousin’s silver and gold, copper exhibits desirable properties including

good thermal and electrical conductivity in its elemental state.’

The most commonly occurring ionized forms of copper are Cu(l) and Cu(Il), which form
an easily accessible redox pair. There also exists a limited, but growing, number of isolated Cu(I1I)
compounds. Though this higher oxidation state is most commonly invoked in the mechanisms of
many copper catalyzed processes including the reductive elimination from Cu-centers to from C-
C and C-heteroatom bonds in reactions like the Ullmann coupling.*>% Copper’s three common
oxidation states (0,1+,2+) are closely spaced with Cu"/Cu’ redox pair having a standard reduction
potential in aqueous solution of 0.52 V and the Cu?*/Cu'* redox pair having a standard reduction
potential of 0.159 V under the same conditions. 7 This relatively small spacing provides copper

with a rich redox chemistry.

As its two common ions, that is Cu'" and Cu®", a large number of applications have been
developed which include, but are not limited to, industrially important homogenous and
heterogeneous catalysts for water oxidation and other processes, as well as important applications
in C-C and C-heteroatom bond formation reactions and polymerizations.®’? Copper also has
applications at the center of organometallic complexes that can act as photosensitizers and light
emitting materials, medicines such as chemotherapy, and stoichiometric reagents for organic
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transformations such as the click reaction.’*’¥ In many of its potential and current applications
copper can replace heavier, more expensive, and less environmentally benign metals like Ru, Re,

Ir, or Pt.”?

Copper is considered less hazardous than other metals in part because it has been adopted
across prokaryotic and eukaryotic life to such a wide extent that it is considered an essential trace
nutrient.”’ While copper deficiency is detrimental to cellular function, excess copper in the cell,
caused by the failure of copper transport proteins or environmental excess, can also lead to
significant diseases such as Wilson’s disease for which one treatment is tetrathiomolybdate.?**!
Furthermore, life has evolved several classes of enzymes specifically for the biological
sequestration and transport of copper ions.”’ This versatile element also occupies the metallated
active sites of proteins that perform actions such as defending the organism from pathogens,
scavenging reactive oxygen species, transfer electrons, reducing molecular oxygen, and catalyzing
the oxidation of substrates. Notably nearly all reactions catalyzed by copper are dependent on
dioxygen as either substrate or electron acceptor.’’?? Based on its many applications, low toxicity,
relative abundance, and ease of processing, copper has been coined the “new green metal” for the

role it will play in the economic and industrial transformation in response to climate change from

the combustion of fossil fuels.”?

Taking lessons from relevant natural systems provides an informative study of the
structure-function relationships that give rise to the reactivity and other properties of Cu centered
systems, such as its redox activity and ligand preferences. While most copper-based proteins are
redox active electron transfer proteins or oxidoreductases, the copper atoms at the center of this
reactivity are only found as Cu(I) or Cu(II) and are often permanently bound to the protein.’! These

active sites tend to undergo little conformational change throughout the catalytic cycle despite the
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change in oxidation state, perhaps due to the distorted binding geometry and mixed ligating
systems sometimes employed. Such coordination sites also serve to tune the reduction potential of
the active metal site. This occurs by destabilizing the metal d-orbitals by bending them out of a
preferred conformation to predispose the metal center to redox activity. Conversely by providing
a strong and stable first coordination sphere, a copper center can be stabilized against redox events.
This tunability leads to redox potentials for the metals in copper active that range from nearly 0.2

V to nearly 0.8V.%

As such, the nuclearity and coordination environments of copper containing enzymes vary
widely and are broadly categorized into three categories type I, type II, and type III, with most
copper active sites falling into one of these categories. Type I copper enzymes are generally
coordinated in histidine, cysteine, histidine, and methionine ligand environment in a distorted
trigonal bipyramidal or tetrahedral geometry. Type I copper proteins are characterized by intense
absorption of visible light in the 600 nm range which is due to a ligand-to-metal charge transfer
from the cysteine residues that coordinate the metal center. This first category of copper proteins
also has a wide range of redox potentials that are high in comparison to the Cu(Il)/Cu(I) redox
couple in water with a range of 0.183V-0.68V; this serves the function of these sites which are
often found electron transfer chains. The intense spectral features of the type I copper proteins are
contrasted by the type Il active sites which are essentially colorless. This second category of copper
proteins are involved in the activation of dioxygen with Cu(Il) and are found in a more diverse
ligand environment that most commonly includes histidine, modified tyrosine, methionine, and
cysteine in a square planar or tetrahedral geometry. The common structural feature that all type 11
proteins share is an empty coordination site for the binding of molecular oxygen. The remaining

copper category is type III, which features a pair of anti-ferromagnetically coupled Cu(Il) that
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reside in a trigonal planar geometry coordinated exclusively by histidine residues, these proteins
have a role in the transport of molecular oxygen. Other, higher nuclearity, copper proteins that
aren’t easily categorized into the above three types exist including trinuclear copper sites, the

dinuclear Cua site, the heterodinuclear heme containing Cus site, and the tetranuclear Cuz.”’!

Aside from redox tuning, these variations in coordination have large impacts on the
reactivity of the metal center. One notable feature of the above Cu categories is that enzymes
responsible for copper sequestration or electron transfer have saturated first coordination spheres
around the metal center, while the enzymes whose copper atoms require the activation of molecular
oxygen or the direct binding of a substrate are bound in a coordination geometry that leaves a
vacant or labile site.”’ Type 2 copper centers provide a good example these active sites are square
pyramidal with an empty octahedral site, whereas type 3 copper sites contain a pair of trigonal
planar copper sites that share a vacant binding site and are bound to the imidazole rings of three

histidine residues for stability.”!

MoCu-CODH, discussed in Chapter 1, is one of the few redox inactive copper containing
enzymes, however the function of the copper center is complex despite its redox inactivity. The
electron delocalization that has been observed across the bridging sulfido in MoCu-CODH
requires a Cu(]) that is in either a linear or pseudo Cs, arrangement.’? A low-coordinate geometry
is also required for the bonding of the substrate to the copper center, as seen with other copper
enzymes.’’ It is thought that the binding of CO to Cu in MoCu-CODH is only for the purpose of
positioning and polarizing the carbon monoxide to be susceptible to nucleophilic attack by the
equatorial molybdenum oxo-ligand.?” This role is somewhat simplified in the frustrated Lewis pair
description of the enzyme in which the Cu center only needs to be one part of an unquenched

Lewis acid/base pair.”’ In both cases the polarization of the carbon monoxide resembles a metal-
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ligand charge transfer state (MLCT), in which electron density has been transferred from a metal
d- orbital to the carbon monoxide n* orbital, weaking the bond and placing a positive charge on

the carbon monoxide carbon atom.?’

Simple lessons as to what type of ligands bind strongly to copper and what coordination
geometry promotes different kinds of reactivity have been gleaned from the study of copper
proteins.”® In synthetic systems stable monovalent copper complexes can be found as two-, three-
, or four-coordinate varieties with linear, trigonal planar, and tetrahedral coordination
environments, respectively, with tetrahedral being the most common coordination geometry. The
tetrahedral geometry characterizes sterically saturated Cu(l), while Cu(II) can also adopt a five- or
six-coordinate geometry. The properties of the resultant complexes vary significantly between the
different coordination modes due to the arrangement, hybridization, and relative energy levels of
the metal d-orbitals. Enzyme structures and hard-soft acid base theory show that Cu(I) prefers
softer ligands than Cu(Il) and that steric unsaturation and distorted coordination geometries can
promote reactivity.??® Thus, for a synthetic metal complex to carry out catalysis, either the
complex must be isolable in a coordinatively unsaturated form without undue steric crowding or
one of the four coordination sites must contain a moiety that is sufficiently labile to be replaced by

an incoming substrate.

Biological coordination environments point to ligands like 2,2’-bipyridine or 1,10-
phenanthroline which have histidine-like aromatic imine coordination sites that are linked with
different degrees of flexibility and thus can take advantage of the chelation effect. These systems
also call the enzyme coordination environment to mind in another manner: when the ligand
environment does not interfere with the Cu d-orbital rearrangement upon reduction or oxidation

these complexes are profoundly easier to reduce than when steric bulk prevents such
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rearrangement. This is the synthetic analog to the tuning of redox potential in enzymatic active

sites.”’

It was noticed early on that homoleptic or heteroleptic systems containing either the
bipyridine or 1,10-phenanthroline chromophore possess metal-to-ligand charge transfer (MLCT)
bands in their electronic excitation spectra. These MLCT bands lead to these complexes being
brightly colored and exhibiting photo-induced redox chemistry and luminescent properties. The
earliest report available of Cu(l)-phenanthroline possessing MLCT transitions was by Day and

Sanders in 1967, it was quickly adopted as a field of interest.’3
Metal-to-Ligand Charge Transfer:

The metal-to-ligand charge transfer excitation has undergone significant investigation
across a variety of ligand metal pairs. This has led to the elucidation of the mechanisms and
characteristics of complexes that exhibit this phenomenon across a spectrum that contains
luminescence and phosphorescence versus photosensitization and photocatalytic activity as
competing phenomena.’>%* This investigation for copper complexes in particular spans nearly 50
years from the Day and Sanders report and is still a very active field. To design a system that is
optimized for one of these tasks, or if the desire is to avoid either of these competing chemistries,

it is vital to understand the nature of the metal-to ligand charge transfer excitation.
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Figure 41: The dynamics of the MLCT excited state. Reprinted with permission from Mara, M.W. Fransted, K.A.; Chen, L.
"Interplays of the Excited State dynamics in copper(l) diimine complexes: Implications and perspectives" Coord. Chem. Rev. 282-
283. (2015) 2-18. Copywrite 2015 Elsevier

The dynamics of photoexcitation of a Cu(I) bi(diimine) complex are illustrated above in
Figure 41. Upon initial excitation of a homoleptic Cu(I) bis(diimine), an electron from a frontier
orbital that is composed primarily of metal d orbital character is promoted into a low-lying
unoccupied orbital that is generally of ligand ©* character. This excitation results in the virtual
oxidation of the metal by one electron, from Cu(I) to Cu(II), and the production of an excited-state
ligand-based radical. This initial state is termed the Franck-Condon (FC) state, this state is
characterized by the above described virtual one electron redox process which, while it can be
accompanied by the weakening or strengthening of some bonding interactions depending on the

origin of the promoted electron and its destination orbital. The FC state exists on a time scale that
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places it before the change in atomic coordinates in response to the changes in its electronic

characteristics. %3337

Sometimes this is where this story ends, through simple relaxation mechanisms such the
quenching of the excited state by emission and the concomitant re-reduction of the metal or
through charge transfer to an outside acceptor, often the solvent, which makes causes the reduction
of the metal center. However, if the ligand based radical is sufficiently long lived (>10 fs) then the
virtually oxidized Cu(Il)* undergoes Jahn-Teller distortions to reach the minimum energy electron
configuration for its newly oxidized orbitals, this manifests as changes in the coordination
geometry of the ligands.>” For the Cu(I) case, the virtual oxidation to Cu(Il) changes the preferred
coordination geometry from tetrahedral to square planar, which produces a flattening of the
complex, that is the dihedral angle formed between the diimine ligand the other ligands moves
away from the idealized 90° angle.’d This geometry change opens a new apical coordination site
for the solvent or some other external electron acceptor to quench the excited state externally. This

path results in the nonradiative decay of the excited state and the oxidation of the metal center.

Ifthe aim is to optimize a system for fluorescence, then ligand engineering that discourages
such a rearrangement in four-coordinate systems can generate long-lived excited states and thus
promote longer emissive lifetimes Examples of such ligand engineering includes the elaboration
of the phenanthroline at carbons number two and nine of the ring system, or the six and six prime
positions of bipyridine. Substituents in these positions project steric bulk near the metal center and
hinder flattening. The result of such steric hinderance to rearrangement, and the extended excited
lifetime caused by it, is the rise of triplet excited states from intersystem crossing, which results in
phosphorescence from the slower relaxation of such states. Such sterically bulky diimine ligands

are found in both homoleptic and heteroleptic systems.?”*® When found in heteroleptic systems
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they are often paired with xantphos, or POP, ligands due to their projection of steric bulk that

complements that of the elaborated diimine and their inflexibility.?

The opposite ligand environment can also be engineered. While the simple exclusion of
prohibitive steric bulk on the diimine is sufficient to tilt the energetic landscape away from
luminescence and toward more reactive excitation behaviors, other coordination environments
have been explored.?’ Such coordination environments promote d-orbital rearrangement upon
excitation through ligand flexibility or coordinative unsaturation of the metal in which a vacant
coordination site is built into a three-coordinate system or one is opened upon photoinduced ligand
loss. An example of this is a heteroleptic system that contains a labile fourth ligand, such as solvent,
or, alternatively, a three-coordinate system which is stabilized in the ground state by a sterically
demanding third ligand. Complexes with such coordination spheres have many examples that
include ligands such as bis- and tris(pyrazolyl)borates, NHC’s, dipyridylamine, phosphaalkenes,

and halides amongst others.”* Such a ligand environment can lead to photosensitizing or

a0 Q@ Q/@

Figure 42: Retrosynthetic analysis of the Donahue unpublished result.

photocatalytic redox behavior from their complexes though the success of this aim competes with

luminescent and phosphorescent behaviors.?#3%3
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In this study, the copper scaffold arrived at by the retrosynthetic analysis of the unpublished
Donahue MoCu-CODH analogue in Chapter 1 and reproduced above in Figure 42, contains an
aromatic diimine that does not project any steric bulk toward the metal center and a very sterically
bulky phosphine. This fits well with the structural motif of these photoactive complexes discussed
above. While this specific complex has not been reported many similar to it are known which

employ different sterically bulky phosphenes.*>#647

Synthesis:

Cu(MeCN)4PFs or Cu(MeCN)4BFs4 were synthesized by published methods and
recrystallized twice from acetonitrile and diethyl ether prior to use.”*#’ [EtsN]N3, [EtaN]CN, and
[EtaN]JSCN were synthesized by salt metathesis between their sodium or potassium salt and
[EtsN]c1. Acetonitrile was dried over 3 A molecular sieves followed by distillation from calcium
hydride, methanol was dried over 3 A molecular sieves followed by distillation from magnesium
methoxide. Other solvents including THF, diethyl ether, pentane, hexane, and dichloromethane
were dried on a glass contour solvent system. All other reagents were purchased commercially and
used without further purification. Experiments were carried out under a nitrogen atmosphere using
standard Schlenk line technique. NMR spectra were collected on a Bruker 300 MHz spectrometer,
UV-Vis was collected on an Agilent Cary 60 UV-Vis, IR was collected on Thermoscientific
Nicolet iS10. Single crystal X-ray diffraction data were collected using either a Bruker Smart
APEX II CCD diffractometer equipped with a Mo fine-focus sealed tube providing radiation at A
=0.71073 nm or a Bruker D8 Venture fitted with a Photon 100 detector and operating with Cu Ko
radiation at A = 1.54178 nm. Computational chemistry was performed on the Tulane Cypress

computing core or through WebMO. Computational details are available in the appendix.

[Cu(MeCN)('‘BusP)(3,4,7,8-tetramethyl-1,10-phenanthroline) |PFs-Compound 1
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To a solution of 0.100g ( 0.2 mmol) of [Cu(MeCN)]J4PFs in 10 mL of dry acetonitrile was
added 0.80 mL of tri-tert-butylphosphine (10% in hexanes) which has been diluted with 2 mL of
THEF. The solution is allowed to stir for 30 minutes. The reaction was then brought to dryness in
vacuo before being redissolved in 10 mL of dry acetonitrile. To this solution, 0.061 g of 3,4,7,8-
tetramethyl-1,10-phenantholine is directly added. The solution immediately takes on a lemon-
yellow color and is allowed to stir for 1 h. The solvent volume was reduced in vacuo until
precipitation began. The product is then precipitated with 50 mL of cold diethyl ether, separated
by cannula filtration, and washed with 30 mL each of cold diethyl ether and pentane before being
dried in vacuo. X-ray quality crystals were grown by the vapor diffusion of diethyl ether in an
acetonitrile solution of the product Yield: 0.200g (93%) of [Cu(MeCN)(‘BusP)(Mesphen)|PFs. The
powder is air stable for a period of months under inert atmosphere. '"H NMR: (§, CDsCN): 1.39
ppm (d, J=12.0,27 H), 2.22 ppm (s, 2H), 2.55 ppm (s, 6H), 2.68 ppm (s, 6H), 8.14 ppm (s, 2H),
8.85 ppm (s, 2H). *'P NMR (8, CD3CN vs H3POx): 63.00 ppm. UV-vis [MeCN, Amax, nm (€ in M-

-ecm-1)]: 204 (58100), 253 (40400), 273 (37200), 329 (sh, ~5640), 363 (3780).
[Cu(MeCN)(‘BusP)(4,4’-dimethyl-2,2’-bipyridine)|PFs-Compound 2

This product is prepared in the same manner as compound 1, with substitution of 4,4’-
dimethyl-2,2’-bipyridine for 3,4,7,8-tetramethyl-1,10-phenanthroline. Yield: 0.165g (85%) 'H
NMR (8, CD3CN): 1.39 ppm (d, J=12.1 Hz, 27H); 2.52 ppm (s, 6H); 7.49 ppm (s, 2H); 8.24 ppm
(s, 2H); 8.69 ppm (s, 2H). 3'P NMR (5, CD3CN vs H3POs): 59.62 ppm. UV-vis [MeCN, Amax, N
(e in M'-em-1)]: 205 (29700), 225 (sh, ~12400), 250 (sh, ~11000), 290 (8200), 303 (sh, 6300),

358 (1380)

[Cu(MeCN)(‘Pr3P)(3,4,7,8-tetramethylphenanthroline)| PFs-Compound 3
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This product is prepared in the same manner as compound 1, with the substitution of tri-
propylphosphine in place of tri-ter¢-butylphosphine. This complex shows are significant reduction
in benchtop stability and oxidizes in the air over a period of several hours. Yield: 0.139g (70%)
'H NMR (8, CD3CN): 1.38 ppm (dd J=15.0, 7.3; 21H); 2.31 (m, 3H); 2.63 (s, 6H); 2.82 (s, 6H);

8.25 (s, 2H); 8.75 (s, 2H).
[Cu(MeCN)(‘Pr3P)(4,4’-dimethyl-2,2’-bipyridine)| PFs-Compound 4-

This product is prepared in the same manner as compound 1, with substitution of 4,4’-
dimethyl-2,2’-bipyridine for 3,4,7,8-tetramethyl-1,10-phenanthroline and the substitution of tri-

isopropylphosphine in place of tri-tert-butylphosphine. Yield: 0.114 g(70%)
[Cu(R3P)(NN)]PFe-

Compounds 1-4 can be converted into the corresponding three-coordinate complex through
the loss of the coordinating acetonitrile by solvation in minimal dry dichloromethane followed by
precipitation with excess dry pentane and separation by filtration. This process is repeated three

times resulting in a red solid. This ligand loss is reversible, and the yield is quantitative.
[Cu(Mesphen)(‘BusP)| PFs-Compound 1a-

"H NMR (8, CD>CL): 1.6 ppm (d J=12.8 Hz, 27H); 2.64 ppm (2, 6H); 2.83 ppm )(s, 6H);
8.27 ppm (s, 2H); 8.80 ppm (s, 2H). >'P NMR (3, CDCl, vs PF¢"): 69.23 ppm. UV-vis [CH2Cly,
dumax, T (€ in M~ -cm=1)]: 205 (58000), 234 (34000), 279 (38000), 305 (sh, 13200), 332 (sh, 3700),

438 (1300).

[Cu(Me2bpy)(‘BusP)]PFs-Compound2a-
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"HNMR (8, CD2CL): 1.54 ppm (d, J=12.8 Hz, 27H); 2.60 ppm (s, 6H); 7.50 ppm (d, J=5.4
Hz, 2H); 8.21 (s, 2H); 8.60 (d, J=5.4 Hz, 2H). UV-vis [CH2Cl2, Amax, nm (¢ in M'-cm-1)]: 205

(31700), 225 (sh, ~12500), 250 (12700), 292 (9100), 302 (sh, 7900), 358 (1500).
[Cu(X)(RsP)(NN)] (X=CT’, Br, I, CN", SCN", SeCN", N¥)

The three-coordinate complexes are able to bind a variety of X type ligands by reaction
with the appropriate (R4N)X salts in CH2Cl> or methanol. These complexes can also be made in a
manner analogous to that of complex 1, with the substitution of the appropriate Cu(I)X salt for
[Cu(MeCN)4]PFs. The first method works best for thiocyanate, selenocyanate, azide, and chloride
salts. While the second method is preferred for the formation of the bromide and iodide salts
perhaps due to steric bulk. The azide bound complex has only been isolated as the p-n'--azide

dimer.
[Cu(Mesphen)(‘BusP)] CN-Compound 5-

"H NMR (3, CD>CL): 1.41ppm (d, J=11.8Hz, 27H), 2.51ppm (s, 6H), 2.65ppm (s, 6H),
8.05ppm (s, 2H), 8.87 ppm (s, 2H). *'P (300MHz CD,Cl, vs H3PO4): 65.97 ppm. UV-vis [CH,Cl,,

Amax, nm (g in M'-cm-1)]: 207 (15180), 237 (sh, 10750), 275 (9700), 330 (sh, 1250), 363 (825).
[Cu(Me2bpy)(‘BuzP)|CN-Compound 6-

'H NMR (8, CD,CL):  1.32 ppm (d =11.5 Hz, 27H), 2.43 (s, 6H), 7.19 (s, 2H), 8.17 (s,
2H), 8.58 (s, 2H). 3'P (300 MHz, CD,Cl, vs H3POy): 65.48 Hz. UV-vis [ChyCla, Amax, ntm (€ in M-

l.em-1)]: 219 (sh, 14000), 250 (sh, 5600), 289 (4000), 330 (sh, 1250), 358 (600).

[Cu(Mesphen)(‘BusP)]Cl-Compound 1CI-
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"H NMR (5, CD,CL): 1.62ppm (d J=12.7 Hz) 27H; 2.66 ppm (s, 6H); 2.84 ppm (s,6H);
8.29ppm (s, 2H); 8.83 ppm (s, 2H). *'P (300 MHz, CD,Cl> vs H3PO4): 72.15 ppm. UV-vis [CH2Cla,
Amax, nm (g in M™'-cm-1)]: 203 (150000), 246 (sh, 43000), 274 (42000), 328 (sh, ~7600), 341(sh,

~7000), 419 (5600)
[Cu(Mesphen)(‘BusP)| Br-Compound 1Br-

"H NMR (8, CD2Clo): 1.56 27H (d J=12.6), 2.51 (s, 6H), 2.67 (s, 6H), 8.09 (s, 2H), 8.88 (s
2H). *'P (300 MHz, CD,Cl, vs H3PO4): 69.23 Hz UV-vis [CH2Clz, Amax, nm (g in M -cm-1)]: 207

(34600), 238 (26800), 274 (22000), 326 (sh, 3400), 368 (1900).
[Cu(Mesphen)(‘BusP)|I-Compound 11-

"H NMR (8, CD2CL): 1.59 ppm (d, J=12.8 Hz, 27H); 2.62ppm (s,6H); 2.81 ppm (s,6H);
8.26 ppm (s 2H); 8.78 ppm (s, 2H). *'P (300 MHz, CD,Cl; vs H3PO4): 72.33 ppm UV-vis [CH2Cly,
Amax, nm (g in M"1-cm-1)]: 207 (51000), 242 (sh, ~15600), 275 (12900), 326 (sh, ~2400), 341 (sh,

2100), 400 (1800)
[Cu(Mez2bpy)(‘BusP)|Br-Compound 2Br-

"H NMR (8, CD2Clp): 1.43 ppm 27H (d, J=12.2 Hz), 2.48 ppm 6H, 7.31 ppm 2H, 8.01
ppm 2H, 8.73 ppm 2H. *'P NMR (300Mhz, CD>Cl, vs H3PO4) 60.05 ppm UV-vis [CH2Cls, Amax,
nm (g in M'-cm-1)]: 204 (18700), 227 (sh, ~7400), 241 (sh, 6600). (sh, 5800), 281 (5500), 364

(380)

[Cu(Mesphen)(‘BusP)NCS]-Compound 7-
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"H NMR (8, CD2ClL): 1.37ppm (d, J=12.3 Hz, 27H), 2.51ppm 6H, 2.65ppm 6H, 8.05ppm
2H, 8.87 ppm 2H. *'P (300MHz CD:Cl> vs PFs) 59.88 ppm UV-vis [CH2Clz, Amax, nm (g in M-

I-em-1)]: 208 (9200), 236 (7900), 273 (7300), 300 (sh, 2300), 362 (600).
[[Cu(Mesphen)(‘Bu3P)]2N3]BFs-Compound 8-

'"H NMR (5, CD2CL): 1.48ppm (d, J=12.2Hz, 54H), 2.51ppm (s, 6H), 2.65ppm (s, 6H),
8.05ppm (s, 2H), 8.87 ppm (s, 2H). *'P (300MHz CD:Cl, vs H3PO4): 66.20 ppm UV-vis [CH2Cly,

Amax, Nm (€ in M -ecm-1)]: 210 (26900), 236 (20200), 275, (16400), 330 (sh, 2700), 370 (sh, 1500)
[Cu(L)YR3P)(NN)]PFs (L=thiourea, dimethylsulfide, thiophene)

The three-coordinate copper complex can bind a variety of L-type sulfur donating ligands
through the solvation of the three-coordinate complexes in a concentrated solution containing
excess of the desired ligand, followed by crystallization by layered diffusion with pentane or

diethyl ether.
[Cu(Me2bpy)(‘BusP)(thiourea)] BFs-Compound 9-

"H NMR (3, CD,CL): 1.34 ppm (d, J=12.0 Hz, 27H); 2.54 ppm, (s, 6H); 5.61 ppm (Broad s, 2H);
6.46 ppm (Broad s, 2H); 7.41ppm (d, J=5.3Hz 2H); 8.07 (s, 2H); 8.69 (d, J=5.3Hz, 2H). *'P

(300MHz CD:Cl2 vs PF¢"): 60.05 ppm.

[Cu(Mesphen)(‘BusP)(tetrahydrothiophene)]-Compound 10-

Discussion:

With the retrosynthetic analysis of the unpublished Donahue group MoCu-CODH

analogue (Figure 42, above) in mind, a study of the reactivity of copper scaffold was undertaken
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to evaluate the electronic and steric properties of the synthesized complex. As such, the bonding
of the copper complex with a variety of hard and soft nucleophiles, as well as anionic and neutral
sulfide donors was investigated. While the fluorescence of the above complexes were not
investigated in this study, some of the reactivity observed, when considered in light of
computational molecular orbital and excited state investigations by DFT, suggests that photoredox
events may be occurring. The result of these redox events is oxidation of the copper center and a
ligand-based reduction in some cases. These could complicate the study of the reactivity of these
complexes depending on the orbital energy of the incoming fourth ligand as compared to the
phenanthroline, or bipyridine ligand, and the phosphine. Aside from photo-induced redox events,
the most common struggles of Cu(l) synthetic chemistry are the suppression of the tendency of
Cu(]) systems to form cluster compounds through cuprophilic interactions, and the ability of Cu(I)

to be chemically oxidized to Cu(Il) by oxygen or other oxidizing agents.

The combination of an aromatic diimine and a bulky phosphine with a large cone angle is
capable of producing a surprisingly stable, coordinatively unsaturated 16 e- Cu(I) center upon loss
of the coordinating acetonitrile. Furthermore, this family of complexes is also resistant to cluster
formation. It is thought that these desirable properties are imparted through both steric hindrance
of the nucleophilic attack on the metal and the electronic stabilization of the copper d-electrons via
push-pull interactions between the phosphine and the aromatic diimine ligands. Another factor
affecting this stability is the reduction in energy of the metal d-electrons by orbital delocalization
into the aromatic system and the phosphine bonding orbitals. This trend can be seen by varying
both the basicity and steric bulk of the phosphine and by the difference in flexibility and the extent
of the m network of the aromatic diimine. The system with the more Lewis basic phosphine and

the more extended, less flexible aromatic diimine, that is [Cu(Mesphen)(‘BusP)]", is significantly
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more stable to oxidation in room air in both its 3-coorindate, trigonal planar, and 4-coordinate,
tetrahedral configurations than its congener at the opposite end of the set, that is
[Cu(Me2bpy)(‘Pr3P)]". These same factors, of course, impact the reactivity of these complexes to
both L-type and X-type nucleophiles, where it can be seen that the choice of aromatic diimine
(Mesphen vs Mezbpy) has a more significant effect on the reactivity than does the steric bulk of
the phosphine. This point is best illustrated by the thiourea complex
[Cu(R3P)(Mexbpy)(thiourea)|PFs, which forms readily with the Me;bpy complex bearing both
'Pr3P and ‘BusP but cannot be isolated with either phosphine when the copper center is bearing the

Mesphen ligand.

Computational investigation shows that this key reactivity difference between the two
diimine ligand systems is due to partially to the flexibility of the bipyridine backbone, as an N-H
of the thiourea ligand forms a hydrogen bond with one of the bipyridine imine nitrogen atoms and
the planarity of the coordinating ligand is disrupted. Another example of the choice of diimine
ligand impacting reactivity of the complex is the azide-bridged dicopper complex,
[[Cu(Mesphen)(‘BusP)]2N3]BFs which was isolable with the larger, more rigid phenanthroline
ligand but rapidly decomposed when attempts were taken to synthesize it with the Mesbpy ligand.
The thiourea ligand also reveals the steric allowances of this system, as no tetramethylthiourea
complex has been isolated with any of the synthesized systems despite repeated attempts. Other
complexes that will form with both sets of ligands also show the superior flexibility of the Meabpy
ligand over the Mesphen ligand, as do computational structures that were used to examine the
excited states and ligand bonding in these complexes. Based on these results, it is unsurprising that
other complexes with bulky sulfur donor ligands have not been isolable, including

triphenylphosphine sulfide, which instead forms an intractable oxidized product. The significant
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delocalization of the Cu orbitals also results in this system’s preference for very soft sulfur donors,

such as tetrahydrothiophene and dimethylsulfide.

The binding of L-type ligands above stands in contrast to the type of X-type ligands that
have been found to form adducts readily, especially chloride. Chloride is the second hardest halide
below fluoride and seems to form preferentially over many of the other X-type complexes when
more than one is present in solution. While all the halide complexes have been synthesized, the
remaining X-type ligands for which complexes have been isolated all have some m-accepting
behavior. This is contrasted by the lack of reaction with benzenethiolate or phenolate, which are a
hard sulfur-donor and oxide-donor respectively, no reaction with either of these was observed. It
is also worth noting that no bidentate ligands have been isolated bound to this complex though o-
isopropylxanthate and thioacetate were attempted. This is likely due to steric considerations and
the small number of examples of pentacoordinate of Cu(I) complexes.’”*’?? This leaves open the
question of which molybdate bound chalcogen ligand will form the lower energy adduct with the
copper center in the target complex as it seems this Cu(I) center will prefer the softer sulfido-
ligand over another available, comparatively harder oxo-ligand, Though it does seem that this
scaffold will have sufficient steric bulk to resist the formation of the thermodynamically more

stable O,S-bidentate molybdenum binding geometry.
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Structural Analysis:

All  of the complexes

Figure 43: The placement of the plane and centroid used in this study to
. . quantify the degree of tetrahedralization of the complex
synthesized presented here present in

the expected four coordinate Cu(l)

L

geometry, which is tetrahedral. While CD

the loss of the labile acetonitrile

ligand leads to a trigonal planar N
configuration. The amount that the
copper is pulled out of the triangular
plane can give clues as to the
electronic structure of the complex, N
the strength of the metal ligand bonding, and the balance of the competing ligand forces. The
tetrahedron is measured as shown in Figure 43 to the right, by drawing a plane through the diimine
ligand nitrogen atoms and the phosphorous atom of the phosphine ligand. A centroid is placed on
top of the intersection of a set of lines, one drawn from each vertex which bisect the side opposite
that vertex. The distance from the copper atom to the centroid and the orthogonal distance from
the copper atom to the plane that makes the base of the tetrahedron are then measured as well as
the angle from the first atom of L to the centroid with the copper at the vertex of this angle. These
measurements provide both the distance the copper has been pulled out of the triangular plane of
the ligands that are held constant as well the deviation of the copper from a vector normal to the
base of the tetrahedron with the phosphorous and both diimine nitrogen atoms at the vertices. A
second plane may be drawn through the bound atom of L, the copper atom, and the phosphine

phosphorous to further evaluate dihedral distortions to the tetrahedral geometry. This plane is the
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mirror plane of these complexes in an idealized symmetry. The measurements presented in Figure

43 for each of the complexes are summarized below in table 13.

Table 13: The values of the measurements presented in figure 3 for each of the complexes discussed below.

1a 23 1 8 s{Cul)  5{cuz) 1cl 1 9 11
Phi 90 90  151.05 14553 137.49 143.06 149.37 15113 1589  152.21
r 0308 0.311  0.763 0.741  0.653 0.68 0728  0.787  0.883  0.765
d 0 0 0.713 0.685  0.576 0.61 0.667 0744  0.841 0.72

Figure 44: The structure of [Cu(Mesphen)(‘BusP)(MeCN)]BF4. Thermal ellipsoids are drawn at 50% probability, carbons are
unlabeled, hydrogens are omitted for clarity, as is a single acetonitrile solvate molecule and the BF4 anion

In the acetonitrile bound complex, [Cu(Mesphen)(‘BusP)(MeCN)]PFs, the structure of
which is presented in Figure 44 below. The copper center is located 0.713 A above a plane drawn
through the 2,3,4,7-tetramethyl-1,10-phenanthroline nitrogen atoms and the tri-t-butylphosphine
phosphorous atom, distances to calculated surfaces and centroids will not include error. A centroid

placed in the middle of these three atoms is found to be located 0.763 A away from the copper, on
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the Me4phen side forming an angle of 151.05 © between the acetonitrile nitrogen, the copper, and
the centroid. A plane drawn through the acetonitrile nitrogen, the copper and the phosphorous of
'‘BusP intersects the base of the tetrahedron at an angle of 88.84 °. The acetonitrile is nearly linear
with C-C-N angle of 179.1(2) © but not bound colinear to the plane formed between its bound
nitrogen atom, the copper center, and the phosphine, it is instead found leaning to the side by 3.08
°, The two Megphen are also not equidistant from this plane at distances of 1.286 and 1.393 A
respectively, indicating a slight twist to the tetrahedral structure of the complex. The presence of
a solvent molecule in this structure allows for the easy comparison of the bound and unbound
nitrile bond lengths, which are found to be \equal at 1.131(2) A and 1.132(4) A, this and the near

linearity of the solvent ligand itself indicate that little to no metal-to-ligand back bonding is

Figure 45: The structure [Cu(Mezbpy)(‘BusP)]BF,. Thermal ellipsoids are drawn at 50% probability level, carbon atoms are
unlabeled, hydrogens and the anion have been omitted for clarity.
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occurring, which further explains the lability of this moiety. The Cu-N (acetonitrile) distance is
2.013(2) A which is equal to the average value for that of the compound [Cu(MeCN)4]PFs which
also clearly possesses acetonitrile ligands that are considerably labile. Cu-N bond length in its

parent

The structural changes that accompany the loss of this labile solvent ligand are significant
as can be seen in the structure of [Cu(Me2bpy)(‘BusP)]BF4, Figure 45 above. Most notably the
bond lengths to all remaining ligands, the Mesphen and the ‘BusP, contract significantly with the
Cu-P distance shrinking to 2.1917(5) A from 2.2218(4) A and the Cu-N distances shrinking to
2.035(1) A and 2.070(1) A from 2.100(1) A and 2.109(1) A respectively. The only sign that
molecule isn’t completely planar is a slight tilt to the Me4phen orientation. This is isostructural to
the [Cu(Me2bpy)(‘BusP)|PFs, at nearly every measurement with that notable exception that the
Meobpy rings display a torsion angle of 5.0(2)° and is bound to the copper more symmetrically
with Cu-N bond distance of 2.031(1) A and 2.055(1)A. It is also notable that the Mesphen ligand
seems to have a superior ability to stabilize the weakly bound acetonitrile ligand as this structure
has been isolated several times from a variety of conditions, whereas the complementary complex

[Cu(Me2bpy)(‘BusP)MeCN]PFs is inferred solution from the UV-vis and NMR measurements, but
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has not been directly observed by SC-XRD as all crystals that have been evaluated from attempts

to crystallize this complex have proven to be the three-coordinate trigonal planar complex.

Figure 46: The Structure of [Cu(Me4phen)(tBu3P)(NCS)], thermal ellipsoids are drawn at the 50% probability
range, grey=carbon, yellow=sulfur, hydrogen atoms are omitted for clarity.
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The acetonitrile bound complex can be compared to that which has been complexed with
the thiocyanate anion, the structure of which can be seen in Figure 46, above. Surprisingly the
thiocyanate anion is coordinated through the nitrogen terminus, as opposed to the comparably
softer sulfide terminus. This complex, [Cu(Mesphen)(‘BusP)(NCS)], isostructural to the
acetonitrile complex but electronically different, as the ligand is anionic and makes the complex
overall neutral. Therefore, it must be electronic factors not steric factors which causes a more
profound tilt to the base of the tetrahedron formed between the Cu(l), the two Mesphen nitrogen
atoms, the thiocyanate nitrogen atom, and the phosphorous atom at its vertices. The skewing of
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the tetrahedral formed is evidenced by the distance and angle with the centroid, placed in the same
manner as above, which are 0.741 A and 145.53 ° respectively. The distance to the base of the
tetrahedron is 0.685 A, the shortest we have seen of the complexes examined. While the Cu-
thiocyanate bond length is similar to the Cu-acetonitrile bond length at 2.041(9) A, the Mesphen
ligand is significantly skewed with the distance from nitrogen atom to the idealized vertical mirror
plane of the molecule, which is defined by the P-Cu-Niocyanate atoms being 1.470 and 1.192 A.
However, the two Cu-N and the Cu-P distances are roughly equivalent to the previous example at
2.102(6), 2.125(6), 2.230(2) A respectively. The complex reported here shows the scale of the
effect of the sterically large ‘BusP by comparison to the complex reported by Sargentelli et al,
which is [Cu(phen)(Ph3;P)(NCS)] and the bipyridine ligated complexes reported by Pettinari et
al.**33 The Sargentelli complex reports a Cu-thiocyanate bond length of 1.985(9) A, with Cu-Nphen
distances of 2.095(8) A and 2.096(8) A, and a Cu-P distance of 2.191(3) A, further they report no
skewing of the phenanthroline coordination.?”” While the thiocyanate complex reported here has
the thermal ellipsoids for the N- and S- terminus that are quite large, it is clear that there is
significant tilt in its coordination with a C-N-Cu angle of 151.6(7) °, the thiocyanate anion itself
has also lost some linearity, with an S,C,N bond angle of 175.1(9) °. Compared to the bond angle
in KSCN at (178.3 + 1.2)°, this difference approaches statistical significance. The distances within
the anionic ligand itself are also interesting, as the C-N bond length (1.18(1) A) is very similar to
the 1.149(14) A reported in KSCN, while the C-S bond length in this complex is significantly

shorter at 1.61(1) A in this complex compared 1.689(13) A in KSCN.*
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The halo complexes also provide an axis for measuring electronic effects on the geometry
of the complex while simultaneously providing a simple control for the steric effects from the

fourth ligand. All the halo complexes were crystallized by the vapor diffusion of n-pentane into a

Figure 47: The Structure of [Cu(Measphen)(*BusP)]l. Thermal ellipsoids are drawn at 50% probability level, purple=iodine,
grey=carbon, hydrogens and one solvent molecule are omitted for clarity

solution of the complex in CH»Cl, and present in the expected tetrahedral geometry about the Cu(l)
center. The iodo complex, the structure of which is presented above in Figure 47, is tetrahedral
and similar to the acetonitrile complex with the N>P centroid located 0.787 A away from the copper
center and nearer to the nitrogen atoms such that the I-Cu-NaPeentroia angle is 151.13 °. However,
due to electronic and steric effects from the size of the iodine anion, the tetrahedron formed with
the Cu(l), the phenanthroline nitrogen, and phosphorous atom is less symmetric than in the above
example, with the perpendicular distance from copper to the N»>P base 0.744 A. The source of this

deformation is found in the Cu-N and Cu-P bond lengths. The Cu-N bond lengths of 2.111(1) and
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2.088(1) A are notably less symmetric than in either of the above examples. However, the distance
from the nitrogen atoms to the vertical plane defined by I-Cu-P, at 1.285 and 1.390 A are very
similar to the values noted in the earlier examples. The Cu-P distance is 2.2258(5) A, which is
nominally longer than the acetonitrile complex. The Cu-I bond is quite long at 2.6450(4) A, which
is significantly longer than that of Cul which has a Cu-I bond length of 2.338 A, and a
[Cul(dppmS:] complex reported by Nishioka, which has a reported Cu-I bond lengths 0f 2.4937(5)
A 3336 This Cu-I bond is more similar in length to those of reported (u-I)> complexes such as that
reported by Lobana and Noren which have Cu-I bond lengths of 2.6503(8) A and 2.637(1) A
respectively.””? Interestingly, the Mesphen ligand has a significant distortion from planarity with

C13 being located more than 0.5 A above the plane of the central ring of the Mesphen ligand.

Figure 48: The structure of [Cu(Mesphen)('BusP)]CI. Thermal ellipsoids are drawn at the 50% level,
green=chlorine, grey=carbon, hydrogens are omitted for clarity, as is a disordered methylene chloride
molecule
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If we compare the above iodo complex to the nearly isostructural chloro complex, whose
structure can see above in Figure 48, the most notable difference is that the chloro complex is less
tetrahedral, with the centroid (defined as previously) only 0.728 A below the Cu(l) center at an
angle of 149.34° towards the diimine ligand. It follows that the copper is also closer to the base of
the tetrahedron formed by a plane drawn through the diimine nitrogen atoms and the phosphine
atom. This plane is located only 0.667 A below the Cu(I) center. Due to the much smaller steric
profile of the chloride ligand the coordination environment of this complex is less distorted than
complex 1I. This reduced strain can be seen in the two Cu-N distances which are
crystallographically indistinguishable with distances of 2.108(4) and 2.111(3) A respectively.
These two imine nitrogen atoms are also located similar distances, 1.351 A and 1.329 A, from the
symmetry plane that bisects the molecule. The Cu-P distance (2.207(1) A) is also much shorter in
this complex than in its iodo bound cousin. Based on the set of measurement just mentioned and
the significant difference in size of the two halogen atoms discussed, it shouldn’t come as a surprise
that the Cu-Cl distance is much shorter than the Cu-I distance at 2.340(1) A, though this is quite
long as compared to other Cu(I)-Cl bonds including CuCl, the five coordinate Cu(I) complex
reported by Paul ef al., and the (u-Cl)2 complex reported by Noor which have Cu-Cl bond lengths
0f 2.0512 A, 2.2352 A, and 2.318(7) A respectively.”**®’ This complex also shows a significant
loss of planarity in its Mesphen ring system with the largest displacement of the terminal methyl

unit being 0.427 A above the plane of the central ring.
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Figure 49: The Structure of [Cu(Mesphen)(tBusP)].Ns]BF4. Thermal ellipsoids are drawn at the 50% probability level,
grey=carbon, green=chlorine, yellow=fluorine, pink=boron, hydrogens are omitted for clarity

The azide bound complex, whose structure is presented above in Figure 49, is unique
amongst those being presented here as the only dimetallic complex. In fact, it is only the second
example of a discrete singly bridged u>-5'3-azide Cu(I) complex available in the literature.5%6/6?
There are several interesting things to note about this structure. Firstly, the two halves are not
generated by crystallographic symmetry. Instead, the whole molecule is contained within the
asymmetric unit, including a structurally important BF4 anion and two structurally important
solvent molecules, which support the structure by hydrogen bonding interactions. The two copper
centers are tetrahedral to different extents, which can be examined using the same methods
discussed previously by examining the relationship of the Cu(I) center to a centroid placed between
the Mesphen nitrogen atoms and the ‘BusP phosphorous atom. Keeping in mind that these

computational distances do not have crystallographic uncertainty the centroid between N1, N2,

and P1 is located 0.653 A from Cul at an angle of 137.49°, while the centroid of N3, N4, and P2

139



is located 0.680 A at angle 143.06°. The azide ligand is bound to Cul at an angle of 143.5(4)° and
to copper Cu2 at an angle of 147.4(3)° with the azide itself being nearly linear with and N-N-N
angle of 178.8(5)°. The Cul-Cu2 distance is 6.2013(8) A. The Me4phen ligand of both copper
metals is bound with a different orientation than seen in previous examples as the copper does not

lie within the plane of the ligand in either case.

While the coordination environments are similar for both copper centers, they are not
identical. The coordination environment of Cul has two equal Cu-N distances of 2.111(3) A, while
Cu2 has two dissimilar Cu-N distances of 2.127(4) and 2.099(3) A. The Cu-P distances also differ
with Cul having a Cul-P bond length of 2.203(1), while the same bond length in Cu2 is 2.214(1)

A. The entire ligand environment of Cu2 is offset from that of Cul due to steric interactions from

Figure 50: Showing the packing and close contact interaction of the azide bridge dicopper compound.
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the ‘BusP ligands as seen by the P1-Cul-Cu2-P2 torsion angle which is 30.05°. The anion forms
several hydrogen bonds both with the co-crystallized solvent molecules and the Mesphen
methylene C-H hydrogens, the Mesphen methylene groups also act as intermolecular hydrogen
bond donors to Mesphen ring system of neighboring molecules and to N5, the azide nitrogen bound
to Cul, as seen above in Figure 50. This B-F---C-H hydrogen bonding, C-H---Ar hydrogen
bonding, and C-H---N hydrogen bonding promotes a very tight packing between neighboring
molecules in the solid state that is not attributable to n-stacking of the Mesphen moieties as the
steric hinderance prevents significant interaction of the ring systems, this extensive system of
hydrogen bonding also promotes the syn-confirmation of the sterically demanding 'BusP ligands

which one would expect to be anti.

Figure 51: The structure of [Cu(Me2bpy)(tBu3P)thiourea]BF4. Thermal ellipsoids are drawn at the 50% probability level, the
tBusP ligand is disordered over two positions and has been modeled isotropically with distance constraints. Grey=carbon,
Hydrogens and the anion are omitted for clarity.
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Due to increased flexibility imparted by the Mexbpy ring system, the complexes bearing
this moiety and a fourth ligand show increased tetrahedral distortions and a superior ability to
accept ligands that the complexes bearing the Mesphen ligand system cannot. This includes soft
sulfur donors such as thiourea and tetrahydrothiophene. This greater flexibility also increases the
crystallographic disordering seen in these complexes. The complex containing thiourea as a fourth
ligand, [Cu(Me>bpy)(‘BusP)(thiourea)]BF4, whose structure can seen above in Figure 51 is
significantly more tetrahedral than any of the complexes containing Mesphen discussed above, as
evidenced by the Cu--—-NP distance of 0.883 A and the S-Cu-NP angle of 158.9°. These values
are the largest discussed; consequently, the centroid distance is quite close to the shortest distance
measurement from the copper center to the horizontal plane which is 0.841 A. The Cu-P distance
is among the longer bonds discussed here with a length of 2.2411(9) A. Furthermore, the phosphine
ligand is disordered over two positions that are separated by roughly 13.5°. The Me:bpy is more
asymmetrically bound than that seen in the three-coordinate trigonal planar geometry, with this
complex exhibiting Cu-N bond distances of 2.153(2) and 2.098(2) A. This difference is
accentuated by the significant distortion to the planarity of the Mebpy ring system, which in this
case exhibits a dihedral twist of 8.9(3)°. Furthermore, the ring system of the Mexbpy lies
significantly out of the plane of the N-Cu-N bonds which can be illustrated by the distance between

the bipyridine methylene groups and this plane which are 1.601 A and 0.666 A.

One explanation for this notable loss of planarity is seen in the minimized computational
model and hinted by the orientation of thiourea complex in the SC-XRD structure, which is offset
such that the plane of the S-Cu-P bonds and that of the C-S-Cu bonds differ by roughly 3.6°. The
remainder of the thiourea ligand is also tilted such that the nitrogen bound hydrogen atoms favor

one of the Mexbpy imine nitrogen atoms, as such the thiourea N-C-N plane is twisted by almost
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9.14° compared to the plane of the P-Cu-S bond. Further suggestions of this interaction can be
seen in the shape of the thermal ellipsoids for the thiourea and Mez2bpy nitrogen atoms. DFT
computations suggest an intramolecular hydrogen bonding interaction between the urea N-H bond
and the Mexbpy nitrogen atoms, which pulls one nitrogen out of plane resulting in the dihedral
torsion. The thiourea ligands themselves are certainly linked by hydrogen bonding interactions
with their crystallographically generated counterpart and the anion, with the top thiourea N-H
acting as a hydrogen bond donor to the sulfur of another, and the other N-H protons donating

hydrogen bonds to anion illustrated above in Figure 52.

Figure 53: The structure of [Cu(me2bpy)(tBu3P)Tetrahydrothiophene]BF4 Thermal ellipsoids are drawn at 30% probability, the
THT ligand is disordered over two positions, only one is shown here with the carbons modeled isotropically. Grey = Carbon.
Hydrogens omitted for clarity

The other Me;bpy complex that does not have a Mesphen counterpart is the

[Cu(Me2bpy)(‘BusP)(tetrahydrothiophene)]PFs complex, whose structure can be seen above in
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Figure 53. This complex is less distorted than its thiourea cousin due to the smaller steric profile
of the ligand that is projected at the Mexbpy ligand and the reduction in intra- and intermolecular
forces from the lack of good hydrogen bond donors in the ligand. This difference manifests as a
shorter Cu---N2Peentroia distance, which is 0.765 A and roughly equivalent to that found in the
acetonitrile bound complex. This is coupled with a less steep S-Cu-NaPeenwoia angle which is also
similar to the acetonitrile complex at 151.21°. These two values are related to the Cu-P at 2.231(2)
A and an indistinguishable pair of Cu-N distances which are reported at 2.092(5) and 2.095(6) A.
The THT ligand itself is bound at a distance of 2.373(3) A and its saturated ring is disordered by

a rotation of approximately 23° around the Cu-S axis.
3P and '"H NMR:

Both of the trialkylphosphine ligands employed, tri-isopropylphosphine (‘Pr3P) and tri-zert-
butylphosphine (:BusP) in the above syntheses have the desirable electronic properties of high o
Lewis basicity and low = acidity as well as significant steric bulk with cone angles of 160-181.4°
and 182°-196.3° respectively. All of the complexes discussed here will contain the ‘BusP ligand,
as it was quickly discovered that the steric bulk and o basicity of the larger phosphine imparted
more desirable properties than did the ‘Pr3P ligand, based on the stability of the acetonitrile bound
four-coordinate complex in air and in solution. Another attractive facet of these ligands is that the
phosphorous atom of the ‘BusP phosphine ligand provides a useful NMR handle for the
characterization of the products and monitoring of reactions. The chemical shift in both *'P and 'H
NMR and the three-bond J-coupling between the chemically equivalent hydrogen atoms and the

phosphorous center that is observable in proton NMR are very sensitive to the ligand environment
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Figure 54: The 'H NMR spectrum of the Acetonitrile-bound and trigonal planar complexes with tri-tertbuty!
phosphine and each diimine ligands.
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Figure 55: The 31P NMR spectra of the acetonitrile bound complexes and their trigonal planar counter parts



of the copper system as seen in the spectra presented in Figure 54 and 55. One notable feature of
the sensitivity of the >'P NMR peak position to the structure of the complex is seen in the NMR of
the acetonitrile bound complex for both diimine ligands, these spectra display a broadened peak
that is nearly 10ppm in width at the base. While variable temperature experiments have not been
performed that could elucidate the source of this broadening it is thought to be either from the slow
exchange of the acetonitrile ligand with the solvent or the sampling of a wide range of low
frequency butterfly and wagging motions that affect the local geometry on the NMR timescale.
The sensitivity of the phosphine to the local environment also extends to the proton NMR in terms
of both the position of the peaks for the phosphine hydrogens and the magnitude of the *Jpn

coupling that can be observed in these NMR spectra.
Electronic structure and UV-Vis Spectra:

The removal of the labile acetonitrile ligand is accompanied by a color change of the
solution from a pleasant lemon yellow to a red/orange color. UV-vis measurements of the resulting
complexes, seen below in Figure 56, show that this color change is not the result of a new
absorbance maxima. Instead, what is observed is a general increase in the absorptivity prompted
by improved orbital overlap of the donor orbitals with the aromatic diimine based 7* LUMO and
a minor rearranging of the orbital energy levels due to the loss of the ligand. This also serves to
explain the intermediate yellow and orange hues of the other complexes examined here, as the
degree of tetrahedralization and the amount the various ligands perturb the orbital energies varies.
Computational examination of the excited states can assist in understanding the excitation
dynamics. The orbitals of these structures were calculated at the B3LYP level of theory using the
6-311++G(2d,2p) basis set for all main group elements (H, C, N, P, S, CI, Br, I) and LANL2DZ

with ECP for the metals (Cu, Mo). The geometry was converged in the gas phase with no symmetry
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restraints to tight convergence criteria. The starting geometry was either from the XRD derived

structure or generated de novo from similar structures for molecules for which XRD data was not

obtained. Molecular orbitals were calculated based on this minimized geometry in the standard

way. Excited states were calculated by TD-DFT methods. The first ten excited states of the four

coordinate [Cu(Mesphen)(‘BusP)(MeCN)]" cation are formed by excitation of electrons out of the

HOMO through HOMO-6 molecular orbitals which are primarily Cu based with mixed amounts
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Figure 55: The molecular orbitals involved in the first ten excited states of [Cu(Mesphen)(tBusP)MeCN]* (right) and [Cu(Me sphen)(tBusP)]* (left)
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of ligand character from all the surrounding ligands as seen on the right side of Figure 55 below.

The electrons occupying these orbitals are excited into the LUMO or LUMO+1 orbital which are

almost entirely located on the Mesphen ligand and can be characterized as m-antibonding orbitals.

Thus, these excitations are metal-to-ligand excitations which are consistent with the MLCT state

observed in similar structure types.
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Figure 56: The UV-Vis spectra of the acetonitrile and trigonal planar copper complex.
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Of the seven occupied orbitals that make up the first ten excited states of the acetonitrile

bound complex, only one involves the Cu-P bonding orbitals or the Cu-N (acetonitrile) bonding

orbitals. Those that involve these two ligands are HOMO-1 and HOMO-2 respectively and, in fact

the HOMO-2 orbital is anti-bonding with respect to the Cu-N(acetonitrile) interaction.

Photoexcitation serves to depopulate this orbital, thus strengthening the metal-acetonitrile bond.
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The molecular orbitals involved in the first ten excited states of the corresponding trigonal
planar complex can be seen above on the left side of Figure 55. These orbitals are quite similar to
those of its solvent ligated counterpart, with the obvious exception of the orbital that corresponds
the Cu-N (acetonitrile) antibonding orbital of the solvent ligated complex (HOMO-2 on the right
of Figure 55). The loss of the acetonitrile ligand changes the energy of the frontier orbitals
significantly, which manifests as the loss of degeneracy of the HOMO and HOMO-1, the latter of

which now occupies the energy level of the formerly solvent bound orbital.

The orbital that once formed the Cu-N (acetonitrile) antibonding interaction has fallen in
energy and is now part of a closely spaced set of three orbitals that are comprised of extensive Cu
d/Mesphen antibonding interactions, seen on the left side of Figure 55 above. Even a cursory
inspection of these orbitals shows that planarity of the complex allows for the reorientation of the
Cu d-orbitals to align with those of the ligands. This adjustment increases the Cu-P bonding
interaction as well as the ease of donation of electron density into the acceptor orbitals upon
excitation. Interestingly, the identity of the excitation with the strongest oscillator strength changes
upon the change in the geometry of the complex. In the tetrahedral arrangement, the transition with
the strongest oscillator strength included the orbitals which were part of metal/Mesphen bonding,
as well as the Cu-P bonding, and Cu-N (acetonitrile) anti-bonding orbitals. Upon the loss of the
fourth ligand and accompanying geometry change, the orbitals that make up the excited state with
the strongest oscillator strength are now entirely comprised of Cu d-orbitals and the n*-system of
the Mesphen ligand. The improved orbital interaction in the trigonal planar complex makes for a
more strongly allowed Cu-d to Mesphen MLCT excitation. This can be seen in the UV-Vis
spectrum of these two complexes, seen in Figure 56 above, as the slight broadening, increase in

intensity, and shift to lower wavelengths of the absorption band located around 270 nm in the
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trigonal planar complex as well as the decrease in absorption in the 230 nm range and the growth
of a new shoulder above 300 nm. Since the tetrahedral shape is consistent for all examined
complexes, the UV-vis data provides a controlled method to measure electronic effects on the
frontier orbitals and correlate the ligand strength with observed structural changes. These effects
are quite notable in the comparison of the halide bound copper complexes and the copper-
acetonitrile complex absorbance spectra despite relatively minor structural differences, which can
be easily observed in the structural overlay shown in Figure 57 above and whose effects can be

seen in the absorbance spectra in Figure 58 below.

Figure 57: Wireframe structural overlay of [Cu(Mesphen)(*BusP)(MeCN)]PFs in blue,
[Cu(Megyphen)(*BusP)]Cl in red, and [Cu(Mejphen)(tBusP)]l in green

Despite the fact that these structures are nearly isostructural, the substitution of a halide
ligand for the acetonitrile has a profound impact on the shapes and energies of the frontier orbitals.
As compared to the acetonitrile ligated complex, the halide atoms’ orbitals are heavily involved in
the frontier orbitals of their complexes that are involved in the first ten excited states, with the

involvement of the halide orbitals decreasing as the size of the halide increases. In the chloride
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complex, the chlorine atom is involved in all of the occupied orbitals that take part of the examined
transitions, the bromine is involved in all the occupied orbitals but one for its complex, and in the

iodide complex, only four of the seven occupied orbitals have any iodide character.

These orbital interactions serve to reduce the copper character in the frontier orbitals for
the complexes with extensive Cu-halide orbital interactions. While chloride interacts extensively
with the copper center to which it is bound and contributes, along with copper, to the MOs
primarily involved in the electronic excitations, the larger halides show weaker interactions with

the copper center and have a more negliable impact on the energy of'its orbitals as seen in Figures
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Figure 58: The UV-vis spectra of 1, 1Cl, 1Br, 1.
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59, 60, and 61 below. The unoccupied orbitals, on the other hand, are almost completely unaffected

by the halide atom in terms of identity or relative energy.

Thus, while the steric effects discussed above have a minor impact on the degree of
tetrahedralization of the copper center, the electronic effects have a profound impact on energy
and the copper character of the donor orbitals to the excited states. These effects taken together
result in only minor differences in the positions and shapes of the peaks in the absorption spectra
of these complexes but result in profound differences in the absorptivity of these species with the
molar extinction coefficients of the chloride complex being nearly twice that of the next most
absorbative species at the lowest wavelengths and remaining more than 20% higher at the lowest

energy absorption.
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Figure 59: The orbitals involved in the first ten excited states of 1Cl
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Figure 60: The orbitals involved in the first ten excited states of complex 1Br
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Figure 9: The orbitals involved in the first ten excited states of complex 11
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Figure 62: The Orbitals involved in the first ten excited states of [Cu(Mebpy)(‘BusP)thioureal*
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The L-type ligands show some surprising differences to the anionic ligands already
examined. Amongst the obvious differences as compared to the anionic ligands is that of the
significant steric bulk of the L-type ligands for which complexes with a neutral fourth ligand have
been isolated. These neutral ligands include tetrahydrothiophene, dimethylsulfide, thiourea, and
the acetonitrile ligand which has already been discussed at length. The tetrahydrothiophene,
dimethylsulfide, and thiourea ligands are the only examples so far of this copper center binding to
any sulfur donor atom as none of the anionic sulfur donors, which included benzenethiolate and
adamantylthiolate, yielded any isolated complexes. The lack of complexation with the anionic
sulfur donors is even more surprising given the significant impact the neutral sulfur donor ligands

had on the geometry and electronic properties of the copper center.

[Cu(Me,Bpy)(*Bu;P)TU]BF,
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Figure 63: The UV-vis spectrum of [Cu(Me ;bpy)(tBusP)(thiourea)]BF,

An examination of the lowest energy absorptions for the complexes that have been

successfully isolated supports the calculated frontier molecular orbitals indication of a
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photoinduced charge transfer. The lowest energy absorptions for these complexes occur between

300-500 nm, which is consistent with the MLCT absorptions reported by other groups. **%%:6

The complex with thiourea, [Cu(Me:bpy)(‘BusP)thiourea]BF4 has a very interesting
electronic structure that provides insight into some of the complexes that were not isolated. The
absorption spectrum of the thiourea complex is seen above in Figure 61. Most notably the orbitals
involved in the first ten excited states, seen above in Figure 60, are unique when compared to the
examples detailed above. Amongst the differences are that the phosphine ligand orbitals are not
involved in any of the occupied orbitals that participate in the examined excitations and the
thiourea ligand itself is only involved in the lowest energy orbital involved, that being the HOMO-
5 orbital. All of the higher energy occupied orbitals are Cu-Mezbpys orbitals, as seen in other
examples, or simply nonbonding Cu d-orbitals which characterize the HOMO of this complex. All
the unoccupied orbitals involved in the first ten excited states, these being the LUMO, LUMO +1
and LUMO +2, have significant Cu character as compared with the excited states of the complexes
examined above. These excitations also reach higher levels of unoccupied orbitals due to the very
small energetic difference between the HOMO and the LUMO of this complex, which has a
HOMO-LUMO gap of only 0.09 eV according to DFT. This very small band gap, as well as the
structural distortions of the complex may explain why the complex is yellow in color as opposed
to the red/orange shades seen in the halide complexes and the planar complex. The red bands are
indicative of the MLCT transition, and this transition is considerably weaker in the thiourea
complex due to the significant metal character of the unoccupied orbitals and the significant ligand

character of the occupied orbitals involved in the relevant excited states.
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Figure 64: The orbitals involved in the first ten excited states of the [Cu(Mesphen)(*BusP)PhsPS]*
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The complexation with thiourea led to the investigation of other potential neutral sulfide
donor ligands as it was thought that these types of sulfides are chemically similar to the desired
metal bound sulfido ligand of the target complex. One of these was triphenylphosphine sulfide for
which complexes with d'° metals have been reported.’”-%%%’ The reaction of the trigonal planar
complex with triphenylphosphine sulfide led to the formation of intractable blue and white solids
despite repeated attempts at its crystallization. However, DFT investigation might render an
explanation as to why this complex failed to form. The DFT minimized structure, show in Figure
63 below, indicates a m-stacking interaction between the diimine m-system and one phosphine
bound phenyl ring. It further suggests a Cu-S bond length of 2.51 A, which is a longer bond length
than that found in the trigonal planar homoleptic complex of this ligand with copper, which was
reported by Wu et al. as 2.2559 A and 2.2600 A for two inequivalent bonds. The P-S-Cu bond
angle of the minimized DFT structure is 121.1 ° which is comparable to those reported by Wu

which average 119.767 °. %

.\

Figure 65: The DFT minimized geometry of the complex
[Cu(Medphen)(tBu3P)Ph3PS)]*. Grey=carbon, blue=nitrogen, brown
=copper, yellow=sulfur, orange=phosphorous.
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The DFT produced molecular orbitals for this structure and the examination of the first ten
excited states reveals a number of intriguing interactions, seen in Figure 62 above. One
observation is that the diimine ligand is not involved in the occupied orbitals that take part in these
excited states to any significant degree, with only weak Cu-N nonbonding interactions having any
reported electron density. Rather the orbitals involved in the electronic excitations are largely Cu-
S in character and include some P character
from the ‘BusP ligand in the HOMO-2. The
LUMO and LUMO+I1 are comparable to what
has been seen in the prior example, mostly
having Mesphen nn* character. However the
LUMO+2 resides entirely on the PhsPS ligand
and is antibonding between the phosphorus and
sulfur atoms. This represents a type of MLCT

transition not seen in the above examples in

Figure 66: The DFT minimized structure of the target complex
[Cu(Mesphen)(tBusP)](u-s)[MoO,(0SiPh,'Bu)]. Grey = carbon, blue =
nitrogen, red = oxygen, yellow = sulfur, tan = silicon, orange =

center to the incoming fourth ligand rather than phosphorous, brown = copper.

which the charge is transferred from the copper

onto the diimine ring system as it was in every previously isolated complex. With reports of the
chemistry of the triphenylphosphine sulfide complex being rare no speculation will be made as to

the fate of the species involved in this reaction.

The structure and electronics of the triphenylphosphine sulfide complex are quite similar
to that of the target complex, [Cu(Mesphen)(‘BusP)](u-S)[MoO2(OSiPho'Bu)], which has also
undergone DFT investigation. The DFT minimized structure of the target complex suggests a Cu-

S bond length of 2.51 A, which is identical to the triphenylphosphine sulfide complex above but
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with a slightly smaller Cu-S-Mo angle of 113.3 °. The organization of the molecular orbitals is
also quite similar to the Ph3PS complex, though differ energetically. The occupied orbitals that
take part in the first ten excited states all have significant Cu-S character, and while the first two
unoccupied orbitals are diimine n* orbitals the LUMO+2 sits entirely of the monothiomolybdate
center. This excitation represents a similar kind of MLCT as that seen for the triphenylphosphine
complex in that the copper electron is being transferred to a fully oxidized ligand. Given that the
calculated band gap for the triphenylphosphine sulfide complex and the target complex are 3.2 eV
and 2.95 eV respectively, while the triphenylphosphine sulfide may be more capable of
delocalizing this excited electron through its phenyl ligands, the thiomolybdate orbitals in the
excited state of the target complex are highly localized and could yield the reduction of the Mo(VI)

to Mo(V) and the fracturing of the complex.
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Heterobimetallic Coupling Reactions:

While the target complex has not been isolated in the solid state there is evidence from the
reaction samples in 'H and *'P NMR that some interaction is occurring between the copper cation
and the silylmolybdate anion based on the coupling constant and peak positions discussed above.
The 3'P NMR shows the broad peak for the acetonitrile complex in its usual position as well as a
new peak located at 65.89 ppm vs the PPN cation at 21.80 ppm, this peak is comparable to the
shift observed for the azide complex. The proton NMR data shows two sets of peaks for the
phosphine protons which is also consistent with the two phosphine peaks in the *'P spectrum. The
phosphine proton peaks are found at 1.26 and 1.32 ppm with coupling constants of 12.1 Hz and
12.3 Hz respectively. These peak positions and coupling constants are comparable to those of the
azide and thiocyanate bound complexes and are accompanied by significant broadening and

unusual splitting for the Mesphen aromatic and methylene protons. Such splitting would be

Figure 67: NMR spectra of the reaction of [Cu(Mesphen)(tBusP)]PFs with PPN[MoO 3(0SiPh,'Bu)] showing unidentified 3P peaks
and a previously unseen 3JP-H coupling constant
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expected in the heterobimetallic complex, which would be asymmetric. Unfortunately, this
solution, nor any other from similar reactions, did not produced crystals consistent with this NMR
spectrum as they have shown to be quite air, moisture, and light sensitive and rapidly degrade into
an intractable oxidized blue solid. Reaction mixtures stored in the freezer have produced crystals
of charge neutral, cubane type clusters including the previously known Cu4(‘BusP)4Cls and the
unreported [(O=Mo)Cu3S4(‘BusP)s3], whose structure is shown below.

Figure 68: Product Isolated from the reaction of [Cu(Me4phen)(tBu3P)]JPF6 and PPN[MoO3(0SiPh2tBu)]. Grey = carbon, red =
oxygen, yellow = sulfur, orange = phosphorous, Dark Orange = copper
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Figure 69: The orbitals involved in the first ten excited states of the target complex
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Appendix A: Chapter 2 Supplementary Information
Computational Information:

The Computations were performed using Gaussian09 on the Tulane Cypress Central Computing
Core or the WebMO service. The initial input geometries were generated de novo as the idealized
tetrahedral anions then underwent geometry optimization under the B3LYP level of theory, using the
LANL2dz basis set for the molybdenum center and 6-311++G(2d,2p) for the oxygen or sulfur atoms. The
calculations were performed with no symmetry restrictions, first at the “loose” level of geometry
optimization, then at the standard level of geometry optimization. The geometry that was output from
this process was then used as the input for the PBEO and MP2 input geometry, these were optimized
with the Calcall keyword at the “tight” then “verytight” optimization level. After a “verytight”
optimization was achieved a “freq” calculation was run and the thermodynamic outputs were taken
from this output file. The results of the “verytight” calculations on the isolated anions had the cations
added to them which were modeled de novo. The charge neutral ion pairs were then put through the
same process as the isolated anions with the cations atoms, that is potassium or nitrogen, carbon, and
hydrogen using the 6-31++G(2d,2p) basis set. The process was reported for hexamethyldisilathiane and
hexamethyldisiloxane, as well as H,S and H,0. Each element also underwent the same process to obtain
the values required for the calculations by method 2, described in chapter 2. The fully optimized outputs
from the above calculations were then reoptimized under solvation conditions with SCRF=(PCM,
solvent="solvent”) with acetonitrile and methanol. After optimization the freq calculation was executed
on these reoptimized structures. The optimized atomic coordinates are supplied below:

Mo0O, Gas Phase Isolated Anion B3LYP

Mo 2E-5 0 0

0] 1.78132 -0.00203 0.15224
0] -0.65038 -1.55717 0.59031
0] -0.45125 0.22226 -1.71556
0] -0.67979 1.33694 0.97298

Mo0OsS Gas Phase Isolated Anion B3LYP

Mo

S -2.0291 1E-5 1E-5

0] 0.88166 1.63124 -0.26581
0] 0.88161 -1.04582 -1.27979
0] 0.88166 -0.58543 1.54559

Mo0O,S; Gas Phase Isolated Anion B3LYP
Mo 0 0.2673 0

S 1.86754 -0.99732 1E-5



S -1.86754 -0.99732 -1E-5
0 2E-5 1.29297 -1.41107
0 -2E-5 1.29298 1.41107

Mo0OS; Gas Phase Isolated Anion B3LYP

Mo -3E-5 -3E-5 0.20356
S 1.58133 -1.39829 -0.50055
S -2.00173 -0.67014 -0.50053
S 0.42045 2.06855 -0.50047
0] 6E-5 -9E-5 1.93441

MoS, Gas Phase Isolated Anion B3LYP

Mo 0 0 0

S -0.94042 1.92885 -0.49194
S -0.01987 -0.29075 2.18218

S 2.07962 -0.00794 -0.72249
S -1.11933 -1.63016 -0.96776

MoQ;, Isolated Anion B3LYP Acetonitrile

Mo -0.00175 -0.0019 -6.3E-4
0] 2.8E-4 0.00408 1.8277
0] 1.72285 -0.00266 -0.60618
0] -0.86307 1.48758 -0.61644
0] -0.86172 -1.49546 -0.6083

MoOsS Isolated Anion B3LYP Acetonitrile

Mo -7E-5 0 0.00458
S -3.3E-4 1E-5 2.34021
0] 1.69243 0 -0.62364
0] -0.84602 1.46571 -0.62307
0 -0.846 - 1.46573 -0.62306

Mo0O,S; Isolated Anion B3LYP Acetonitrile

Mo 0.00475 -0.00325 0.00483



o

o

-0.0072

2.13965

-0.86572

-0.85598

0.0014

0.00414

1.44409

-1.45842

2.29511

-0.82323

-0.59823

-0.59311

MoOS; Isolated Anion B3LYP Acetonitrile

Mo

S

o

S

S

MoS, Isolated Anion B3LYP Acetonitrile

Mo

S

S

S

S

MoOQ;, Isolated Anion B3LYP Methanol

Mo

o

o

o

o

MoO:sS Isolated Anion B3LYP Methanol

Mo

S

Mo0O,S; Isolated Anion B3LYP Methanol

0.07256

0.10245

1.75763

-0.96634

-0.96631

-0.00223

0.00623

2.12045

-1.06222

-1.06222

0.00116

-0.96227

1.68638

-0.73475

0.00455

0.2708

-2.02012

0.86803

0.87139

0.8791

0

0

1E-5

1.85433

-1.85434

-1E-5

1E-5

1E-5

1.83346

-1.83348

-5.9E4

0.00458

-0.50191

-1.14775

1.64818

1.3E-4

0.00232

-0.42118

-1.19176

1.60764

-0.0238

2.24134

-0.62525

-0.79614

-0.79615

-0.0017

2.24703

-0.74309

-0.75111

-0.75112

-2.9E4

-1.51406

-0.35779

1.16608

0.70728

3.1E-4

0.00136

-1.61681

1.16927

0.44321



Mo

o

o

MoOSs Isolated Anion B3LYP Methanol

Mo

S

S

S

o

0

1.86808

-1.86809

1E-5

0

-0.00806

0.33246

1.939

-1.08151

-1.00475

0.26967

-1.00103

-1.00103

1.29418

1.29417

-0.0013

0.35993

-0.34593

1.73844

-1.42832

MoS, Isolated Anion B3LYP Methanol

Mo

S

S

S

S

0.14064

0.67325

2.28024

-1.68245

-1.64021

-0.15056

-0.97648

0.75889

0.29061

0.32222

MoOy, Isolated Anion MP2 Gas Phase

Mo

o

o

o

o

0 0

1.21856

-1.54071

0.70799

-0.38583

0

0.78121

-0.38543

-1.5528

1.15702

Mo0QsS Isolated Anion MP2 Gas Phase

Mo

0.26706

-2.08638

0.92355

0.92356

0.92357

0

0

-0.63257

-1.04324

1.67581

0

0

0

-1.43108

1.43109

0.01371

2.19816

-1.02493

-0.89053

-0.1734

-0.03119

0.03086

0.02175

0.25725

-0.22798

1.13419

0.92694

-0.68492

-1.37622

0

0

-1.56985

1.33274

0.2371



Mo0,S; Isolated Anion MP2 Gas Phase

Mo 0 0.25839 0

S 1.92563 -1.00783 3E-5

S -1.92564 -1.00782 -1E-5

0] 7E-5 1.33734 -1.44411
0] -5E-5 1.33739 1.44407

MoOS;s Isolated Anion MP2 Gas Phase

Mo 0 0 0.19898
S 1.0819 1.87446 -0.50679
S 1.08241 -1.87417 -0.50679
S -2.16429 -3E-4 -0.50681
0] -2E-5 0 1.99615

MoS, Isolated Anion MP2 Gas Phase

Mo 1E-5 0 0

S -1.23619 1.16149 1.49429
S -0.06524 -2.1999 0.51604
S 2.13973 0.72625 0.06567
S -0.83833 0.31216 -2.07601

MoOy, Isolated Anion MP2 Acetonitrile

Mo -0.00106 0 2.2E-4

0] 0.00277 0 1.82852
0] 1.7229 0 -0.60721
0] -0.86231 1.49143 -0.61076
0] -0.86231 -1.49143 -0.61076

MoOsS Isolated Anion MP2 Acetonitrile

Mo -0.00125 0.0021 -9E-5
S 0.00132 -0.00269 2.33551
0] 1.69062 -9.6E-4 -0.62985

0] -0.84434 1.47078 -0.62437



o

Mo0O,S; Isolated Anion MP2 Acetonitrile

Mo

S

o

S

o

MoOS; Isolated Anion MP2 Acetonitrile

Mo

S

S

S

o

-0.85113

0.03693

0.06027

1.7229

-1.03363

-0.78647

-0.00369

0.00888

2.12341

-1.12258

-0.82655

-1.46072

-0.06233

-0.10739

-0.08621

1.78962

-1.53371

0.00165

-0.00215

0.00105

1.80301

-1.47954

MoS, Isolated Anion MP2 Acetonitrile

Mo

S

S

S

S

-0.00152

0.00577

2.12221

-1.06112

-1.06113

-2.6E-4

5.8E-4

-5.9E-4

1.83229

-1.83373

MoQ;, Isolated Anion MP2 Methanol

Mo

o

o

o

o

-0.00175

2.8E-4

1.72285

-0.86307

-0.86172

-0.0019 -

0.00408

-0.00266

1.48758

-1.49546

MoOsS Isolated Anion MP2 Methanol

Mo

S

o

-7E-5

-3.3E4

1.69243

0

1E-5

0

-0.62918

-0.05145

2.23873

-0.6636

-0.86231

-0.66137

-0.002

2.25997

-0.77311

-0.78954

-0.57443

-0.00139

2.24742

-0.73976

-0.75366

-0.75112

6.3E-4

1.8277

-0.60617

-0.61644

-0.6083

0.00458

2.34021

-0.62364



0] -0.84602 1.46571
0 -0.846 -1.46573

Mo0O,S; Isolated Anion MP2 Methanol

Mo 0.00475 -0.00325
S -0.0072 0.0014

S 2.13965 0.00414
0 -0.86572 1.44409
0] -0.85598 -1.45842

MoQSs Isolated Anion MP2 Methanol

Mo 0.07256 0

S 0.10245 0

0] 1.75763 1E-5

S -0.96634 1.85433
S -0.96631 -1.85434

MoOS; Isolated Anion MP2 Methanol

Mo -0.00223 -1E-5
S 0.00623 1E-5
S 2.12045 1E-5
S -1.06222 1.83346
S -1.06222 -1.83348

MoO, Gas Phase Isolated Anion PBEO

Mo 1E-5 -2E-5

0] 1.62711 -0.54811
0 0.18303 1.15151
0] -0.96525 -1.42372
0] -0.84492 0.8204

Mo0OsS Gas Phase Isolated Anion PBEO
Mo 0.27247 0

S -2.04535 2E-5

-0.62307

-0.62306

0.00483

2.29511

-0.82323

-0.59823

-0.59311

-0.0238

2.24134

-0.62525

-0.79614

-0.79615

-0.0017

2.24703

-0.74309

-0.75111

-0.75112

0

-0.54492

1.37305

0.53489

-1.36301



0] 0.8867 -1.48896 0.75021
0 0.88677 1.39418 0.91435
0 0.88674 0.09476 -1.66457

Mo0,S; Gas Phase Isolated Anion PBEO

Mo 0 0.27084 0

S 1.8827 -1.00671 3E-5

S -1.88271 -1.0067 -2E-5

0] 8E-5 1.30244 -1.42549
0] -6E-5 1.30249 1.42545

MoOSs Gas Phase Isolated Anion PBEO

Mo 0 0 0.20596
S -1.31797 1.6733 -0.50562
S 2.1081 0.30474 -0.50563
S -0.79014 -1.97803 -0.50563
0] -1E-5 -2E-5 1.95248

MoS4 Gas Phase Isolated Anion PBEO

Mo -0.54529 0.4102 0.16025
S -0.85121 0.44098 2.33356
S 1.49166 -0.37249 -0.30588
S -0.63209 2.48919 -0.64554
S -2.06324 -0.83305 -0.82364

MoOy Isolated Anion Acetonitrile PBEO

Mo -0.00125 0 5.5E-4

0] 0.00101 -1E-5 1.78224
0] 1.6779 -4E-5 -0.59378
0] -0.83879 1.45404 -0.59459
0 -0.83887 -1.45398 -0.59462

MoOsS Isolated Anion Acetonitrile PBEO

Mo -0.00104 -7.6E-4 -0.00128



S -0.00195 0.00127 2.27395

0 1.65321 -3E-5 -0.6025
0 -0.82633 1.43421 -0.59902
0] -0.82411 -1.43785 -0.59681

Mo0,S; Isolated Anion Acetonitrile PBEO

Mo -0.00987 -1E-5 -0.00673
S 0.02137 1E-5 2.23038
S 2.08056 2E-5 -0.80828
0] -0.84817 1.42229 -0.57371
0] -0.84813 -1.42233 -0.57369

MoOS; Isolated Anion Acetonitrile PBEO

Mo -0.03998 -0.06611 -0.02851
S -0.04821 -0.09029 2.18582
S 2.04628 -0.08752 -0.77024
S -1.09733 1.72628 -0.78165
0] -0.85654 -1.48407 -0.60392

MoS, Isolated Anion Acetonitrile PBEO

Mo 0 0 0

S 0 0 2.19606
S 2.07108 0 -0.73114
S -1.0405 1.78908 -0.73433
S -1.03096 -1.7955 -0.73105

MoQ, Isolated Anion Methanol PBEO

Mo -0.00211 -3.4E-4 0.00129
0] 0.00194 0.00263 1.78297
0] 1.67639 -0.0017 -0.59484
0 -0.83979 1.45313 -0.59511
0] -0.84065 -1.45504 -0.59087

MoOsS Isolated Anion Methanol PBEO



Mo -0.00232 -1.3E-4 -7.6E-4

S -6E-4 3.8E-4 2.27434
0 1.65126 2E-5 -0.6038

0] -0.82737 1.43571 -0.59671
0] -0.82687 -1.43647 -0.59615

Mo0O,S; Isolated Anion Methanol PBEO

Mo -0.00753 1E-5 -0.00528
S 0.02148 -3E-5 2.23177
S 2.08373 2E-5 -0.80465
0] -0.84535 1.42237 -0.57281
0] -0.84535 -1.42233 -0.57285

MoOS; Isolated Anion Methanol PBEO

Mo 0.01613 -0.01032 4.9E-4

S -0.09384 0.03549 2.21091
S 2.07169 0.4679 -0.67792
S -1.42785 1.42757 -0.8622

0] -0.39248 -1.60329 -0.55054

MoS, Isolated Anion Methanol PBEO

Mo -5E-5 -0.00156 -3.9E-4

S -0.1507 0.17643 2.18206
S 2.10597 -0.22943 -0.58001
S -0.814 1.80898 -0.93642
S -1.14129 -1.75461 -0.66521

K.,Mo0O,4 Gas Phase B3LYP

Mo 0 0 0

0] 1.12218 -0.12487 -1.38977
K 3.2288 0 -1E-5

0] 1.1222 0.12487 1.38976

0] -1.12218 -1.38977 0.12487



K

o

-3.2288

-1.12219

0

1.38976

K2Mo00sS Gas Phase B3LYP

Mo

S

o O

o

-0.11762

1.10994

3.40045

1.04798

-1.23855

-3.47336

-1.23863

-0.16735

1.76698

-0.31515

-1.55501

-0.24016

0.05404

-0.2401

K,Mo00,S, Gas Phase B3LYP

Mo

S

K

o

0.24041

-1.03782

-3.40575

-1.0378

1.35242

3.48331

1.35244

-1E-5

-1.83628

1E-5

1.83628

-1E-5

1E-5

-1E-5

K,Mo0OS; Gas Phase B3LYP

Mo

S

K

K

-0.04171

0.10434

1.98873

-1.10476

-0.96296

1.51164

-1.49591

-0.06837

0.15944

-0.24568

1.67396

-1.55211

2.44215

-2.4187

K2MoS,; Gas Phase B3LYP

Mo

S

0

-1.27784

2E-5

0.21813

-1E-5

-0.12486

3E-5

1E-5

-5E-5

7E-5

-1.42341

-6E-5

1.42342

0

2E-5

-2E-5

2E-5

-1.37622

-2E-5

1.37621

-0.01006

2.19565

-0.90027

-0.8937

-0.256

-2.14211

2.01471

2E-5

-1.79237



K

S

-3.66204

-1.27789

1.27791

3.66204

1.27782

-6E-5

-0.21802

1.79236

-6E-5

-1.79238

K;MoO4 Methanol B3LYP

Mo

o

o O

o

-0.00851

0.1013

2.79408

1.68019

-1.02512

-2.85953

-0.67948

0.30348

-0.68621

-0.43202

0.79344

1.74068

-1.0452

-0.67103

K,Mo003S Methanol B3LYP

Mo

S

o O

o

-0.03998

-0.05464

3.22872

1.66121

-0.8967

-2.76094

-0.89675

0

6E-5

-3E-5

-3E-5

1.41525

1E-5

-1.41525

K,Mo00,S, Methanol B3LYP

Mo

S

-0.02057

-0.03257

3.22534

2.10475

-0.88838

-2.89635

-0.88841

0

2E-5

-3E-5

-3E-5

1.40838

3E-5

-1.40836

-5E-5

1.79237

0.21811

-5E-5

-0.21805

0.10847

1.60136

1.91684

-0.24171

0.38677

-2.52647

-1.24906

0.04189

2.31403

1.66281

-0.48402

-0.60502

-2.05797

-0.60496

-0.03425

2.21335

2.25971

-0.77176

-0.64904

-1.94874

-0.64902



K2,Mo0S; Methanol B3LYP

Mo

S

KoMoS,

Mo

K

S

0.02209

-0.13134

3.23414

1.73582

-0.94447

-3.51095

-0.94389

1.3E-4

6.7E-4

2.9E-4

2.7E-4

1.82916

-8.9E-4

-1.82961

Methanol B3LYP

-0.02966

0.12656

3.34143

1.84443

-1.75207

-2.80621

-0.31951

-0.1342

-0.12454

0.43204

0.69044

1.1043

-1.24657

-2.20844

K.,MoO, Acetonitrile B3LYP

Mo

o

o O

o

-0.00381

-0.00928

2.69544

1.72609

-0.82885

-2.68291

-0.89669

0.00265

0.13328

0.01344

-0.06595

1.4017

-0.04201

-1.44311

K2MoOsS Acetonitrile B3LYP

Mo

S

-0.12895

1.12403

3.49727

1.00243

-0.05597

1.84213

-0.54339

-1.42936

-0.01344

2.2083

1.8041

-0.40455

-0.85078

-1.74837

-0.84993

0.04916

2.25772

2.10919

-0.79728

-0.58249

-2.59458

-0.67623

0.00338

1.79193

2.10672

-0.46154

-0.75323

-2.12174

-0.56549

1E-5

-1E-5

3E-5



o

K

o

-1.20441

-3.5666

-1.20444

-0.13216

-0.17104

-0.13213

K2,Mo00,S; Acetonitrile B3LYP

Mo

S

~

K

o

-0.02075

-0.03263

3.22685

2.10479

-0.88832

-2.89776

-0.88836

0

2E-5

-3E-5

-3E-5

1.40854

3E-5

-1.40852

K2,Mo0OS; Acetonitrile B3LYP

Mo

S

=~

K

S

0.13696

1.1014

3.82916

1.43516

-1.12513

-3.76875

-1.12512

0

0

0

0

1.81755

0

-1.81755

K,MoOSs Acetonitrile B3LYP

Mo

S

K

S

KMoQO4 Gas Phase MP2

Mo

0.00259

1.09698

3.97501

1.46761

-1.33805

-3.97654

-1.21269

0

-0.06694

1.64565

0.13687

-1.57854

-0.96775

0.26986

0.63353

-1.41122

-1E-5

1.41122

-0.0345

2.21321

2.26086

-0.77157

-0.64925

-1.94927

-0.64923

-0.15746

1.85289

-0.18207

-1.34343

-0.42955

0.25893

-0.42955

0.07819

-0.80499

-0.4337

0.76959

-1.43789

0.05502

1.79242

-2E-5



0] 1.12509 0.00446 -1.43785

K 3.34671 0 4E-5
0 1.12505 -0.00448 1.43784
0] -1.12507 -1.43784 -0.00449
K -3.34672 0 4E-5
0 -1.12505 1.43785 0.00444

K2Mo00OsS Gas Phase MP2

Mo -0.11762 -0.16735 3E-5

S 1.10994 1.76698 1E-5

K 3.40045 -0.31515 -5E-5

0] 1.04798 -1.55501 7E-5

0] -1.23855 -0.24016 -1.42341
K -3.47336 0.05404 -6E-5

0] -1.23863 -0.2401 1.42342

K.Mo00,S, Gas Phase MP2

Mo -0.22742 -1E-5 2E-5
S 1.04073 -1.88039 4E-5
K 3.50517 1E-5 -6E-5
S 1.04071 1.88039 4E-5
0] -1.35223 -1E-5 1.41423
K -3.61655 1E-5 -5E-5
0] -1.35217 -1E-5 -1.41424

KMoQOS;s Gas Phase MP2

Mo 0.06866 0.53261 0

S 0.51915 -1.74093 -2E-5

K 3.43 -0.61371 0

0] 1.64352 1.40361 0

S -1.1548 0.98589 1.81882

K -2.76602 -1.34905 0



S

K.MoS, Gas Phase MP2

Mo

S

K

S

-1.15482

0 -

-1.28039

-3.77359

-1.28046

1.28043

3.77359

1.28042

0.98591

2E-5

1.84796

5E-5

-1.84795

0.00182

5E-5

-0.0019

K2,Mo0O, Acetonitrile MP2

Mo

o

o O

o

0.00755

0.05192

2.93853

1.74418

-0.88236

-2.97747

-0.88244

9E-5

-6.1E-4

-7.8E-4

1.2E-4

1.46523

6.2E-4

-1.46466

K2Mo0O3S Acetonitrile MP2

Mo

S

o O

o

-0.0512

-0.05788

3.39443

1.66049

-0.91298

-3.10882

-0.91366

2.8E-4

0.00252

-0.00148

-4.7E-4

1.44578

-5.9E-4

-1.44584

K:Mo0,S; Acetonitrile MP2

Mo

S

K

-0.02008
-0.00265

3.32557

0.19811

0.40337

-0.68518

-1.81881

0

-0.00185

0

0.00186

1.84795

0

-1.84795

-0.01206

1.81222

2.0551

-0.57656

-0.63664

-2.00449

-0.63744

0.06062

2.38063

1.7403

-0.51928

-0.59233

-1.91113

-0.59001

0.01188

2.28634

2.20643



S

o

K

o

2.07476

-1.09812

-2.9909

-0.72116

0.40853

1.4424

-0.35781

-1.3926

K2,Mo0OS; Acetonitrile MP2

Mo

S

S

S

-0.01295

-0.02578

3.4953

1.69072

-3.63636

-0.95884

-1.13375

-0.10127

-0.23926

0.32867

-0.1442

0.17286

1.83874

-1.8555

K2MoS, Acetonitrile MP2

Mo

S

K

S

K,Mo0O4 Methanol MP2

Mo

o

o O

0.05499

-0.01506

3.31977

2.1852

-1.16695

-3.61231

-0.76573

-0.00297

0.00327

2.87439

1.74344

-0.87139

-2.87685

-0.88628

0.25183

0.44785

-0.88175

0.42549

1.88271

-0.37053

-1.7556

0.00371

0.02962

-0.0183

-0.00841

1.46526

0.00298

-1.46401

K:Mo0OsS Methanol MP2

-0.87238

-0.7047

-2.10263

-0.44234

0.05131

2.31927

1.74562

-0.50382

1.29482

-0.61603

-0.81412

-0.02788

2.21195

2.39564

-0.72117

-0.97791

-2.24804

-0.63246

0.00315

1.82832

2.14413

-0.52809

-0.6597

-2.14093

-0.6253



o

0.01186

-0.01659

3.42439

1.72743

-0.87298

-3.01943

-0.8193

-0.05964

-0.09582

0.22275

-0.01845

1.37946

-0.10184

-1.51062

K2Mo00,S; Methanol MP2

Mo

S

=~

o

K

o

0.03024

-0.04674

3.42996

2.19111

-0.84228

-3.19704

-0.84228

-5E-5

-3E-5

1.5E-4

-6E-5

1.43618

-5E-5

-1.43628

KMo0OSs; Methanol MP2

Mo

S

o

~

S

K

K.,MoS; Methanol MP2

Mo

S

-0.00142

-0.25256

1.75135

3.36025

-0.93241

-0.96952

-3.77011

0.11508

0.0066

2.2595

-1.07714

-0.71068

-0.01312

0.06822

-0.04336

0.00309

1.8181

-1.88646

0.03262

0.26133

0.49376

0.40477

1.8822

-1.7516

-0.01542

2.3051

1.70761

-0.58293

-0.652

-2.02463

-0.69579

-0.07535

2.20935

2.41301

-0.81816

-0.70582

-1.83344

-0.7058

-0.14454

2.1109

-0.51476

1.88018

-1.0831

-0.95229

0.60309

-0.0682

2.16862

-0.72353

-1.06479

-0.65011



K 3.13079 -1.19097
K -3.53817 -0.39283

K.,Mo0,Gas Phase PBEO

Mo 0 6E-5

0] 1.11268 1.05548
K 3.20327 3.3E-4
0 1.11235 -1.05516
0] -1.11214 -0.89881
K -3.20328 -2.1E-4
0] -1.1129 0.89874

K,Mo003SGas Phase PBEO

Mo -0.12296 -0.10336
S 1.16061 1.72509
K 3.24455 -0.43515
0] 0.99386 -1.47321
0] -1.22908 -0.14016
K -3.33355 -0.05075
0] -1.22909 -0.14015

K.Mo00,S, Gas Phase PBEO

Mo 0.11707 0

K 3.50993 0

K -3.46686 -1E-5

S -0.02436 -0.88106
S 0.0286 -0.15084
0] 1.4764 1.716

0] -1.47858 1.71929

K2,Mo0Ss;Gas Phase PBEO
Mo 0.11707 0

S 1.26969 1E-5

2.37833

-2.28862

3E-5

-0.89843

9.2E4

0.89912

-1.0556

-8.7E-4

1.05504

-1.37432

0

1.37432

-0.14617

-0.26999

0.16598

1.67403

-1.89108

0.36565

0.33309

-0.14617

1.73154



K 3.50993 0

0 1.31361 0

S -1.14248 1.80586
K -3.46686 -1E-5

S -1.14247 -1.80587

K.MoS,Gas Phase PBEO

Mo 0 0

S -1.26283 -1.52074
K -3.62348 1E-5

S -1.26278 1.52078
S 1.26283 0.94599
K 3.62348 1E-5

S 1.26277 -0.94605

K,Mo0O4 Acetonitrile PBEO

Mo -0.01201 -0.00541
0] -0.02913 -0.18517
K 2.6396 0.00666
0] 1.7045 0.14947
0] -0.94572 1.41356
K -2.5918 0.02024
0] -0.76548 -1.39948

K2Mo0Os3S Acetonitrile PBEO

Mo -0.12621 -0.06383
S 1.12275 1.81536
K 3.45845 -0.52205
0] 0.98355 -1.43529
0] -1.21418 -0.1066

K -3.53494 -0.15137

0] -1.17062 -0.15438

-0.26999

-1.41989

-0.25719

0.16598

-0.25719

-2E-5

-0.94605

6E-5

0.946

-1.52077

6E-5

1.52075

0.01338

1.78339

2.11965

-0.42945

-0.51404

-2.17909

-0.79378

-0.01361

0.00559

0.02249

-0.05523

-1.39842

0.02498

1.40114



K2Mo00,S; Acetonitrile PBEO

Mo -0.25458 0
S 1.01171 1.83792
K 3.65047 0
S 1.01171 -1.83792
0 -1.31634 0
K -3.68311 0
0] -1.31643 0

K,MoOS; Acetonitrile PBEO

Mo -0.13131 -1E-5
S -1.0903 -1E-5
K -3.77891 1E-5
0] -1.4139 -1E-5
S 1.11633 -1.80481
K 3.70254 1E-5
S 1.1163 1.80482

K2MoS, Acetonitrile PBEO

Mo 9.8E-4 -0.05805
S -0.01541 -0.40038
K 3.15633 0.1585

S 2.07294 0.18853
S -1.15326 1.74785
K -3.26662 0.06481
S -0.90795 -1.76955

KMoO4 Methanol PBEO

Mo -0.0048 -1E-5
0] 0.01361 -2E-4
K 2.6978 9E-5

0] 1.70766 8E-5

3E-5

5E-5

-8E-5

5E-5

-1.3888

-7E-5

1.38879

-0.17362

1.81828

-0.13939

-1.35164

-0.43912

0.30067

-0.43912

0.00685

2.17337

2.37328

-0.67152

-0.46169

-2.21372

-1.02053

0.00309

1.78099

2.04544

-0.48198



0] -0.86911 1.41757
K -2.67612 3E-5
0] -0.86899 -1.41756

K2,Mo003S Methanol PBEO

Mo -0.12627 -0.0644

S 1.12274 1.81497
K 3.45797 -0.52079
0] 0.9851 -1.43533
0] -1.19356 -0.13141
K -3.53428 -0.14991
0] -1.19289 -0.13216

K.,Mo00,S; Methanol PBEO

Mo -0.25436 0

S 1.01172 -1.83798
K 3.64865 1E-5

S 1.0117 1.83798
0] -1.31633 -1E-5

K -3.68179 1E-5

0] -1.31639 -1E-5

KMoOSs; Methanol PBEO

Mo -0.02967 1.1E-4

S 0.03367 4.5E-4

K 3.2583 -2.5E-4
0] 1.62388 1E-5

S -1.0576 1.80567
K -3.30968 -2.2E-4
S -1.05752 -1.80578

K:MoSs Methanol PBEO

Mo 0 0

-0.63583

-2.07572

-0.63608

-2.1E-4

9E-5

3.5E-4

-8.6E-4

-1.39956

3.8E-4

1.3996

-2E-5

-3E-5

6E-5

-3E-5

1.38866

5E-5

-1.38866

0.08652

2.29188

1.65356

-0.46113

-0.66567

-2.09491

-0.66494



K 0
S 0
S 1.79216
K 0
S -1.79216

1.79216

0

-1.79216

0

0

0

1.266

3.94613

1.266

-1.266

-3.94613

-1.266

Tetramethylammonium MoQO,4 Gas Phase B3LYP

Mo 0

0] 0

0] 1.69472
0] -0.81559
0] -0.83983
N 2.26579
C 1.06156
H 0.52007
H 0.43054
H 1.40307
C 1.82169
H 1.19187
H 1.26707
H 2.70431
C 3.01519
H 3.33337
H 2.35665
H 3.87876
C 3.1623
H 2.61722

H 3.47162

0

0

0

1.4844

-1.45628

3.58102

4.02368

3.14869

4.62118

4.6242

2.75785

3.37747

1.89041

2.44529

4.78651

5.36913

5.37664

4.45592

2.75327

1.87501

3.36464

0

1.79171

-0.58966

-0.58476

-0.6282

1.40617

0.62074

0.26524

1.2718

-0.21691

2.58438

3.21546

2.23107

3.13405

1.89223

1.0336

2.52147

2.46051

0.52615

0.18218

-0.31633



H

H

4.03071

0.4988

-0.69189

-1.52682

-0.91716

-0.44219

0.18599

-0.06446

-0.65663

1.05826

1.68118

1.90148

1.44273

2.52772

0.81275

-0.04594

1.0267

1.67677

2.4575

-3.04946

-2.16776

-2.79632

-1.63958

-1.47952

-3.96541

-3.34265

-4.59115

-4.58128

-2.19199

-1.54373

-1.59985

-2.84252

-3.8566

-4.47529

-3.17927

-4.48058

1.10729

-3.53735

-3.79762

-4.09226

-2.87424

-4.59921

-2.38603

-1.53017

-2.66468

-2.18994

-3.17867

-4.02133

-2.29825

-2.98047

-4.76068

-5.00103

-5.58157

-4.55536

Tetramethylammonium MoOsS Gas Phase B3LYP

Mo

o

o O

-1.56277

-1.39295

0.4743

-2.20941

-2.5996

-0.59933

-1.99398

-2.45094

-1.92465

-2.53558

-0.26638

-0.20639

-0.64546

1.26662

-1.66137

3.31914

3.794

3.03626

4.75344

3.90372

-0.48786

1.26921

-1.39689

-1.1537

-0.84998

-3.05858

-2.74741

-2.10725

-2.24072

-3.68368



0.15896

0.25041

-0.41173

1.13535

0.0984

-0.45568

0.14959

1.10148

-0.68435

-1.21232

-1.21842

0.32241

-1.0408

-0.1547

0.87203

-0.46818

-0.26629

-0.76014

-1.01885

0.29341

-1.3779

-2.48588

-2.64429

-2.69136

-3.10409

-0.76913

0.28125

-1.00528

-1.38775

3.16128

4.14227

2.47737

2.74061

4.2996

4.40021

5.25993

3.93647

1.98023

1.30529

2.11733

1.61544

-4.02734

-2.97968

-3.17929

-1.98654

-3.05853

-4.12577

-3.1807

-4.35229

-4.92437

-3.64559

-3.46695

-2.7558

-4.47248

-5.34799

-5.59441

-5.28325

-6.1065 1.44433

-1.76461

-1.30439

-1.14148

-1.98287

-3.93919

-4.86864

-3.43305

-4.14494

-3.74847

-3.07933

-4.6858

-3.9238

1.2746

1.90472

1.6127

1.5769

2.98358

-0.20475

-0.67662

-0.33805

-0.60829

1.47872

2.53862

0.87988

1.13732

1.91597

1.78613

2.97456



Tetramethylammonium MoO,S; Gas Phase B3LYP

Mo

S

(%]

o O

1E-4

-0.02436

0.0286

1.4764

-1.47858

4.11868

3.94946

2.95508

4.08137

4.70778

3.16396

3.43389

2.14805

3.25304

5.51766

6.20416

5.72189

5.62238

3.82948

2.83489

4.57554

3.89416

-4.12003

-3.81817

-3.87498

-2.82412

-4.56292

-3.16436

0.76842

-0.88106

-0.15084

1.716

1.71929

-0.50428

0.16093

0.60628

-0.59133

0.93484

-1.66455

-2.39445

-1.31791

-2.09185

-1.00681

-0.16751

-1.71714

-1.49345

0.49761

0.90849

1.28581

-0.01178

-0.503

-0.02469

-0.87618

0.41885

0.72171

-1.60334

0.15453

1.67403

-1.89108

0.36565

0.33309

-0.09713

1.24649

1.28256

2.01885

1.33614

-0.20357

0.55501

-0.03461

-1.19809

-0.23922

-0.17171

0.55723

-1.2051

-1.1884

-1.02379

-1.12372

-2.14516

-0.10328

1.29612

1.96748

1.3015

1.56127

-0.48428



H

H

-2.15142

-3.23469

-3.4493

-3.9657

-4.72591

-2.97209

-4.10463

-5.51742

-5.61043

-6.20425

-5.73193

-1.21125

-2.39185

-1.97274

0.648

1.38845

1.07523

0.26989

-1.02631

-1.86284

-0.23469

-1.35422

-0.51983

0.25922

-1.46587

-1.06644

-0.83014

-0.92836

-2.07522

-0.1607

0.52654

0.12541

-1.17415

Tetramethylammonium MoQS; Gas Phase B3LYP

Mo

S

0.08527

0.35451

2.06866

-1.13955

-0.71727

2.12599

1.95672

1.46003

1.35407

2.94266

0.77299

0.1901

0.28391

0.92061

2.80789

3.78143

2.19982

-0.0552

-0.05065

0.09888

1.70315

-1.52144

3.69084

3.71802

2.80471

4.58477

3.78839

3.59778

4.46416

2.68059

3.58832

4.94336

5.00499

5.79747

0.16361

2.35511

-0.84566

-0.45496

-0.40718

1.50807

0.01097

-0.30834

-0.24598

-0.44007

2.16701

1.86708

1.84727

3.24336

1.95257

1.47409

1.66749



H

H

2.92675

2.96393

2.45959

3.92967

3.07885

-1.38983

-2.09057

-3.15966

-1.85041

-1.73296

-1.83336

-1.56573

-2.90837

-1.32195

0.10243

0.4051 -

0.32831

0.58772

-1.72745

-2.80263

-1.40051

-1.2189

491712

2.49998

1.59042

2.59013

2.50721

-2.14254

-0.86496

-1.00958

-0.64812

-0.06514

-3.25001

-2.95373

-3.37245

-4.16344

-1.95808

1.13237

-1.73123

-2.87836

-2.4844

-2.61521

-1.67487

-3.40454

3.03218

1.89937

1.58161

1.40996

2.97971

-3.50326

-3.10853

-3.24182

-2.07114

-3.74993

-2.58521

-1.57107

-2.69028

-2.87805

-3.36803

-4.00487

-2.32955

-3.683

-4.91634

-5.0036

-5.56292

-5.19108

Tetramethylammonium MoS, Gas Phase B3LYP

Mo

S

-0.54529

-0.85121

1.49166

-0.63209

-2.06324

2.47779

0.4102

0.44098

-0.37249

2.48919

-0.83305

2.91047

0.16025

2.33356

-0.30588

-0.64554

-0.82364

2.3662



1.09718

0.36767

0.91459

1.06718

2.56201

2.35745

1.82162

3.56496

3.48575

3.42154

3.2731

4.4779

2.76152

2.02189

2.70068

3.75921

-0.08893

-1.43975

-2.20164

-1.55368

-1.49113

0.02607

-0.09808

-0.757

1.00675

0.98883

0.89225

0.86202

1.95218

3.45958

2.84446

3.42706

4.48316

1.48566

1.47976

0.88695

1.11902

3.7422

4.76647

3.70716

3.34337

2.94997

2.34321

3.98345

2.55247

0.21983

0.80073

0.16169

0.83143

1.80116

-1.17181

-1.12399

-1.78365

-1.56217

1.09072

2.08536

1.12796

0.65644

2.62498

2.10287

3.69539

2.26209

2.85362

3.92053

2.32785

2.65374

3.09024

2.7335

4.15503

2.89765

0.88824

0.37072

0.55837

0.72325

-4.31277

-3.97743

-4.41484

-2.89616

-4.39789

-3.74286

-2.66334

-4.18177

-4.00009

-3.7242

-4.1508

-2.64455

-3.97708



C 0.07111 0.16212 -5.79702

H -0.70999 -0.46862 -6.21209
H -0.01097 1.16726 -6.20133
H 1.04684 -0.25415 -6.03198

Tetramethylammonium MoQO, Acetonitrile B3LYP

Mo 0 0 0

0] 0 0 1.79171
0] 1.69472 0 -0.58966
0] -0.81559 1.4844 -0.58476
0] -0.83983 -1.45628 -0.6282
N 2.26579 3.58102 1.40617
C 1.06156 4.02368 0.62074
H 0.52007 3.14869 0.26524
H 0.43054 4.62118 1.2718
H 1.40307 4.6242 -0.21691
C 1.82169 2.75785 2.58438
H 1.19187 3.37747 3.21546
H 1.26707 1.89041 2.23107
H 2.70431 2.44529 3.13405
C 3.01519 4.78651 1.89223
H 3.33337 5.36913 1.0336
H 2.35665 5.37664 2.52147
H 3.87876 4.45592 2.46051
C 3.1623 2.75327 0.52615
H 2.61722 1.87501 0.18218
H 3.47162 3.36464 -0.31633
H 4.03071 2.4575 1.10729
N 0.4988 -3.04946 -3.53735

C -0.69189 -2.16776 -3.79762



H -1.52682 -2.79632 -4.09226

H -0.91716 -1.63958 -2.87424
H -0.44219 -1.47952 -4.59921
C 0.18599 -3.96541 -2.38603
H -0.06446 -3.34265 -1.53017
H -0.65663 -4.59115 -2.66468
H 1.05826 -4.58128 -2.18994
C 1.68118 -2.19199 -3.17867
H 1.90148 -1.54373 -4.02133
H 1.44273 -1.59985 -2.29825
H 2.52772 -2.84252 -2.98047
C 0.81275 -3.8566 -4.76068
H -0.04594 -4.47529 -5.00103
H 1.0267 -3.17927 -5.58157
H 1.67677 -4.48058 -4.55536

Tetramethylammonium MoOsS Acetonitrile B3LYP

Mo 0.00356 0.19819 0.24603
0] -0.02322 0.40725 2.00267
S 2.15922 0.11138 -0.49497
0] -0.83733 1.56525 -0.52314
0] -0.83516 -1.31518 -0.17159
N -0.83577 3.5211 -3.38304
C -1.33388 4.29669 -2.19465
H -1.30286 3.63399 -1.33469
H -0.68692 5.15601 -2.04813
H -2.34892 4.62344 -2.39768
C 0.57242 3.06317 -3.11665
H 1.19541 3.93872 -2.9624

H 0.55992 2.43454 -2.23068



H 0.92053 2.50478 -3.97991

C -0.86844 4.38565 -4.60702
H -1.89115 4.70457 -4.78204
H -0.23037 5.24807 -4.4429

H -0.50699 3.80805 -5.45183
C -1.7128 2.31645 -3.586

H -1.66175 1.71706 -2.68163
H -2.72733 2.65589 -3.77033
H -1.34253 1.7616 -4.44246
N -1.26913 -4.38938 1.38928
C -1.51823 -3.28768 2.38297
H -0.83451 -3.41518 3.21637
H -1.3438 -2.34116 1.8796

H -2.54497 -3.36145 2.72744
C 0.14721 -4.29166 0.8935

H 0.26682 -3.31691 0.43005
H 0.81812 -4.40323 1.73948
H 0.31628 -5.08702 0.17451
C -2.20753 -4.22411 0.22536
H -3.22696 -4.2871 0.59331
H -2.01205 -3.25172 -0.21741
H -2.01708 -5.02153 -0.48627
C -1.49281 -5.72144 2.03926
H -0.80802 -5.82219 2.87526
H -2.51917 -5.77025 2.38881
H -1.30859 -6.50249 1.30844

Tetramethylammonium MoO,S; Acetonitrile B3LYP
Mo -0.00278 -0.73982 0.01916

S -0.68709 -2.21535 1.57359



Z O o ©»v

@]

0.44019

1.45651

-1.28077

4.7728

4.37837

3.34242

5.02753

4.49788

4.60773

5.25689

3.56598

4.88797

6.20037

6.29987

6.8301

6.46878

3.87314

2.85314

3.98798

4.16573

-4.71136

-4.02086

-4.46855

-2.96788

-4.15676

-4.51655

-3.44917

-4.9549

-5.01205

-1.77963

0.07884

0.45

1.03086

1.25479

0.94872

0.65755

2.30871

-0.42678

-1.00405

-0.68776

-0.57723

1.44072

2.49464

0.8473

1.26534

1.84257

1.51212

2.89134

1.67426

1.08381

1.45087

0.88027

1.20819

2.51387

-0.38494

-0.57125

-0.94155

-0.6416

-1.9259

0.58755

-0.24353

0.07586

1.50982

1.61909

2.14235

1.74044

-0.25683

0.39399

-0.09567

-1.29452

-0.12923

0.11023

0.52585

-1.16612

-0.81496

-0.64325

-0.55967

-1.84653

-0.0285

1.25658

2.06402

1.14694

1.42962

-0.28776

-0.35336

0.53445

-1.21881



C -4.09966 1.86918 -1.15605

H -4.24099 2.92657 -0.95538
H -3.04342 1.62094 -1.19658
H -4.59934 1.59451 -2.07974
C -6.17482 1.39361 0.07241
H -6.59812 0.81737 0.88886
H -6.29466 2.45543 0.26211
H -6.65372 1.12479 -0.86367

Tetramethylammonium MoOS; Acetonitrile B3LYP

Mo 0.29639 0.00889 -0.14398
S -0.11887 0.01932 2.04919
S 2.49732 0.03115 -0.52323
S -0.6663 1.76985 -1.12174
0] -0.38188 -1.44908 -0.84933
N 2.34155 4.21337 1.98465
C 1.42463 4.55901 0.84456
H 1.01316 3.64211 0.43121
H 0.62691 5.19077 1.22227
H 1.9972 5.08977 0.09055
C 1.56893 3.46813 3.03714
H 0.76337 4.10478 3.38928
H 1.16699 2.55742 2.60049
H 2.24119 3.22947 3.85529
C 2.90826 5.47272 2.57332
H 3.46338 5.998 1.80295
H 2.09011 6.08906 2.93149
H 3.56573 5.20859 3.39527
C 3.45992 3.34634 1.47723

H 3.03652 2.4468 1.03802



H

H

4.01483

4.10759

-1.66022

-1.5231

-2.49792

-1.15539

-0.823

-2.61488

-2.20582

-3.57663

-2.71231

-0.31518

0.36449

0.03138

-0.42696

-2.17815

-3.14904

-1.47962

-2.26672

3.90313

3.09292

-2.67356

-1.17968

-0.76054

-0.80234

-0.95593

-2.99915

-2.58972

-2.55031

-4.07806

-3.27114

-3.02801

-2.84395

-4.34754

-3.23219

-2.79325

-2.98365

-4.30951

0.72868

2.3105

-3.89469

-4.00425

-4.2327

-3.05504

-4.80301

-2.77929

-1.86089

-3.00685

-2.7107

-3.58491

-4.39548

-2.64878

-3.50069

-5.18648

-5.39248

-5.97895

-5.09007

Tetramethylammonium MoS, Acetonitrile B3LYP

Mo

S

4.5E-4

0.02973

2.08382

-1.04798

-1.04881

2.59531

1.10918

0.61404

0.84689

-0.06451

-0.23232

-0.00426

1.79663

-1.81251

3.26218

3.46898

2.59516

3.58991

0.08905

2.30033

-0.6649

-0.50531

-0.77268

3.14129

3.24127

2.82687

4.28753



0.84419

2.97217

2.70428

2.42469

4.04214

3.31269

3.03453

3.02257

4.3818

2.98135

2.46639

2.69516

4.05591

-0.35914

-1.13699

-2.16038

-1.10739

-0.67957

-0.99724

-0.99259

-2.01533

-0.4258

1.05367

1.49937

1.03998

1.60482

-0.35503

-1.38044

0.11481

4.36055

2.01602

2.14679

1.18088

1.86267

4.44311

5.33175

4.54672

4.27325

3.10627

2.24328

4.0072

2.96404

0.01583

1.1572

1.10123

1.07792

2.08832

-1.28549

-1.35933

-1.30028

-2.09833

0.0587

1.00281

-0.025

-0.76883

0.1331

0.10914

1.0717

2.68238

3.89298

4.93651

3.46558

3.7963

3.72818

3.17081

4.76869

3.65236

1.69656

1.28476

1.16341

1.64073

-5.07216

-4.47856

-4.83545

-3.39533

-4.79749

-4.67289

-3.58844

-5.04892

-5.1097

-4.55996

-4.85677

-3.47699

-4.9949

-6.56902

-6.92325

-6.84459



H 0.20349 -0.70094 -6.9815

Tetramethylammonium MoO4 Methanol B3LYP

Mo -0.17012 0.15943 -0.14995
0] -0.11627 -0.02735 1.63005
0] 1.50502 0.15021 -0.79428
0 -0.93762 1.72957 -0.5468

0 -1.08985 -1.19111 -0.89258
N 2.28277 3.53999 1.42443
C 1.03647 4.07617 0.77436
H 0.45642 3.24955 0.36652
H 0.46214 4.6086 1.52656
H 1.33229 4.75798 -0.01731
C 1.90518 2.6061 2.54127
H 1.32992 3.16394 3.27389
H 1.31266 1.78625 2.14061
H 2.81722 2.22921 2.99405
C 3.08787 4.6792 1.97618
H 3.35412 5.34547 1.16186
H 2.48787 5.20723 2.71034
H 3.98394 4.28091 2.44127
C 3.09938 2.79394 0.40493
H 2.51709 1.95593 0.02343
H 3.35348 3.48076 -0.39676
H 4.00393 2.43771 0.88888
N 0.53241 -3.0542 -3.5112

C -0.69581 -2.2832 -3.91097
H -1.48838 -2.99219 -4.13091
H -0.9733 -1.6478 -3.07286

H -0.46236 -1.69855 -4.79552



H

H

0.23733

-0.08565

-0.55279

1.13906

1.65875

1.84422

1.38249

2.54175

0.91915

0.09671

1.12665

1.80426

-3.82367

-3.11022

-4.53739

-4.34601

-2.09195

-1.53118

-1.42135

-2.66443

-4.00031

-4.68667

-3.42857

-4.54838

-2.25306

-1.49842

-2.46618

-1.94867

-3.25174

-4.16299

-2.44028

-2.98369

-4.60719

-4.78182

-5.50615

-4.29999

Tetramethylammonium MoOsS Methanol B3LYP

Mo

o

(%]

o O

T

-0.22548

-0.33834

1.96468

-1.12573

-0.94117

-0.81384

-1.55708

-1.61967

-1.00752

-2.54611

0.55329

1.08177

0.42598

1.08217

-0.6868

-1.68016

-0.18496

0.00678

-0.11268

1.12571

-1.75131

3.6715

4.14633

3.31051

4.97325

4.47409

3.19672

4.02691

2.38077

2.86159

4.78867

5.11757

-0.29604

1.46114

-0.93323

-1.09641

-0.73557

-3.4348

-2.21641

-1.52564

-1.77765

-2.52091

-3.02174

-2.56342

-2.31601

-3.90842

-4.42598

-4.71451



H

H

-0.14276

-0.14615

-1.56555

-1.63188

-2.55343

-1.02045

-1.22431

-1.19949

-0.37672

-1.0609

-2.14087

0.06054

0.12535

0.8873

0.03779

-2.3751

-3.29591

-2.21727

-2.38798

-1.37957

-0.5408

-2.31086

-1.39576

5.60589

4.42506

2.52304

1.73741

2.87024

2.18146

-4.42465

-3.20669

-3.30775

2.32535

-3.1538

-4.49677

-3.60263

-4.5509

-5.38744

-4.31651

-4.24626

-3.42731

-5.20735

-5.65481

-5.71639

-5.58347

-6.52429

-3.96317

-5.29419

-4.04914

-3.30184

-4.336

-4.92348

1.59658

2.47894

3.17984

1.85974

3.01698

0.81771

0.20445

1.51911

0.19742

0.63405

1.20468

0.0294

0.01344

2.43958

3.12558

2.99251

1.79029

Tetramethylammonium Mo0O,S, Methanol B3LYP

Mo

S

0.0022

-0.68755

0.44861

1.46169

-1.27251

-0.83003

-2.30411

-1.87203

-0.01389

0.36253

0.02132

1.57465

-1.92154

0.59274

-0.24574



4.71608

4.39578

3.37614

5.09415

4.49844

4.56912

5.26101

3.54246

4.80298

6.11826

6.20437

6.80254

6.32828

3.74693

2.74669

3.85359

3.98146

-4.6643

-3.92504

-4.36383

-2.8833

-4.02538

-4.51455

-3.45398

-4.9517

-5.03523

-4.06841

-4.17693

-3.02067

1.12622

1.10984

0.75407

0.44471

2.11851

-0.26644

-0.91873

-0.5803

-0.2457

1.6137

2.61767

0.94481

1.6196

2.03544

1.65071

3.03637

2.03486

1.17826

1.71667

1.29203

1.42578

2.79738

-0.31804

-0.54377

-0.73069

-0.69611

1.76155

2.8411

1.47822

0.07513

1.54467

1.65611

2.04279

1.93221

-0.47464

0.04875

-0.31067

-1.53433

-0.13693

0.26644

0.37522

-1.20174

-0.62914

-0.45429

-0.22281

-1.68884

-0.03184

1.16218

2.05949

1.065

1.17226

-0.06789

-0.12177

0.83569

-0.9421

-1.28347

-1.2471

-1.31367



H

H

-4.60274

-6.11576

-6.52407

-6.20427

-6.6332

1.36055

1.54301

1.11973

2.62461

1.13907

-2.13898

0.06046

0.97273

0.07766

-0.80379

Tetramethylammonium MoOS; Methanol B3LYP

Mo

S

-0.11863

-0.17135

1.99398

-1.16713

-0.9432

2.54904

1.38532

0.87645

0.71137

1.76109

2.04479

1.37508

1.51409

2.89389

3.2672

3.62413

2.57526

4.10304

3.49307

2.96081

3.85436

4.32268

-2.35602

8E-4

0.22603

-0.12186

1.71275

-1.47987

4.08992

4.42883

3.51119

5.08064

4.93534

3.39266

4.0657

2.49163

3.14337

5.34878

5.84063

5.99437

5.0877

3.18237

2.28032

3.70457

2.93928

-2.77139

0.05561

2.27579

-0.6542

-0.92022

-0.4014

1.66433

0.77487

0.49427

1.32173

-0.10844

2.89718

3.42327

2.59931

3.5256

2.05587

1.15672

2.58689

2.69687

0.92593

0.63487

0.04567

1.58225

-3.37298



H

H

-2.50591

-3.563

-2.07251

-1.98627

-3.07528

-2.62763

-4.12529

-2.96175

-0.89596

-0.38619

-0.50875

-0.79997

-2.93672

-3.98774

-2.40395

-2.82336

-1.27583

-1.03824

-0.8539

-0.91072

-3.29368

-2.83393

-3.03088

-4.37262

-3.11806

-2.73045

-2.66156

-4.19857

-3.38513

-3.12125

-2.99844

-4.46298

-3.42944

-3.49491

-2.52799

-4.30971

-2.15993

-1.28431

-2.24132

-2.12889

-3.26904

-4.14534

-2.36313

-3.22824

-4.61192

-4.67211

-5.47475

-4.55407

Tetramethylammonium MoSs; Methanol B3LYP

Mo

S

-0.09458

0.19887

1.83966

-1.55241

-0.85653

2.72689

1.30451

0.65276

1.09055

1.19072

2.90035

2.66377

0.27135

0.49762

0.58358

1.77662

-1.76059

3.33275

3.78928

3.05743

3.86716

4.75716

1.9862

2.07448

-0.3141

1.87537

-1.35019

-1.02792

-0.75492

3.65529

3.82848

3.36073

4.88954

3.35095

4.30148

5.35686



H

H

WO, Isolated Anion Gas Phase B3LYP

w

2.22712

3.93075

3.65702

3.51452

3.42636

4.67824

3.03498

2.3481

2.9067

4.06057

-0.45955

-1.33505

-2.36792

-1.20034

-1.04688

-0.84029

-0.71136

-1.87806

-0.19956

0.97782

1.2353

1.09657

1.59848

-0.64121

-1.68187

-0.36526

-0.00301

-0.00139

1.28576

1.67122

4.32156

5.2893

4.38049

3.98274

3.22162

2.50338

4.19841

2.88593

-0.15361

0.96061

0.71737

1.05762

1.87926

-1.43462

-1.31114

-1.6542

-2.22913

0.16791

1.09679

0.2713

-0.64101

-0.30813

-0.54094

0.62257

-1.11453

0

3.81682

4.1729

4.29616

3.8266

5.35495

4.15436

2.18702

1.74827

1.73183

2.07272

-5.46723

-4.96524

-5.1932

-3.89148

-5.46639

-4.77837

-3.70665

-5.00806

-5.14731

-5.16634

-5.66527

-4.09077

-5.53841

-6.94978

-7.15102

-7.43474

-7.29616

3.6E-4



o O O o

WOsS Isolated Anion Gas Phase B3LYP

w

S

o

o

o

WO,S; Isolated Anion Gas Phase B3LYP

w

S

S

o

o

WOS:; Isolated Anion Gas Phase B3LYP

w

S

S

S

o

WS, Isolated Anion Gas Phase B3LYP

W

S

WOq Isolated Anion Acetonitrile B3LYP

0.00272

1.69291

-0.84712

-0.84702

-0.00106

-0.00187

1.66998

-0.83347

-0.83348

-0.08789

-0.10212

2.03867

-0.92428

-0.92427

-0.04133

-0.04371

2.06663

-1.11648

-0.86502

-0.00173

-0.13443

2.13214

-1.00032

-0.99557

-3E-5

8E-5

1.4653

-1.46534

-1E-5

1.3E-4

-4E-5

1.44859

-1.44866

0

1E-5

1E-5

1.43605

-1.43607

-0.06043
-0.09834
-0.09246
1.74504

-1.4938

-0.00212

0.13326

-0.03846

1.76695

-1.85962

1.79719

-0.59677

-0.60031

-0.60041

-0.09611

2.19826

-0.70088

-0.70067

-0.70052

-0.06291

2.19681

-0.82834

-0.65275

-0.65273

-0.02819

2.2097

-0.7782

-0.79439

-0.60886

-0.00178

2.21077

-0.61392

-0.8947

-0.70031



W -0.00139 0 3.6E-4

0 0.00272 -3E-5 1.79719
0 1.69291 8E-5 -0.59677
0] -0.84712 1.4653 -0.60031
0] -0.84702 -1.46534 -0.60041

WOsS Isolated Anion Acetonitrile B3LYP

w -0.00106 -1E-5 -0.09611
S -0.00187 1.3E-4 2.19826
0] 1.66998 -4E-5 -0.70088
0] -0.83347 1.44859 -0.70067
0] -0.83348 -1.44866 -0.70052

WO,S; Isolated Anion Acetonitrile B3LYP

w -0.08789 0 -0.06291
S -0.10212 1E-5 2.19681
S 2.03867 1E-5 -0.82834
0] -0.92428 1.43605 -0.65275
0] -0.92427 -1.43607 -0.65273

WOS; Isolated Anion Acetonitrile B3LYP

w -0.04133 -0.06043 -0.02819
S -0.04371 -0.09834 2.2097
S 2.06663 -0.09246 -0.7782
S -1.11648 1.74504 -0.79439
0] -0.86502 -1.4938 -0.60886

WS, Isolated Anion Acetonitrile B3LYP

w -0.00173 -0.00212 -0.00178
S -0.13443 0.13326 2.21077
S 2.13214 -0.03846 -0.61392
S -1.00032 1.76695 -0.8947

S -0.99557 -1.85962 -0.70031



WO;, Isolated Anion Methanol B3LYP

0

-0.25841

W

0]

0] -0.11655
0] -1.2579
0]

1.63282

WOsS Isolated Anion Methanol B3LYP

W 0.19539
S -2.12067
0] 0.81137
0] 0.81142
0] 0.81117

WO,S, Isolated Anion Methanol B3LYP

w 0

S 1.88611
S -1.88609
0] 0

0] -1E-5

WOS; Isolated Anion Methanol B3LYP

W 0

S -1.84936
S 0.00387
S 1.84545
0 6E-5

-1E-5

0.65487

1.33948

-1.23901

-0.75526

0

6E-5

0.16967

1.35269

-1.5225

0.19854

-1.07620

-1.07621

1.23417

1.23417

-1E-5

-1.06316

2.13314

-1.06989

-8E-5

WS, Isolated Anion Methanol B3LYP

w 0
S 0.70072
S -2.07943

S 1.33669

1E-5

-1.52411

0.61144

1.77735

0

1.65855

-1.19944

-0.35921

-0.09986

0

2E-5

1.65997

-0.97696

-0.68301

0

-1.42507

1.42506

0.15427

-0.55488

-0.55484

-0.55493

1.90229

-1E-5

-1.46242

-0.50472

-0.08297



S 0.04201 -0.86473 2.05013

WOy, Isolated Anion Gas Phase PBEO

w 0 0 0

0] -0.51928 -0.92625 -1.44099
0] 1.52658 -0.68764 0.63304
0 -1.26678 -0.09833 1.26082
0 0.25943 1.7122 -0.45289

WOsS Isolated Anion Gas Phase PBEO

w 0.19306 0 -1E-5
S -2.10447 0 -4E-5
0] 0.80777 1.43512 -0.82643
0] 0.80777 -1.43333 -0.82954
0] 0.80761 -0.0018 1.65612

WO,S; Isolated Anion Gas Phase PBEO

w 0 0.19596 0
S 0 -1.0665 1.87225
S 0 -1.0665 -1.87225
0] 1.41296 1.22669 0
0] -1.41296 1.22669 0

WOS:; Isolated Anion Gas Phase PBEO

w 0 0 0.15229
S -1.1036 1.80543 -0.54934
S 2.11535 0.05302 -0.54933
S -1.01176 -1.85845 -0.54933
0] -1E-5 0 1.88727

WS, Isolated Anion Gas Phase PBEO
w 0 0 0
S 1.78513 0.60332 -1.14801

S -1.72987 -0.16 -1.36035



S -0.42185 1.51091 1.5517
S 0.36659 -1.95423 0.95666

WOy, Isolated Anion Acetonitrile PBEO

W -0.0015 0 4.3E-4

0] 0.00162 0 1.78536
0 1.68104 0 -0.59407
0 -0.84052 1.45655 -0.59584
0] -0.84052 -1.45655 -0.59584

WOsS Isolated Anion Acetonitrile PBEO

w -0.00103 4E-5 -0.09415
S -0.00327 -6.4E-4 2.18265
0] 1.65712 2E-4 -0.69812
0] -0.82635 1.43923 -0.69477
0] -0.82635 -1.43884 -0.69555

WO,S; Isolated Anion Acetonitrile PBEO

w -0.08579 0 -0.0615

S -0.10284 1E-5 2.18071
S 2.02354 1E-5 -0.82365
0] -0.91741 1.42428 -0.64775
0] -0.9174 -1.42429 -0.64774

WOS:; Isolated Anion Acetonitrile PBEO

w -0.03994 -0.06156 -0.02791
S -0.0468 -0.09504 2.19174
S 2.04993 -0.09086 -0.7749

S -1.1053 1.73128 -0.78469
0] -0.85777 -1.48383 -0.60419

WS, Isolated Anion Acetonitrile PBEO
W -0.00132 0 -0.00104

S 0.00443 0 2.20046



S 2.0758 0
S -1.03939 1.79563
S -1.03939 -1.79563

WO; Isolated Anion Methanol PBEO

W -0.00148 0

0 0.00153 0

0 1.68103 0

0] -0.84048 1.4566
0] -0.84048 -1.45661

WOsS Isolated Anion Methanol PBEO

w -9.9E-4 4E-5

S -0.0034 -6.5E-4
0] 1.65712 2E-4

0] -0.82631 1.43929
0] -0.8263 -1.43888

WO,S, Isolated Anion Methanol PBEO

w -0.08574 -1E-5

S -0.10296 2E-5

S 2.02354 4E-5

0] -0.91739 1.4243
0] -0.91733 -1.42435

WOS:; Isolated Anion Methanol PBEO

w -0.03991 -0.0616
S -0.04687 -0.09498
S 2.04998 -0.09078
S -1.10536 1.73124
0 -0.85773 -1.48389

WS, Isolated Anion Methanol PBEO

W -0.00129 1E-5

-0.72927

-0.73505

-0.73505

4.2E-4

1.78535

-0.59414

-0.59579

-0.59579

-0.09415

2.18261

-0.69825

-0.6947

-0.69546

-0.06151

2.18062

-0.82378

-0.64766

-0.64763

-0.02794

2.19169

-0.77489

-0.78465

-0.60416

-0.00102



S 0.00442 -1E-5 2.20053

S 2.07585 -1E-5 -0.72927
S -1.03944 1.79556 -0.7351
S -1.03942 -1.79555 -0.73508

Potassium WO, Gas Phase B3LYP

w 0 0 0
0 1.12241 -0.89399 -1.07372
0] 1.12241 0.89399 1.07372
0] -1.12241 -1.07372 0.89399
0] -1.12241 1.07372 -0.89399
K -3.23885 1E-5 0
K 3.23885 1E-5 0

Potassium WOsS Gas Phase B3LYP

w -0.09788 -0.07374 0
S 1.20332 1.76861 0
0] -1.21533 -0.11387 -1.38424
0] -1.21534 -0.11388 1.38424
0] 1.02636 -1.45813 0
K 3.30407 -0.44419 0
K -3.34489 -0.04811 0

Potassium WO,S, Gas Phase B3LYP

w 0.18976 -1E-5 0
S -1.08604 -1.84447 0
S -1.08601 1.84447 0
0] 1.30466 -1E-5 -1.37345
0] 1.30466 0 1.37345
K -3.45418 1E-5 0
K 3.44556 1E-5 0

Potassium WQOS3 Gas Phase B3LYP



K

K

0.09479

1.27673

-1.17838

-1.17842

1.29926

3.52656

-3.53326

0

1E-5

1.82528

-1.82529

-1E-5

0

2E-5

Potassium WS, Gas Phase B3LYP

w

S

K

K

Potassium WO, Acetonitrile B3LYP

O o o o =

K

Potassium WOsS Acetonitrile B3LYP

w

0

-1.2808

-1.28081

1.28081

1.2808

-3.66611

3.66611

0

-1.0897

-1.08966

1.08969

1.08966

3.43097

-3.43097

-0.10061

1.15692

-1.15491

-1.19979

1.02466

0

0.13181

-0.1318

1.80348

-1.80349

0

-1E-5

2E-5

0.85011

-0.85007

1.14584

-1.1458

-5E-5

-5E-5

-0.03882

1.86259

-0.14703

-0.09528

-1.41947

-0.10746

1.77921

-0.22321

-0.22319

-1.39456

-0.27839

0.16175

0

-1.80348

1.80348

0.13181

-0.1318

-1E-5

-1E-5

0

-1.1458

1.14584

0.85007

-0.85011

-1E-5

-1E-5

0.00924

-0.00807

-1.41777

1.40598

0.05737



K 3.52528 -0.54897
K -3.54768 -0.16862

Potassium WO,S; Acetonitrile B3LYP

W 0.20271 0
S -1.06525 -1.86837
S -1.06525 1.86837
0 1.28019 0
0] 1.2802 0
K -3.74477 0
K 3.67131 0

Potassium WOS; Acetonitrile B3LYP

w 0.10377 -2E-5

S 1.04921 -6E-5

S -1.14221 1.8103

S -1.14232 -1.81027
0] 1.40379 -4E-5

K 3.75986 6E-5

K -3.71479 7E-5

Potassium WS, Acetonitrile B3LYP

w -0.0065 -0.03482
S -0.01444 -0.04695
K 2.9459 0.1071

S 2.06388 0.07617
S -1.13051 1.70878
K -2.96125 -0.17643
S -0.94498 -1.8773

Potassium WQO4 Methanol B3LYP
W -1E-5 0.00451

0] 1.0763 -1.08797

-0.02319

-0.02518

0

0

0

-1.39742

1.39742

-1E-5

-1E-5

-0.14604

1.85968

-0.4307

-0.43073

-1.31004

-0.08015

0.35992

0.01247

2.20999

2.11576

-0.71579

-0.71256

-2.08782

-0.73161

-3.3E-4

0.93145



O O O

K

Potassium WOsS Methanol B3LYP

w

(%]

o O o

K

Potassium WO,S; Methanol B3LYP

w

S

(%]

o O

K

Potassium WOS3; Methanol B3LYP

w

S

1.0913

-1.09069

-1.07691

-3.42803

3.42809

-0.10024

1.15871

-1.15023

-1.20329

1.02159

3.52495

-3.54949

0.20256

-1.06524

-1.06524

1.28019

1.28021

-3.74286

3.66998

0.1081

1.06188

-1.15174

-1.15187

1.42003

3.80806

-3.78131

1.09451

0.92993

-0.91892

-0.01256

-0.01241

-0.03791

1.86237

-0.15274

-0.08704

-1.42055

-0.55131

-0.17025

0

-1.86837

1.86837

0

0

0

0

-3E-5

-3E-5

1.82207

-1.82205

-6E-5

6E-5

8E-5

-0.91732

1.08336

-1.09914

0.0012

7.7E-4

0.01152

-0.0106

-1.41805

1.40533

0.07158

-0.02914

-0.03156

1E-5

1E-5

-1.3973

1.3973

-1E-5

-1E-5

-0.13202

1.88852

-0.42073

-0.42073

-1.30337

-0.12975

0.31099



Potassium WS, Methanol B3LYP

w

S

K

S

-0.00275

1.45541

3.98996

1.10369

-1.21746

-3.97124

-1.35113

0.08381

1.62381

-0.30251

-1.64852

-0.57835

-0.30947

0.94218

Potassium WO, Gas Phase PBEO

w

o

o O

o

-1E-5

0.04517

2.55748

1.72764

-0.88793

-2.55868

-0.88513

-9.7E-4

-6.6E-4

0.00187

7E-4

1.38726

-0.00384

-1.39118

Potassium WQOsS Gas Phase PBEQ

w

(%]

o O O

K

Potassium WO,S, Gas Phase PBEO

w

S

S

o

-0.09641

1.19411

-1.20507

-1.20507

1.01655

3.27507

-3.31836

-0.10068

-0.15512

1.61478

-1.65563

-0.07684

1.75383

-0.11643

-0.11643

-1.45506

-0.43031

-0.03662

-0.59032

1.61898

-0.95867

-0.89203

-0.00187

-0.6586

0.0136

0.83404

-1.73761

0.01329

1.53889

1E-5

1.78004

1.94583

-0.43114

-0.6745

-1.94422

-0.67409

0

0

-1.37564

1.37564

0

0

0

0.16057

0.72364

-1.2102

-0.60786



o

K

K

0.0517

2.7529

-2.91463

-1.54315

1.54641

1.22202

Potassium WQOS; Gas Phase PBEO

W

S

K

K

0.09313

1.22862

-1.16598

-1.16598

1.30884

3.49722

-3.48188

0

0

1.81231

-1.81231

0

0

0

Potassium WS, Gas Phase PBEO

w

S

K

S

-0.0065

-0.01444

2.9459

2.06388

-1.13051

-2.96125

-0.94498

-0.03482

-0.04695

0.1071

0.07617

1.70878

-0.17643

-1.8773

Potassium WO, Acetonitrile PBEO

O o o o s

K

Potassium WOsS Acetonitrile PBEO

w

-8E-5

1.08276

1.07819

-1.07946

-1.08276

-3.39493

3.39577

-0.09853

0.00118

1.32311

-1.3244

0.50892

-0.50409

-0.00298

-0.00312

-0.04492

1.58414

-0.08499

-0.54171

-0.12491

1.7702

-0.25721

-0.25721

-1.38295

-0.21348

0.22476

0.01247

2.20999

2.11576

-0.71579

-0.71256

-2.08782

-0.73161

4E-4

0.50751

-0.50503

-1.32333

1.32301

-0.00117

-0.00129

0.01324



S 1.15242 1.83958 -0.00944
0 -1.1392 -0.1494 -1.40826
0 -1.19666 -0.08759 1.39521
0] 1.00941 -1.42322 0.07109
K 3.48805 -0.52643 -0.03252
K -3.51625 -0.14869 -0.03554

Potassium WO,S; Acetonitrile PBEO

W -0.13863 -0.63894 0.14047
S -0.07984 1.43743 1.00397
S 1.62522 -1.00785 -1.18706
0] -1.62671 -0.77427 -0.78195
0] -0.16599 -1.80513 1.43567
K 2.97434 1.68789 -0.11066
K -2.98099 1.52494 -0.55749

Potassium WOS; Acetonitrile PBEO

w 0.10377 -2E-5 -0.14604
S 1.04921 -6E-5 1.85968
S -1.14221 1.8103 -0.4307
S -1.14232 -1.81027 -0.43073
0] 1.40379 -4E-5 -1.31004
K 3.75986 6E-5 -0.08015
K -3.71479 7E-5 0.35992

Potassium WS4 Acetonitrile PBEO

W -0.00335 -0.0975 0.01398
S 0.00205 -0.15402 2.21281
K 3.19539 0.33979 2.29786
S 2.07433 -0.0263 -0.7033

S -1.08074 1.69112 -0.68039

K -3.23272 -0.10446 -2.28004



S

-1.00285

-1.89207

Potassium WQO4 Methanol PBEO

O o o o s

K

-9.8E-4

1.07864

1.0788

-1.08818

-1.07311

-3.39726

3.39518

0.00535

0.43794

-0.43728

-1.3389

1.35996

0.02397

-0.02408

Potassium WOsS Methanol PBEO

w

(%]

o O O

K

-0.10024

1.15871

-1.15023

-1.20329

1.02159

3.52495

-3.54949

-0.03791

1.86237

-0.15274

-0.08704

-1.42055

-0.55131

-0.17025

Potassium WO,S, Methanol PBEO

w

S

(%]

o O

K

-0.15159

-0.04684

1.71751

-1.53272

-0.4018

2.8049

-2.80683

-0.69149

1.24088

-1.00353

-0.55396

-2.0314

1.86122

1.72066

Potassium WQOS3 Methanol PBEO

W

S

S

0.10381

1.04973

-1.14243

-2E-5

-2E-5

1.81015

-0.77048

-0.00324

-1.35438

1.34449

-0.43873

0.43657

0.00609

-0.01295

0.01152

-0.0106

-1.41805

1.40533

0.07158

-0.02914

-0.03156

0.10664

1.25298

-1.0804

-0.97022

1.19313

-0.1045

-0.55002

-0.1462

1.85923

-0.43006



K

K

-1.14251

1.40359

3.7583

-3.71344

-1.81013

-4E-5

4E-5

6E-5

Potassium WS, Methanol PBEO

w

S

K

S

Hexamethyldisilathiane

Si

S

Si

-0.00298

1.27415

3.95177

1.26552

-1.33541

-3.92209

-1.22573

-0.01346

1.7627

3.53886

4.93999

5.89238

4.77523

5.01167

3.87377

4.81777

3.94362

3.08606

3.39798

4.35048

2.63166

3.16577

-1.41459

-0.02402

1.11201

0.08579

-1.21294

-1.37192

0.09377

1.3707

-0.43005

-1.3105

-0.08007

0.35991

-0.02278

-1.41023

0.07378

1.32361

-1.13965

0.06929

1.16172

B3LYP Gas Phase

0.00552

1.29717

0.00552

1.16853

0.63709

1.56185

2.00961

-0.6834

-1.23091

0.12722

-1.36045

-1.41241

-1.94257

-2.1315

-1.03544

1.16853

0.00662

-0.00185

-0.01032

-0.51533

-0.50514

-1.5171

0.17287

1.71898

1.72444

2.44272

2.04302

-1.25519

-1.30388

-0.97109

-2.24969

0.51164



H -1.48627 2.00961 -0.17656

H -2.36698 0.63709 0.50144
H -1.24983 1.56185 1.5134

C -0.34837 -0.6834 -1.72267
H 0.43934 -1.36045 -2.04671
H -1.29237 -1.23091 -1.72813
H -0.41822 0.12722 -2.44641
C 0.12742 -1.41241 1.25149
H 0.89374 -2.1315 0.96739
H 0.35963 -1.03544 2.24599
H -0.82508 -1.94257 1.30018

Hexamethyldisilathiane PBEO Gas Phase

Si 1.74673 -0.02539 -0.001

S 0 1.28085 0

Si -1.74673 -0.02539 0.001

C -3.15858 1.11099 0.51815
H -4.10407 0.56599 0.50553
H -2.99199 1.497 1.52346
H -3.23955 1.95658 -0.16498
C -2.07362 -0.69967 -1.72991
H -3.01178 -1.25854 -1.73819
H -2.15366 0.1214 -2.44213
H -1.27535 -1.36259 -2.0602

C -1.5818 -1.44556 1.23264
H -2.52885 -1.9872 1.27936
H -0.80544 -2.15168 0.93979
H -1.35159 -1.06685 2.22808
C 3.15858 1.11099 -0.51815

T

3.23955 1.95658 0.16498



H

H

Hexamethyldisilathiane MP2 Gas Phase

Si

S

Si

T

T

T

4.10407

2.99199

2.07362

1.27535

3.01178

2.15366

1.5818

0.80544

1.35159

2.52885

1.73297

0

-1.73297

-3.16192

-4.09341

-3.00066

-3.26272

-2.03995

-2.96666

-2.12831

-1.23332

-1.52609

-2.46058

-0.74552

-1.28997

3.16192

3.26272

4.09341

0.56599

1.497

-0.69967

-1.36259

-1.25854

0.1214

-1.44556

-2.15168

-1.06685

-1.9872

-0.02217

1.3112

-0.02217

1.07431

0.51298

1.45828

1.91953

-0.69642

-1.26696

0.11988

-1.34439

-1.44143

-1.99687

-2.13118

-1.06917

1.07431

1.91953

0.51298

-0.50553

-1.52346

1.72991

2.0602

1.73819

2.44213

-1.23264

-0.93979

-2.22808

-1.27936

-2.2E-4

0

2.2E-4

0.527

0.51559

1.52979

-0.14786

-1.7262

-1.74105

-2.43741

-2.05242

1.21596

1.2716

0.91051

2.20849

-0.527

0.14785

-0.5156



H

H

Hexamethyldisiloxane B3LYP Gas Phase

Si

o

Si

3.00066

2.03995

1.23333

2.96667

2.12831

1.52608

0.74552

1.28997

2.46058

0

0

0

0.6165

0.62135

1.62928

-0.02462

-1.75815

-1.79204

-2.43307

-2.13241

1.14208

1.18168

0.79439

2.15632

-0.6165

0.02462

-0.62135

-1.62928

1.45828

-0.69642

-1.34439

-1.26696

0.11988

-1.44143

-2.13118

-1.06917

-1.99687

1.57897

0

-1.57897

-2.66594

-3.71724

-2.38533

-2.55457

-2.06616

-3.10648

-1.95543

-1.44605

-1.73097

-2.76771

-1.12438

-1.41978

2.66594

2.55457

3.71724

2.38533

-1.52979

1.7262

2.05242

1.74105

2.43741

-1.21595

-0.9105

-2.20849

-1.2716

0.06982

0.66625

0.06982

1.47651

1.18747

1.76392

2.3504

-0.41464

-0.74084

0.4338

-1.22863

-1.42842

-1.76529

-2.2645

-1.1795

1.47651

2.3504

1.18747

1.76392



H

H

Hexamethyldisiloxane PBEO Gas Phase

Si
0]

Si

1.75815

2.13241

1.79204

2.43307

-1.14208

-0.79439

-2.15632

-1.18168

-1.55489

0

1.55489

2.693

3.73364

2.43005

2.6023

2.00529

3.03797

1.90714

1.35953

1.6655

2.69111

1.02241

1.37779

-2.693

-2.6023

-3.73364

-2.43005

-2.00529

2.06616

1.44605

3.10648

1.95543

1.73097

1.12438

1.41978

2.76771

-0.00199

-1E-5

0.00199

0.55546

0.56022

1.5602

-0.11845

-1.73725

-1.76611

-2.44171

-2.07076

1.19193

1.22756

0.88045

2.20033

-0.55549

0.1184

-0.56025

-1.56024

1.73726

-0.41464

-1.22863

-0.74084

0.4338

-1.42842

-2.2645

-1.1795

-1.76529

0.07759

0.73179

0.07759

1.46313

1.13562

1.79466

2.3154

-0.48622

-0.83871

0.34047

-1.29896

-1.3807

-1.75279

-2.20494

-1.0814

1.46311

2.3154

1.13561

1.79463

-0.48618



H

H

-1.35953

-3.03797

-1.90714

-1.6655

-1.02241

-1.3778

-2.69111

2.07079 -1.29892

1.76613 -0.83867
2.4417 0.34053
-1.19189 -1.38073
-0.8804 -2.20496
-2.20031 -1.08145
-1.22752 -1.75282

Hexamethyldisiloxane MP2 Gas Phase

Si

o

Si

-1.54611

0

1.54611

2.71022

3.73987

2.45064

2.6418

1.97829

2.99983

1.89257

1.31575

1.61355

2.6243

0.95177

1.32668

-2.71021

-2.6418

-3.73987

-2.45064

-1.97829

-1.31575

-0.00291 0.08566
-1E-5 0.76336
0.00291 0.08565
0.5529 1.44281
0.56469 1.0945
1.55049 1.78508
-0.123 2.29048
-1.72956 -0.49729
-1.76296 -0.86955
-2.43851 0.32184
-2.0518 -1.29554
1.18957 -1.37249
1.23263 -1.77257
0.87326 -2.1748
2.1932 -1.07027
-0.55293 1.4428
0.12295 2.29048
-0.56471 1.09449
-1.55052 1.78505
1.72957 -0.49725
2.05182 -1.2955



H

H

-2.99983

-1.89257

-1.61356

-0.95177

-1.32668

-2.6243

1.76298

2.4385

-1.18954

-0.87321

-2.19318

-1.23259

-0.86951

0.3219

-1.37251

-2.17482

-1.07032

-1.77259

Hexamethyldisilathiane B3LYP Acetonitrile

Si

S

Si

-0.03179

1.7627

3.55719

4.94584

5.89911

4.78307

5.01032

3.87688

4.81843

3.95166

3.08471

3.41305

4.36655

2.64403

3.18814

-1.42044

-1.48492

-2.37371

-1.25767

-0.35148

0.44069

-1.29303

-0.00561

1.28211

-0.00561

1.17863

0.64892

1.58009

2.00988

-0.70165

-1.25311

0.10477

-1.3779

-1.40175

-1.93005

-2.12192

-1.00963

1.17863

2.00988

0.64892

1.58009

-0.70165

-1.3779

-1.25311

0.01387

-0.00184

-0.01756

-0.50372

-0.49545

-1.50277

0.1972

1.70934

1.70851

2.43751

2.02364

-1.28125

-1.3286

-1.00846

-2.27162

0.50003

-0.20089

0.49175

1.49908

-1.71303

-2.02734

-1.7122



H

H

-0.42626

0.11235

0.88137

0.33726

-0.84115

0.10477

-1.40175

-2.12192

-1.00963

-1.93005

-2.4412

1.27755

1.00477

2.26793

1.32491

Hexamethyldisilathiane PBEO Acetonitrile

Si
S

Si

1.7627

0

-1.7627

-3.16268

-4.10799

-2.9958

-3.24089

-2.0819

-3.01201

-2.18097

-1.27529

-1.58438

-2.52986

-0.80284

-1.36151

3.16268

3.24089

4.10799

2.9958

2.0819

1.27529

3.01201

2.18097

-0.03079

1.27375

-0.03079

1.11598

0.57074

1.49358

1.96324

-0.68813

-1.26026

0.13866

-1.33732

-1.44763

-1.99261

-2.14707

-1.06923

1.11598

1.96324

0.57074

1.49358

-0.68813

-1.33732

-1.26026

0.13866

-0.00185

0

0.00185

0.52465

0.50816

1.53334

-0.15698

-1.73477

-1.7381

-2.43827

-2.07205

1.23037

1.26918

0.9359

2.22768

-0.52465

0.15698

-0.50816

-1.53334

1.73477

2.07205

1.7381

2.43827



H

H

Hexamethyldisilathiane

Si

S

Si

1.58438

0.80284

1.36151

2.52986

0

0

0

0.52429

0.50861

1.5294

-0.15258

-1.73116

-1.74324

-2.43565

-2.05902

1.21893

1.27263

0.91274

2.21024

-0.52429

0.15258

-0.50861

-1.5294

1.73116

2.05902

1.74324

2.43565

-1.21893

-1.44763

-2.14707

-1.06923

-1.99261

-1.23037

-0.9359

-2.22768

-1.26918

MP2 Acetonitrile

1.74964

0

-1.74964

-3.16656

-4.09913

-3.00566

-3.26

-2.04285

-2.96121

-2.1469

-1.22625

-1.53416

-2.47035

-0.7539

-1.29957

3.16656

3.26

4.09913

3.00566

2.04285

1.22625

2.96121

2.1469

1.53416

-0.02849

1.30273

-0.02849

1.08301

0.52362

1.46159

1.92764

-0.69084

-1.27463

0.12962

-1.32537

-1.4392

-1.9919

-2.12873

-1.06265

1.08301

1.92764

0.52362

1.46159

-0.69084

-1.32537

-1.27463

0.12962

-1.4392



H

H

H

-0.91274

-2.21024

-1.27263

0.7539

1.29957

2.47035

-2.12873

-1.06265

-1.9919

Hexamethyldisiloxane B3LYP Acetonitrile

Si

o

Si

0

0

0

0.53873

0.5429

1.54234

-0.14205

-1.74407

-1.77132

-2.45151

-2.07398

1.20479

1.23904

0.90268

2.21112

-0.53873

0.14205

-0.5429

-1.54234

1.74407

2.07398

1.77132

2.45151

-1.20479

-0.90268

1.57652

0 0.69629

-1.57652

-2.68739

-3.73248

-2.42606

-2.58488

-2.02849

-3.06463

-1.92151

-1.39316

-1.72577

-2.76138

-1.10553

-1.4337

2.68739

2.58488

3.73248

2.42606

2.02849

1.39316

3.06463

1.92151

1.72577

1.10553

0.06905

0.06905

1.49023

1.17957

1.82526

2.3352

-0.49127

-0.83108

0.33105

-1.31247

-1.37642

-1.71743

-2.21989

-1.07732

1.49023

2.3352

1.17957

1.82526

-0.49127

-1.31247

-0.83108

0.33105

-1.37642

-2.21989



H

H

Hexamethyldisiloxane PBEO Acetonitrile

Si

o

Si

-2.21112

-1.23904

-1.55367

0

1.55367

2.70372

3.73796

2.44638

2.63006

1.99505

3.02369

1.91092

1.33938

1.64677

2.67078

0.99503

1.36623

-2.70372

-2.63006

-3.73796

-2.44638

-1.99505

-1.33938

-3.02369

-1.91091

-1.64678

-0.99503

-1.36623

1.4337

2.76138

-0.00189

-1E-5

0.00189

0.55559

0.56096

1.56141

-0.12151

-1.73938

-1.76122

-2.44088

-2.07426

1.19305

1.22169

0.88289

2.2018

-0.55563

0.12146

-0.56098

-1.56145

1.7394

2.07429

1.76124

2.44088

-1.19302

-0.88284

-2.20178

-1.07732

-1.71743

0.07612

0.75542

0.07612

1.45295

1.10547

1.78688

2.30486

-0.48471

-0.84946

0.34637

-1.28881

-1.37913

-1.75651

-2.19676

-1.07408

1.45294

2.30487

1.10546

1.78684

-0.48467

-1.28876

-0.84942

0.34642

-1.37916

-2.19678

-1.07413



H

-2.67078

-1.22165

Hexamethyldisiloxane MP2 Acetonitrile

Si
0]

Si

0

0

0

0.55611

0.56604

1.55643

-0.11912

-1.73732

-1.76613

-2.43875

-2.06379

1.18155

1.21812

0.86143

2.18594

-0.55611

0.11912

-0.56604

-1.55643

1.73732

2.06379

1.76613

2.43875

-1.18155

-0.86143

-2.18594

-1.21812

1.54582

0 0.78285

-1.54582

-2.71771

-3.74189

-2.46226

-2.6616

-1.9695

-2.98843

-1.8932

-1.30005

-1.59857

-2.60945

-0.93287

-1.31533

2.71771

2.6616

3.74189

2.46226

1.9695

1.30005

2.98843

1.8932

1.59857

0.93287

1.31533

2.60945

-1.75653

0.08332

0.08332

1.43236

1.06806

1.77082

2.28191

-0.48748

-0.86731

0.33928

-1.27809

-1.37635

-1.77695

-2.17358

-1.07321

1.43236

2.28191

1.06806

1.77082

-0.48748

-1.27809

-0.86731

0.33928

-1.37635

-2.17358

-1.07321

-1.77695



Hexamethyldisilathiane B3LYP Methanol

Si 0 0 0

S 1.7627 1.30454 -0.00185
Si 3.5254 0 -0.00369
C 4.92537 1.14676 -0.5265

H 5.8707 0.60155 -0.50994
H 4.75853 1.52431 -1.53522
H 5.00354 1.99407 0.15508
C 3.8446 -0.65733 1.73292
H 4.7747 -1.22948 1.73625
H 3.9437 0.16946 2.43642
H 3.03799 -1.30651 2.07022
C 3.34708 -1.41684 -1.23221
H 4.29255 -1.96182 -1.27103
H 2.56553 -2.11628 -0.93775
H 3.1242 -1.03844 -2.22953
C -1.39998 1.14676 0.52281
H -1.47814 1.99407 -0.15878
H -2.3453 0.60155 0.50625
H -1.23314 1.52431 1.53153
C -0.31921 -0.65733 -1.73662
H 0.48741 -1.30651 -2.07392
H -1.2493 -1.22947 -1.73994
H -0.4183 0.16946 -2.44011
C 0.17832 -1.41684 1.22852
H 0.95987 -2.11628 0.93405
H 0.4012 -1.03844 2.22583
H -0.76715 -1.96183 1.26734

Hexamethyldisilathiane PBEO Methanol



Si

Si

H

H

Hexamethyldisilathiane MP2 Methanol

Si

1.76259

0

-1.76259

-3.16267

-4.10798

-2.99579

-3.24091

-2.08185

-3.01194

-2.18092

-1.27523

-1.58432

-2.52978

-0.80277

-1.36145

3.16267

3.24091

4.10798

2.99579

2.08185

1.27523

3.01194

2.18092

1.58432

0.80277

1.36145

2.52978

0

-0.03075

1.27381

-0.03075

1.11591

0.57066

1.49355

1.96317

-0.68818

-1.26033

0.13858

-1.33736

-1.44763

-1.99263

-2.14707

-1.06923

1.11591

1.96317

0.57066

1.49355

-0.68818

-1.33736

-1.26033

0.13858

-1.44763

-2.14707

-1.06923

-1.99263

1.74953

-0.00184

0

0.00184

0.52463

0.50815

1.5333

-0.157

-1.73474

-1.73807

-2.43826

-2.07204

1.23036

1.26919

0.93592

2.22767

-0.52463

0.157

-0.50815

-1.5333

1.73474

2.07204

1.73807

2.43826

-1.23036

-0.93592

-2.22767

-1.26919

-0.02844



H

H

Hexamethyldisiloxane B3LYP Methanol

Si

o

0

0

0.52425

0.50858

1.52935

-0.15262

-1.73111

-1.74316

-2.43567

-2.05895

1.21893

1.27263

0.91277

2.21024

-0.52425

0.15262

-0.50858

-1.52935

1.73111

2.05895

1.74316

2.43567

-1.21893

-0.91277

-2.21024

-1.27263

0

0

0

-1.74953

-3.16656

-4.09911

-3.00568

-3.26003

-2.04282

-2.96121

-2.14682

-1.22626

-1.5341

-2.47027

-0.75381

-1.29953

3.16656

3.26003

4.09911

3.00568

2.04282

1.22626

2.96121

2.14682

1.5341

0.75381

1.29953

2.47027

1.57652

0

1.3028

-0.02844

1.08295

0.52354

1.46159

1.92757

-0.69093

-1.27469

0.12947

-1.32551

-1.43918

-1.99192

-2.1287

-1.06264

1.08295

1.92757

0.52354

1.46159

-0.69093

-1.32551

-1.27469

0.12947

-1.43918

-2.1287

-1.06264

-1.99192

0.06906

0.69615



Si

H

H

Hexamethyldisiloxane PBEOQ Methanol

Si

o

Si

0

0.53919

0.54332

1.54287

-0.14135

-1.74416

-1.77147

-2.45141

-2.07433

1.20444

1.23869

0.9021

2.21082

-0.53919

0.14135

-0.54332

-1.54287

1.74416

2.07433

1.77147

2.45141

-1.20444

-0.9021

-2.21082

-1.23869

-1.55367

0

1.55367

-1.57652

-2.6873

-3.73242

-2.42588

-2.58473

-2.02868

-3.06483

-1.92168

-1.3934

-1.72577

-2.76138

-1.10558

-1.43362

2.6873

2.58473

3.73242

2.42588

2.02868

1.3934

3.06483

1.92168

1.72577

1.10558

1.43362

2.76138

-0.00189

-1E-5

0.00189

0.06906

1.49014

1.17958

1.82488

2.33529

-0.49084

-0.8306

0.33164

-1.31198

-1.37672

-1.71773

-2.22015

-1.07789

1.49014

2.33529

1.17958

1.82488

-0.49084

-1.31198

-0.8306

0.33164

-1.37672

-2.22015

-1.07789

-1.71773

0.07614

0.7553

0.07614



H

H

Hexamethyldisiloxane MP2 Methanol

Si

o

Si

2.70365

3.73793

2.44625

2.6299

1.99518

3.02385

1.91098

1.33958

1.64679

2.67079

0.99507

1.36619

-2.70365

-2.62989

-3.73793

-2.44625

-1.99518

-1.33958

-3.02384

-1.91097

-1.64679

-0.99507

-1.36619

-2.67079

-1.54579

0

1.54579

2.71671

0.55584

0.56116

1.56169

-0.12111

-1.73943

-1.76132

-2.44082

-2.07443

1.19285

1.22151

0.88257

2.20163

-0.55587

0.12106

-0.56118

-1.56173

1.73944

2.07446

1.76134

2.44082

-1.19282

-0.88253

-2.20161

-1.22147

-0.00289

-1E-5

0.00289

0.56093

1.45291

1.10554

1.78666

2.30494

-0.48449

-0.84916

0.34667

-1.28858

-1.3793

-1.75669

-2.1969

-1.07439

1.4529

2.30494

1.10553

1.78663

-0.48445

-1.28854

-0.84912

0.34672

-1.37933

-2.19692

-1.07444

-1.75672

0.08335

0.7828

0.08335

1.43243



H 3.74089 0.57271 1.06818
H 2.45948 1.56074 1.77102
H 2.66175 -0.11449 2.2819
C 1.97265 -1.73357 -0.48775
H 2.99162 -1.76054 -0.86759
H 1.8976 -2.43525 0.33892
H 1.30378 -2.06115 -1.27838
C 1.5964 1.18474 -1.37619
H 2.60717 1.22327 -1.77685
H 0.93125 0.86354 -2.17345
H 1.3113 2.18856 -1.07289
C -2.71671 -0.56097 1.43242
H -2.66175 0.11443 2.28191
H -3.74089 -0.57274 1.06817
H -2.45948 -1.56078 1.77098
C -1.97265 1.73358 -0.48771
H -1.30378 2.06118 -1.27833
H -2.99162 1.76056 -0.86755
H -1.8976 2.43524 0.33897
C -1.5964 -1.18471 -1.37621
H -0.93125 -0.86349 -2.17347
H -1.3113 -2.18854 -1.07294
H -2.60717 -1.22323 -1.77687
Hydrogen Sulfide B3LYP Gas Phase

S 0 0 0.10311

H 0 0.96847 -0.82492

H 0 -0.96847 -0.82492
Hydrogen Sulfide PBEO Gas Phase

S 0 0 0.1033



H 0 0.96595 -0.82643
H 0 -0.96595 -0.82643

Hydrogen Sulfide MP2 Gas Phase

S 0 0 0.10258
H 0 0.95842 -0.82066
H 0 -0.95842 -0.82066

Water B3LYP Gas Phase

0] 0 0 0.11681
H 0 0.76299 -0.46723
H 0 -0.76299 -0.46723

Water PBEO Gas Phase

0] 0 0 0.11672
H 0 0.75928 -0.4669
H 0 -0.75928 -0.4669

Water MP2 Gas Phase

0] 0 0 0.11762
H 0 0.75636 -0.47048
H 0 -0.75636 -0.47048

Hydrogen Sulfide B3LYP Acetonitrile

S 0 0 0.10268
H 0 0.97233 -0.82146
H 0 -0.97233 -0.82146

Hydrogen Sulfide PBEO Acetonitrile

S 0 0 0.10288
H 0 0.97009 -0.82304
H 0 -0.97009 -0.82304

Hydrogen Sulfide MP2 Acetonitrile
S 0 0 0.10214

H 0 0.96263 -0.81716



H 0 -0.96263 -0.81716

Water B3LYP Acetonitrile

0] 0 0 0.11765
H 0 0.76179 -0.47058
H 0 -0.76179 -0.47058

Water PBEO Acetonitrile

0] 0 0 0.11757
H 0 0.75811 -0.47026
H 0 -0.75811 -0.47026

Water MP2 Acetonitrile

0] 0 0 0.11838
H 0 0.75563 -0.4735
H 0 -0.75563 -0.4735

Hydrogen Sulfide B3LYP Methanol

S 0 0 0.10268
H 0 0.97231 -0.82148
H 0 -0.97231 -0.82148

Hydrogen Sulfide PBEO Methanol

S 0 0 0.10288
H 0 0.97007 -0.82305
H 0 -0.97007 -0.82305

Hydrogen Sulfide MP2 Methanol

S 0 0 0.10215
H 0 0.96261 -0.81717
H 0 -0.96261 -0.81717

Water B3LYP Methanol

0 0 0 0.11764

H 0 0.7618 -0.47057

H 0 -0.7618 -0.47057



Water PBEO Methanol

o 0 0
H 0 0.75812
H 0 -0.75812

Water MP2 Methanol

o 0 0
H 0 0.75564
H 0 -0.75564

Characterization:

4,000.00 3,500.00

0.11756
-0.47025

-0.47025

0.11837
-0.47348

-0.47348

IR Spectrum of [Et,N],Mo0O,

3,000.00 2,500.00

$100.00

$80.00

$60.00

%T

$40.00

$20.00

$0.00
2,000.00 1,500.00 1,000.00 500.00

Wavenumbers (cm?)



HMoO4" ESI-MS
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14 NMR (300 MHz, Acetonitrile-ds) & 3.07 (q, J = 7.3 Hz, 8H), 1.07 (tt, J = 7.2, 1.9, 1.8 Hz, 12H).

Formation of MoO,S, > in the presence of a base

14000
12000
10000
8000 Mo03S_2
Mo02S2
6000
MoS4
4000
2000 '\
0 <
200 300 400 500 600 700 800
Addition of TMS-S without Base
X=0.5
X=1.0
— X=1.5
=)
< X=2.0
c
i) —X=2.5
-
o
o —X=3
w
el
< —X=3.5
—_—X=4
—X=4.5
—X=4.5+12 h

-0.1 200 250 300 350 400 450 500 550 600
Wavelength (nm)

Structure Determination Summary



Crystal Data and Structure Refinement for [PhsPNPPh3][MoO3(OPh2'Bu)]

Tulane
University Partial Atom Labeling for

[Ph;PNPPh][MoO(OSiPh,'Bu)]

@ The thermal ellipsoid plotis drawn at the 50% level. All H atoms are omitted for clarity.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume
z
Density (calculated)

Absorption coefficient
F(000)

Crystal size

0 range for data collection
Index ranges

Reflections collected
Independent reflections

JPD1290 Om_4 a
CsoH4sMOoONO4P,Si
937.89

150(2)K

0.71073 A
Monoclinic

P2;

a = 9.8005(5)A o =90°
b = 18.4905(10)A S =103.327(2)°
¢ =12.9652(7)A y =90°

2286.2(2)A3
2
1.362 g/cm?®

0.429 mm-1

972

0.516 x 0.286 x 0.111 mm?
2.203 to 33.037°

14<h<14,0<k<27,0<1<19

8303
8303 [R(int)= 0.4856]

@

@



Completeness to 6 = 25.242°
Absorption correction
Refinement method

Data / restraints / parameters
Goodness-of-fit on F?

Final R indices [I>20(])]

R indices (all data)

Absolute structure parameter
Extinction coefficient
Largest diff. peak and hole

99.4 %

Semi-empirical from equivalents
Full-matrix least-squares on F2
8303/1/554

1.055

R1 =0.0260, wR2 = 0.0656
R1=0.0286, wR2 = 0.0674
0.49(4)

n/a

0.358 and -0.755 e-A



Table S1. Atomic coordinates (x 10*)and equivalent isotropic displacement parameters (A2 x 10°)
for [PhsPNPPh3][MoO3(OPh,'Bu)]. U(eq)is defined as one third of the trace of the orthogonalized
UY tensor.

Atom X y z U(eq)
Mo(1) 5190(1) 5543(1) 10315(1) 22(1)
P(1) 2138(1) 3214(1) 4210(1) 17(1)
P(2) 3813(1) 4082(1) 5974(1) 18(1)
Si(1) 1782(1) 6186(1) 9891(1) 19(1)
o(1) 3287(2) 5832(1) 9830(1) 28(1)
0(2) 5652(3) 4977(2) 9388(2) 62(1)
0(3) 5426(2) 5099(1) 11516(2) 46(1)
0(4) 6238(2) 6300(1) 10461(2) 52(1)
N(1) 3002(2) 3873(1) 4810(1) 23(1)
c() 1305(3) 5898(1) 11164(2) 33(1)
c) 55(4) 6251(2) 11295(3) 54(1)
cE) 1175(4) 5069(2) 11189(3) 47(1)
c() 2515(4) 6134(2) 12091(2) 56(1)
c5) 1926(2) 7195(1) 9839(2) 20(1)
C(6) 3219(2) 7556(1) 10091(2) 22(1)
c(7) 3284(2) 8310(1) 10046(2) 25(1)
() 2060(2) 8715(1) 9751(2) 26(1)
c(9) 768(2) 8367(1) 9504(2) 26(1)
C(10) 707(2) 7614(1) 9545(2) 22(1)
c(11) 464(2) 5902(1) 8661(2) 23(1)
c(12) 819(3) 6026(1) 7693(2) 32(1)
c(13) -68(4) 5833(2) 6734(2) 54(1)
C(14) -1338(4) 5519(2) 6705(3) 64(1)
C(15) -1732(3) 5398(2) 7634(4) 62(1)
C(16) 851(2) 5584(2) 8612(2) 37(1)
c(17) 319(2) 3466(1) 3787(2) 21(1)
c(18) 647(2) 3008(1) 3147(2) 28(1)
C(19) -2026(2) 3244(2) 2770(2) 35(1)
C(20) -2434(3) 3927(2) 3029(2) 44(1)
c(21) -1475(3) 4370(2) 3681(3) 47(1)
C(22) -94(2) 4147(1) 4070(2) 36(1)
c(23) 2771(2) 3016(1) 3044(1) 18(1)
C(24) 2553(2) 2344(1) 2553(2) 22(1)
C(25) 3008(2) 2215(1) 1630(2) 24(1)
C(26) 3684(2) 2760(1) 1204(2) 27(1)
c(27) 3907(2) 3433(1) 1689(2) 28(1)
C(28) 3447(2) 3565(1) 2608(2) 24(1)
C(29) 2255(2) 2399(1) 4987(1) 21(1)

C(30) 3525(2) 2024(1) 5228(2) 29(1)



Table S1. Atomic coordinates (x 10*)and equivalent isotropic displacement parameters (A2 x 10°)
for [PhsPNPPh3][MoO3(OPh,'Bu)]. U(eq)is defined as one third of the trace of the orthogonalized
UY tensor.

Atom X y z U(eq)
C(31) 3721(3) 1465(1) 5064(2) 38(1)
c(32) 2663(4) 1280(1) 6464(2) 43(1)
C(33) 1379(3) 1632(2) 6189(2) 41(1)
C(34) 1169(3) 2199(1) 5459(2) 30(1)
C(35) 5592(2) 3750(1) 6250(2) 21(1)
C(36) 6153(2) 3525(1) 5409(2) 27(1)
c(37) 7517(2) 3246(2) 5602(2) 32(1)
C(38) 8294(2) 3186(2) 6630(2) 31(1)
C(39) 7747(2) 3419(2) 7479(2) 31(1)
C(40) 6404(2) 3705(1) 7288(2) 25(1)
C(41) 3053(2) 3768(1) 7035(1) 20(1)
C(42) 3404(2) 3002(1) 7501(2) 23(1)
C(43) 2760(2) 2843(1) 8285(2) 26(1)
C(44) 1787(2) 3276(1) 8615(2) 30(1)
C(45) 1429(2) 3949(1) 8155(2) 34(1)
C(46) 2051(2) 4194(1) 7359(2) 28(1)
C(47) 3813(2) 5056(1) 6037(2) 21(1)
C(48) 3252(3) 5463(1) 5137(2) 30(1)
C(49) 3209(3) 6215(1) 5214(2) 38(1)
C(50) 3710(3) 6555(1) 6176(2) 36(1)
c(51) 4270(2) 6150(1) 7073(2) 32(1)

C(52) 4327(2) 5400(1) 7009(2) 26(1)



Table S2. Bond lengths (A) for [PhsPNPPhs][MoO3(OPh,'Bu)]. Symmetry transformations used
to generate equivalent atoms.

Mo(1)-0(3) 1.7272(19) C(13)-C(14) 1.367(6)
Mo(1)-0(2) 1.730(2) C(13)-H(13) 0.9500
Mo(1)-O(4) 1.721(2) C(14)-C(15) 1.365(6)
Mo(1)-O(1) 1.9029(15) C(14)-H(14) 0.9500
P(1)-N(1) 1.5819(18) C(15)-C(16) 1.403(4)
P(1)-C(23) 1.7990(18) C(15)-H(15) 0.9500
P(1)-C(29) 1.8014(19) C(16)-H(16) 0.9500
P(1)-C(17) 1.8014(19) C(17)-C(18) 1.393(3)
P(2)-N(1) 1.5833(17) C(17)-C(22) 1.398(3)
P(2)-C(41) 1.8038(19) C(18)-C(19) 1.397(3)
P(2)-C(35) 1.8047(19) C(18)-H(18) 0.9500
P(2)-C(47) 1.803(2) C(19)-C(20) 1.389(5)
Si(1)-0(1) 1.6322(16) C(19)-H(19) 0.9500
Si(1)-C(5) 1.8738(19) C(20)-C(21) 1.379(5)
Si(1)-C(11) 1.881(2) C(20)-H(20) 0.9500
Si(1)-C(1) 1.892(2) C(21)-C(22) 1.393(3)
C(1)-C(2) 1.528(4) C(21)-H(21) 0.9500
C(1)-C(3) 1.539(4) C(22)-H(22) 0.9500
C(1)-C(4) 1.544(4) C(23)-C(24) 1.391(3)
C(2)-H(2A) 0.9800 C(23)-C(28) 1.400(3)
C(2)-H(2B) 0.9800 C(24)-C(25) 1.391(3)
C(2)-H(2C) 0.9800 C(24)-H(24) 0.9500
C(3)-H(3A) 0.9800 C(25)-C(26) 1.388(3)
C(3)-H(3B) 0.9800 C(25)-H(25) 0.9500
C(3)-H(3C) 0.9800 C(26)-C(27) 1.390(3)
C(4)-H(4A) 0.9800 C(26)-H(26) 0.9500
C(4)-H(4B) 0.9800 C(27)-C(28) 1.390(3)
C(4)-H(4C) 0.9800 C(27)-H(27) 0.9500
C(5)-C(10) 1.401(3) C(28)-H(28) 0.9500
C(5)-C(6) 1.403(3) C(29)-C(34) 1.394(3)
C(6)-C(7) 1.398(3) C(29)-C(30) 1.396(3)
C(6)-H(6) 0.9500 C(30)-C(31) 1.390(3)
C(7)-C(8) 1.390(3) C(30)-H(30) 0.9500
C(7)-H(7) 0.9500 C(31)-C(32) 1.387(4)
C(8)-C(9) 1.390(3) C(31)-H(31) 0.9500
C(8)-H(8) 0.9500 C(32)-C(33) 1.389(5)
C(9)-C(10) 1.395(3) C(32)-H(32) 0.9500
C(9)-H(9) 0.9500 C(33)-C(34) 1.396(3)
C(10)-H(10) 0.9500 C(33)-H(33) 0.9500
C(11)-C(12) 1.396(3) C(34)-H(34) 0.9500
C(11)-C(16) 1.404(3) C(35)-C(36) 1.393(3)
C(12)-C(13) 1.390(4) C(35)-C(40) 1.399(3)

C(12)-H(12) 0.9500 C(36)-C(37) 1.400(3)



Table S2. Bond lengths (A) for [PhsPNPPhs][MoO3(OPh,'Bu)]. Symmetry transformations used
to generate equivalent atoms.

C(36)-H(36) 0.9500
C(37)-C(38) 1.378(3)
C(37)-H(37) 0.9500
C(38)-C(39) 1.399(3)
C(38)-H(38) 0.9500
C(39)-C(40) 1.387(3)
C(39)-H(39) 0.9500
C(40)-H(40) 0.9500
C(41)-C(42) 1.398(3)
C(41)-C(46) 1.398(3)
C(42)-C(43) 1.393(3)
C(42)-H(42) 0.9500
C(43)-C(44) 1.386(3)
C(43)-H(43) 0.9500
C(44)-C(45) 1.389(4)
C(44)-H(44) 0.9500
C(45)-C(46) 1.391(3)
C(45)-H(45) 0.9500
C(46)-H(46) 0.9500
C(47)-C(48) 1.391(3)
C(47)-C(52) 1.398(3)
C(48)-C(49) 1.396(3)
C(48)-H(48) 0.9500
C(49)-C(50) 1.382(4)
C(49)-H(49) 0.9500
C(50)-C(51) 1.386(4)
C(50)-H(50) 0.9500
C(51)-C(52) 1.390(3)
C(51)-H(51) 0.9500

C(52)-H(52) 0.9500



Table S3. Bond angles (deg.) for [PhsPNPPh3][MoO3(OPh,'Bu)]. Symmetry transformations used
to generate equivalent atoms.

0(3)-Mo(1)-0(2)
0(3)-Mo(1)-0(4)
0(2)-Mo(1)-0(4)
0(3)-Mo(1)-0(1)
0(2)-Mo(1)-0(1)
O(4)-Mo(1)-O(1)
N(1)-P(1)-C(23)
N(1)-P(1)-C(29)
C(23)-P(1)-C(29)
N(1)-P(1)-C(17)
C(23)-P(1)-C(17)
C(29)-P(1)-C(17)
N(1)-P(2)-C(41)
N(1)-P(2)-C(35)
C(41)-P(2)-C(35)
N(1)-P(2)-C(47)
C(41)-P(2)-C(47)
C(35)-P(2)-C(47)
O(1)-Si(1)-C(5)
O(1)-Si(1)-C(11)
C(5)-Si(1)-C(11)
O(1)-Si(1)-C(1)
C(5)-Si(1)-C(1)
C(11)-Si(1)-C(1)
Si(1)-0(1)-Mo(1)
P(2)-N(1)-P(1)
C(2)-C(1)-C(3)
C(2)-C(1)-C(4)
C(3)-C(1)-C(4)
C(2)-C(1)-Si(1)
C(3)-C(1)-Si(1)
C(4)-C(1)-Si(1)
C(1)-C(2)-H(2A)
C(1)-C(2)-H(2B)
H(2A)-C(2)-H(2B)
C(1)-C(2)-H(2C)
H(2A)-C(2)-H(2C)
H(2B)-C(2)-H(2C)
C(1)-C(3)-H(3A)
C(1)-C(3)-H(3B)
H(3A)-C(3)-H(3B)
C(1)-C(3)-H(3C)
H(3A)-C(3)-H(3C)

109.65(12)
109.60(12)
108.81(15)
110.44(9)
109.51(9)
108.81(9)
108.70(9)
114.31(9)
108.03(9)
109.31(10)
107.79(8)
108.51(9)
116.32(9)
110.85(9)
106.77(9)
106.36(9)
106.43(9)
109.95(9)
108.69(9)
107.38(9)
106.88(9)
109.71(11)
110.34(10)
113.67(12)
157.63(11)
138.66(12)
110.2(3)
109.0(3)
108.5(3)
111.92(19)
109.7(2)
107.5(2)
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5

H(3B)-C(3)-H(3C)
C(1)-C(4)-H(4A)
C(1)-C(4)-H(4B)
H(4A)-C(4)-H(4B)
C(1)-C(4)-H(4C)
H(4A)-C(4)-H(4C)
H(4B)-C(4)-H(4C)
C(10)-C(5)-C(6)
C(10)-C(5)-Si(1)
C(6)-C(5)-Si(1)
C(7)-C(6)-C(5)
C(7)-C(6)-H(6)
C(5)-C(6)-H(6)
C(8)-C(7)-C(6)
C(8)-C(7)-H(7)
C(6)-C(7)-H(7)
C(9)-C(8)-C(7)
C(9)-C(8)-H(8)
C(7)-C(8)-H(8)
C(8)-C(9)-C(10)
C(8)-C(9)-H(9)
C(10)-C(9)-H(9)
C(9)-C(10)-C(5)
C(9)-C(10)-H(10)
C(5)-C(10)-H(10)
C(12)-C(11)-C(16)
C(12)-C(11)-Si(1)
C(16)-C(11)-Si(1)
C(13)-C(12)-C(11)
C(13)-C(12)-H(12)
C(11)-C(12)-H(12)
C(14)-C(13)-C(12)
C(14)-C(13)-H(13)
C(12)-C(13)-H(13)
C(15)-C(14)-C(13)
C(15)-C(14)-H(14)
C(13)-C(14)-H(14)
C(14)-C(15)-C(16)
C(14)-C(15)-H(15)
C(16)-C(15)-H(15)
C(15)-C(16)-C(11)
C(15)-C(16)-H(16)
C(11)-C(16)-H(16)

109.5
109.5
109.5
109.5
109.5
109.5
109.5

117.89(18)

119.61(14)

122.50(15)

120.82(19)
119.6
119.6

120.24(19)
119.9
119.9

119.80(19)
120.1
120.1

119.83(19)
120.1
120.1

121.41(19)
119.3
119.3

116.4(2)
116.82(16)
126.81(18)

121.9(3)

119.1
119.1
120.8(3)
119.6
119.6
119.1(2)
120.4
120.4
121.1(3)
119.4
119.4
120.7(3)
119.6
119.6



Table S3. Bond angles (deg.) for [PhsPNPPhs][MoO3(OPh,'Bu)]. Symmetry transformations used
to generate equivalent atoms.

C(18)-C(17)-C(22)
C(18)-C(17)-P(2)

C(22)-C(17)-P(2)

C(17)-C(18)-C(19)
C(17)-C(18)-H(18)
C(19)-C(18)-H(18)
C(20)-C(19)-C(18)
C(20)-C(19)-H(19)
C(18)-C(19)-H(19)
C(21)-C(20)-C(19)
C(21)-C(20)-H(20)
C(19)-C(20)-H(20)
C(20)-C(21)-C(22)
C(20)-C(21)-H(21)
C(22)-C(21)-H(21)
C(21)-C(22)-C(17)
C(21)-C(22)-H(22)
C(17)-C(22)-H(22)
C(24)-C(23)-C(28)
C(24)-C(23)-P(1)

C(28)-C(23)-P(2)

C(25)-C(24)-C(23)
C(25)-C(24)-H(24)
C(23)-C(24)-H(24)
C(26)-C(25)-C(24)
C(26)-C(25)-H(25)
C(24)-C(25)-H(25)
C(27)-C(26)-C(25)
C(27)-C(26)-H(26)
C(25)-C(26)-H(26)
C(26)-C(27)-C(28)
C(26)-C(27)-H(27)
C(28)-C(27)-H(27)
C(27)-C(28)-C(23)
C(27)-C(28)-H(28)
C(23)-C(28)-H(28)
C(34)-C(29)-C(30)
C(34)-C(29)-P(2)

C(30)-C(29)-P(1)

C(31)-C(30)-C(29)
C(31)-C(30)-H(30)
C(29)-C(30)-H(30)
C(32)-C(31)-C(30)

120.44(19)
120.88(16)
118.61(16)
119.2(2)
120.4
120.4
120.6(2)
119.7
119.7
119.7(2)
120.2
120.2
120.9(3)
1195
1195
119.2(2)
120.4
120.4
120.01(17)
121.34(14)
118.60(15)
120.04(18)
120.0
120.0
119.7(2)
120.1
120.1
120.63(19)
119.7
119.7
119.8(2)
120.1
120.1
119.79(19)
120.1
120.1
120.05(19)
120.70(16)
118.69(16)
119.9(2)
120.0
120.0
120.3(2)

C(32)-C(31)-H(31)
C(30)-C(31)-H(31)
C(31)-C(32)-C(33)
C(31)-C(32)-H(32)
C(33)-C(32)-H(32)
C(32)-C(33)-C(34)
C(32)-C(33)-H(33)
C(34)-C(33)-H(33)
C(29)-C(34)-C(33)
C(29)-C(34)-H(34)
C(33)-C(34)-H(34)
C(36)-C(35)-C(40)
C(36)-C(35)-P(2)

C(40)-C(35)-P(2)

C(35)-C(36)-C(37)
C(35)-C(36)-H(36)
C(37)-C(36)-H(36)
C(38)-C(37)-C(36)
C(38)-C(37)-H(37)
C(36)-C(37)-H(37)
C(37)-C(38)-C(39)
C(37)-C(38)-H(38)
C(39)-C(38)-H(38)
C(40)-C(39)-C(38)
C(40)-C(39)-H(39)
C(38)-C(39)-H(39)
C(39)-C(40)-C(35)
C(39)-C(40)-H(40)
C(35)-C(40)-H(40)
C(42)-C(41)-C(46)
C(42)-C(41)-P(2)

C(46)-C(41)-P(2)

C(43)-C(42)-C(41)
C(43)-C(42)-H(42)
C(41)-C(42)-H(42)
C(44)-C(43)-C(42)
C(44)-C(43)-H(43)
C(42)-C(43)-H(43)
C(43)-C(44)-C(45)
C(43)-C(44)-H(44)
C(45)-C(44)-H(44)
C(44)-C(45)-C(46)
C(44)-C(45)-H(45)

119.9
119.9
119.7(2)
120.2
120.2
120.6(2)
119.7
119.7
119.3(2)
120.4
120.4
119.67(18)
118.94(15)
121.38(15)
120.20(19)
119.9
119.9
119.6(2)
120.2
120.2
120.6(2)
119.7
119.7
119.8(2)
120.1
120.1
120.04(18)
120.0
120.0
119.66(18)
120.95(14)
119.32(15)
120.21(18)
119.9
119.9
119.6(2)
120.2
120.2
120.59(19)
119.7
119.7
120.0(2)
120.0



Table S3. Bond angles (deg.) for [PhsPNPPhs][MoO3(OPh,'Bu)]. Symmetry transformations used
to generate equivalent atoms.

C(46)-C(45)-H(45)
C(45)-C(46)-C(41)
C(45)-C(46)-H(46)
C(41)-C(46)-H(46)
C(48)-C(47)-C(52)
C(48)-C(47)-P(2)

C(52)-C(47)-P(2)

C(47)-C(48)-C(49)
C(47)-C(48)-H(48)
C(49)-C(48)-H(48)
C(50)-C(49)-C(48)
C(50)-C(49)-H(49)
C(48)-C(49)-H(49)
C(49)-C(50)-C(51)
C(49)-C(50)-H(50)
C(51)-C(50)-H(50)
C(50)-C(51)-C(52)
C(50)-C(51)-H(51)
C(52)-C(51)-H(51)
C(51)-C(52)-C(47)
C(51)-C(52)-H(52)
C(47)-C(52)-H(52)

120.0
119.9(2)
120.1
120.1
120.08(19)
120.42(16)
119.45(15)
119.4(2)
120.3
120.3
120.5(2)
119.8
119.8
120.1(2)
120.0
120.0
120.2(2)
119.9
119.9
119.7(2)
120.1
120.1



Table S4. Anisotropic displacement parameters (A% x 10%) for [PhsPNPPhs][MoO3(OPh2'Bu)].
The anisotropic displacement factor exponent takes the form: -2n?[h?a*2U + ... + 2hka*b*U*?].

Atom Ull U22 U33 U23 U13 U12
Mo(l) 21(1) 19(1) 24(1) 1(1) 0(1) 4(2)
PL)  17(1) 18(1) 16(1) 1(1) 3(1) 1(1)
PQ)  19(1) 18(1) 16(1) 0(1) 4(2) 0(1)
Si(l)  21(1) 15(1) 21(1) 1(1) 4(1) 1(1)
o)  21(1) 27(1) 33(1) 0(1) 0(1) 6(1)
0@2)  66(1) 72(2) 39(1) -15(1) -4(1) 48(1)
0@3)  41(1) 50(1) 43(1) 25(1) 2(1) 9(1)
0@)  31(1) 35(1) 87(2) 8(1) 5(1) -8(1)
N()  27(1) 21(1) 19(1) 0(1) 2(1) -1(1)
C(l) 53(2) 24(1) 26(1) 4(1) 16(1) 3(1)
c@R) 7702 46(2) 54(2) 5(1) 46(2) 12(2)
c@) 7202 28(1) 45(2) 14(1) 24(1) 3(1)
Cc)  97(3) 45(2) 22(1) 0(1) 3(1) 2(2)
C(5)  23(1) 17(1) 20(1) 1(1) 4(1) “1(1)
c®6)  21(1) 23(1) 22(1) 0(1) 5(1) 0(1)
c(7)  28(1) 24(1) 25(1) -4(1) 10(1) 7(1)
Cc@B)  38(1) 17(1) 26(1) 0(1) 12(1) -1(1)
c(O)  30(1) 20(1) 27(1) 1(1) 6(1) 5(1)
C(10) 21(1) 20(1) 25(1) 1(1) 3(1) 0(1)
C(11)  19(1) 16(1) 31(1) -4(1) 2(1) 3(1)
C(12) 35(1) 33(1) 27(1) -4(1) 3(1) 12(1)
c(13) 71(2) 50(2) 30(1) -11(1) -9(1) 32(2)
C(14) 63(2) 43(1) 62(2) -27(2) -37(2) 20(2)
c(15) 32(1) 29(1) 106(3) -13(2) -23(2) -1(1)
C(16) 22(1) 22(1) 64(2) 0(1) 4(2) -3(1)
C(17)  18(1) 25(1) 20(1) 3(1) 4(1) 4(1)
C(18) 22(1) 40(1) 22(1) -2(1) 4(2) 0(1)
C(19) 21(1) 61(2) 22(1) 3(1) 0(1) “1(1)
C(20)  23(1) 60(2) 48(1) 24(1) 5(1) 11(1)
C(21)  34(1) 33(1) 74(2) 10(1) 14(1) 14(1)
C(22) 26(1) 26(1) 55(2) 0(1) 7(2) 6(1)
C(23) 18(1) 21(1) 17(1) 1(1) 4(1) 1(1)
C(24) 20(1) 22(1) 23(1) -2(1) 6(1) -1(1)
C(25) 22(1) 29(1) 22(1) -6(1) 4(1) 3(1)
Cc(26) 22(1) 42(1) 19(1) 0(1) 6(1) 4(1)
C(27)  30(1) 34(1) 24(1) 6(1) 10(1) -2(1)
C(28) 26(1) 23(1) 21(1) 3(1) 5(1) -2(1)
C(29) 26(1) 20(1) 18(1) 1(1) 4(1) 1(1)

C(30) 31(1) 26(1) 28(1) 4(1) 3(1) 7(2)
Table S4. Anisotropic displacement parameters (A% x 10%) for [PhsPNPPhs][MoOs(OPh2'Bu)].



The anisotropic displacement factor exponent takes the form: -2n?[h?a*?U + ... + 2hka*b*U*?].

Atom Ull U22 U33 U23 Ul3 U12
C(31) 51(2) 26(1) 32(1) 5(1) -3(1) 9(1)
C(32) 75(2) 25(1) 23(1) 7(1) 0(1) -8(1)
C(33) 57(2) 40(1) 26(1) 8(1) 10(1) -16(1)
C(34) 33(1) 32(1) 24(1) 4(2) 7(1) -5(1)
C(35) 19(1) 24(1) 20(1) 0(1) 4(1) 0(1)
C(36) 25(1) 37(1) 19(1) -1(1) 5(1) 2(1)
C(37) 25(1) 45(1) 29(1) -4(1) 9(1) 4(1)
C(38) 23(1) 39(1) 31(1) -3(1) 7(1) 6(1)
C(39) 24(1) 45(1) 21(1) -1(1) 3(1) 7(1)
C(40)  24(1) 33(1) 18(1) -1(1) 4(1) 2(1)
c(a1)  20(1) 21(1) 18(1) 0(1) 5(1) 0(1)
C(42) 28(1) 23(1) 19(1) 1(1) 8(1) 3(1)
c(43) 32(1) 28(1) 20(1) 4(1) 6(1) 1(1)
C(44) 30(1) 37(1) 26(1) 2(1) 13(1) -4(1)
C(45)  30(1) 36(1) 43(1) -1(1) 21(1) 4(1)
C(46) 25(1) 24(1) 36(1) 4(1) 12(1) 3(1)
c@a7)  23(1) 19(1) 22(1) -1(1) 7(1) 2(1)
C(48)  44(1) 22(1) 22(1) 2(1) 8(1) “1(1)
C(49) 58(2) 23(1) 35(1) 6(1) 15(1) 0(1)
C(50)  48(1) 20(1) 47(1) -4(1) 22(1) -8(1)
c(51)  31(1) 28(1) 38(1) -11(1) 13(1) -10(1)

C(52) 25(1) 26(1) 26(1) -5(1) 5(1) -4(1)



Table S5. Hydrogen coordinates (x 10 and isotropic displacement parameters (A% x 10%) for
[PhsPNPPh3][MoO3(OPh2'Bu)].

H atom X y z U(eq)
H(2A) -303 6061 11933 81
H(2B) -809 6143 10673 81
H(2C) 76 6776 11361 81
H(3A) 2054 4848 11111 70
H(3B) 407 4911 10607 70
H(3C) 981 4920 11867 70
H(4A) 2696 6651 12030 85
H(4B) 3362 5859 12068 85
H(4C) 2254 6040 12765 85
H(6) 4061 7285 10296 27
H(7) 4168 8547 10216 30
H(8) 2107 9227 9719 32
H(9) -71 8642 9309 31
H(10) -180 7381 9369 27
H(12) 1692 6249 7691 39
H(13) 213 5921 6091 65
H(14) -1940 5387 6047 77
H(15) -2618 5183 7617 75
H(16) -1146 5493 9248 45
H(18) -371 2540 2969 34
H(19) -2691 2935 2333 42
H(20) -3369 4088 2759 53
H(21) -1760 4834 3866 57
H(22) 559 4454 4522 43
H(24) 2092 1972 2849 26
H(25) 2857 1757 1293 29
H(26) 3997 2671 574 33
H(27) 4372 3803 1393 34
H(28) 3591 4026 2940 28
H(30) 4255 2151 4890 35
H(31) 4584 1208 6125 46
H(32) 2815 913 6992 51
H(33) 636 1486 6501 49
H(34) 296 2446 5285 36
H(36) 5609 3562 4703 32
H(37) 7904 3099 5028 39
H(38) 9210 2985 6763 37
H(39) 8294 3382 8184 37
H(40) 6035 3871 7862 30

H(42) 4085 2800 7283 28



Table S5. Hydrogen coordinates (x 10 and isotropic displacement parameters (A% x 10%) for
[PhsPNPPh3][MoO3(OPh2'Bu)].

H atom X y 4 U(eq)
H(43) 2985 2379 8592 32
H(44) 1362 3111 9160 36
H(45) 759 4242 8385 41
H(46) 1795 4651 7036 33
H(48) 2901 5231 4475 36
H(49) 2832 6496 4600 45
H(50) 3671 7067 6222 44
H(51) 4616 6385 7733 38
H(52) 4715 5123 7624 31
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The NMR of [Et4N][MoO3(0SiPh2'Bu)] is presented for comparison to the above newly reported
PPN[MoO3(0SiPh2'Bul)].

Structure Determination Summary

Crystal Data and Structure Refinement for [EtaN]2[M0Sa]



Tulane
University

Atom Labeling for [Et,N],[MoS,]

Thermal ellipsoids are presented at the 50% level. All H atoms are omitted for clarity. The methylene groups

S(5)

S(3)

S(1) C(16)

S(7)

@ two of the independent ElN* cations are disordered and refined as best fit distributions between the two sites.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

z

Density (calculated)
Absorption coefficient
F(000)

Crystal size

0 range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to 6 = 25.242°

JPD911_Om
C16Ha0MON2S4
484.68

150(2) K

0.71073 A
triclinic

P-1
a=12.9317(18) A
b = 13.6008(19) A
c=15.903(2) A
2372.4(6) A®

4

1.357 g/cm?®

0.906 mm™

1024

a = 110.9156(18)°
B =112.603(2)°
y = 91.066(2)°

0.423 x 0.294 x 0.260 mm?

1.509 to 30.177°

-18<h<18§,-18<k<18,-22<1<21

46625

13042 [R(int) = 0.0233]

99.7 %

Y



Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F?

Final R indices [[>206(])]

R indices (all data)
Extinction coefficient
Largest diff. peak and hole

None

0.80and 0.71

Full-matrix least-squares on F?
13042 /0/ 463

1.056

R1=0.0312, wR2 = 0.0910
R1=0.0371, wR2 = 0.0941
n/a

1.450 and -0.729 e- A3



Table S1. Atomic coordinates (x 10%) and equivalent isotropic displacement parameters (A?x 10%)
for [EtaN]2[M0S4]. U(eq) is defined as one third of the trace of the orthogonalized U" tensor.

Atom X y z U(eq)
Mo(1) 9081(1) 6496(1) 2782(1) 25(1)
Mo(2) 13641(1) 11365(1) 2447(1) 20(1)
S(1) 10596(1) 6270(1) 2484(1) 34(1)
S(2) 8589(1) 8012(1) 2706(1) 39(1)
S(3) 9473(1) 6611(1) 4282(1) 31(1)
S(4) 7709(1) 5135(1) 1715(1) 55(1)
S(5) 14241(1) 11717(2) 1456(1) 27(1)
S(6) 13197(1) 12805(1) 3291(1) 34(1)
S(7) 14991(1) 10853(1) 3455(1) 31(1)
S(8) 12130(1) 10100(1) 1562(1) 33(1)
N(1) 5121(1) 8005(1) 921(1) 22(1)
N(2) 12014(1) 10212(1) 4402(1) 22(1)
N(3) 7190(2) 14233(1) 4372(1) 22(1)
N(4) 9536(1) 7125(1) -432(1) 29(1)
C(@1) 6158(2) 8680(2) 1033(1) 23(1)
C(2) 6527(2) 9796(2) 1838(2) 30(1)
C(@3) 5434(2) 7789(2) 1856(2) 32(1)
C4) 4539(2) 7021(2) 1820(2) 44(1)
C(5) 4804(2) 6979(2) 7(2) 31(1)
C(6) 5686(2) 6270(2) 46(2) 50(1)
C(7) 4117(2) 8585(2) 797(1) 26(1)
C(8) 3700(2) 8866(2) -104(2) 33(1)
C(9) 11869(2) 9223(2) 3497(2) 31(1)
C(10) 12919(2) 8709(2) 3602(2) 41(1)
C(11) 12310(2) 9966(2) 5314(2) 29(1)
C(12) 11561(2) 8985(2) 5160(2) 34(1)
C(13) 12968(2) 11038(2) 4590(2) 33(1)
C(14) 13165(2) 12112(2) 5429(2) 37(1)
C(15) 10896(2) 10632(2) 4197(2) 31(1)
C(16) 10545(2) 11050(2) 3380(2) 44(1)
C(17A) 7685(2) 15411(2) 5041(2) 26(1)
C(17B) 8358(10) 14463(8) 5142(9) 26(1)
C(18) 8801(2) 15610(2) 5931(2) 34(1)
C(19A) 7195(2) 13569(2) 4954(2) 30(1)
C(19B) 6309(12) 14292(10) 4914(10) 30(1)
C(20) 6497(2) 13868(2) 5557(2) 46(1)
C(21A) 7959(2) 13838(2) 3827(2) 30(1)
C(21B) 6849(11) 13078(10) 3630(10) 30(1)
C(22) 7536(2) 12734(2) 3039(2) 41(1)

C(23A) 5991(2) 14146(2) 3650(2) 30(1)



Table S1. Atomic coordinates (x 10%) and equivalent isotropic displacement parameters (A?x 10%)
for [EtaN]2[M0S4]. U(eq) is defined as one third of the trace of the orthogonalized U" tensor.

Atom X y z U(eq)
C(23B) 6870(10) 15007(10) 3907(9) 30(1)
C(24) 5838(2) 14714(2) 2969(2) 46(1)
C(25A) 8717(2) 6161(2) -575(2) 41(1)
C(25B) 8392(9) 6765(8) -1254(8) 41(1)
C(26) 7582(2) 5893(2) -1382(2) 56(1)
C(27A) 9063(3) 8111(2) -271(2) 39(1)
C(27B) 9514(9) 7831(7) 588(8) 39(1)
C(28) 8791(3) 8577(3) 602(2) 74(1)
C(29A) 9711(3) 6790(3) -1383(2) 40(1)
C(29B) 10147(8) 8048(7) -611(6) 40(1)
C(30) 10525(3) 7593(3) -1381(2) 75(1)
C(31A) 10635(3) 7243(3) 451(2) 42(1)
C(31B) 10219(8) 6340(8) -325(8) 42(1)

C(32) 11355(3) 6447(3) 332(3) 82(1)



Table S2. Bond lengths (A) for [EtaN]o[Mo0S4]. Symmetry transformations used to generate
equivalent atoms:

Mo(1)-S(4) 2.1852(6) C(4)-H(4C) 0.9800
Mo(1)-S(3) 2.1845(6) C(5)-C(6) 1.504(3)
Mo(1)-S(1) 2.1894(6) C(5)-H(5A) 0.9900
Mo(1)-S(2) 2.2002(6) C(5)-H(5B) 0.9900
Mo(2)-S(6) 2.1738(5) C(6)-H(6A) 0.9800
Mo(2)-S(5) 2.1880(5) C(6)-H(6B) 0.9800
Mo(2)-S(7) 2.1891(5) C(6)-H(6C) 0.9800
Mo(2)-S(8) 2.1892(6) C(7)-C(8) 1.514(3)
N(1)-C(7) 1.516(2) C(7)-H(7A) 0.9900
N(1)-C(5) 1.517(2) C(7)-H(7B) 0.9900
N(1)-C(3) 1.521(2) C(8)-H(8A) 0.9800
N(1)-C(1) 1.526(2) C(8)-H(8B) 0.9800
N(2)-C(11) 1.512(2) C(8)-H(8C) 0.9800
N(2)-C(13) 1.517(2) C(9)-C(10) 1.518(3)
N(2)-C(9) 1.523(2) C(9)-H(9A) 0.9900
N(2)-C(15) 1.523(2) C(9)-H(9B) 0.9900
N(3)-C(23B) 1.470(13) C(10)-H(10A) 0.9800
N(3)-C(17B) 1.471(12) C(10)-H(10B) 0.9800
N(3)-C(19A) 1.506(3) C(10)-H(10C) 0.9800
N(3)-C(23A) 1.504(3) C(11)-C(12) 1.521(3)
N(3)-C(17A) 1.526(3) C(11)-H(11A) 0.9900
N(3)-C(21B) 1.519(12) C(11)-H(11B) 0.9900
N(3)-C(21A) 1.542(3) C(12)-H(12A) 0.9800
N(3)-C(19B) 1.660(14) C(12)-H(12B) 0.9800
N(4)-C(31B) 1.414(10) C(12)-H(12C) 0.9800
N(4)-C(27A) 1.465(3) C(13)-C(14) 1.520(3)
N(4)-C(25B) 1.472(10) C(13)-H(13A) 0.9900
N(4)-C(29A) 1.523(3) C(13)-H(13B) 0.9900
N(4)-C(31A) 1.521(3) C(14)-H(14A) 0.9800
N(4)-C(27B) 1.574(10) C(14)-H(14B) 0.9800
N(4)-C(25A) 1.563(3) C(14)-H(14C) 0.9800
N(4)-C(29B) 1.635(10) C(15)-C(16) 1.517(3)
C(1)-C(2) 1.512(3) C(15)-H(15A) 0.9900
C(1)-H(1A) 0.9900 C(15)-H(15B) 0.9900
C(1)-H(1B) 0.9900 C(16)-H(16A) 0.9800
C(2)-H(2A) 0.9800 C(16)-H(16B) 0.9800
C(2)-H(2B) 0.9800 C(16)-H(16C) 0.9800
C(2)-H(2C) 0.9800 C(17A)-C(18) 1.517(3)
C(3)-C(4) 1.514(3) C(17A)-H(17A) 0.9900
C(3)-H(3A) 0.9900 C(17A)-H(17B) 0.9900
C(3)-H(3B) 0.9900 C(17B)-C(18) 1.534(11)
C(4)-H(4A) 0.9800 C(17B)-H(17C) 0.9900

C(4)-H(4B) 0.9800 C(17B)-H(17D) 0.9900



Table S2. Bond lengths (A) for [EtaN]o[Mo0S4]. Symmetry transformations used to generate
equivalent atoms:

C(18)-H(18A)
C(18)-H(18B

)

C(18)-H(18C)
C(19A)-C(20)
C(19A)-H(19A)
C(19A)-H(19B)
C(19B)-C(20)
C(19B)-H(19C)
C(19B)-H(19D)
C(20)-H(20A)
C(20)-H(20B)
C(20)-H(20C)
C(21A)-C(22)
C(21A)-H(21A)
C(21A)-H(21B)
C(21B)-C(22)
C(21B)-H(21C)
C(21B)-H(21D)
C(22)-H(22A)
C(22)-H(22B)
C(22)-H(22C)
C(23A)-C(24)
C(23A)-H(23A)
C(23A)-H(23B)
C(23B)-C(24)
C(23B)-H(23C)
C(23B)-H(23D)
C(24)-H(24A)
C(24)-H(24B)
C(24)-H(24C)
C(25A)-C(26)
C(25A)-H(25A)
C(25A)-H(25B)
C(25B)-C(26)
C(25B)-H(25C)
C(25B)-H(25D)
C(26)-H(26A)
C(26)-H(26B)
C(26)-H(26C)
C(27A)-C(28)
C(27A)-H(27A)
C(27A)-H(27B)

0.9800

0.9800
0.9800
1.516(3)
0.9900
0.9900
1.293(13)
0.9900
0.9900
0.9800
0.9800
0.9800
1.491(3)
0.9900
0.9900
1.495(13)
0.9900
0.9900
0.9800
0.9800
0.9800
1.499(3)
0.9900
0.9900
1.481(12)
0.9900
0.9900
0.9800
0.9800
0.9800
1.460(4)
0.9900
0.9900
1.471(10)
0.9900
0.9900
0.9800
0.9800
0.9800
1.485(4)
0.9900
0.9900

C(27B)-C(28)
C(27B)-H(27C)
C(27B)-H(27D)
C(28)-H(28A)
C(28)-H(28B)
C(28)-H(28C)
C(29A)-C(30)
C(29A)-H(29A)
C(29A)-H(29B)
C(29B)-C(30)
C(29B)-H(29C)
C(29B)-H(29D)
C(30)-H(30A)
C(30)-H(30B)
C(30)-H(30C)
C(31A)-C(32)
C(31A)-H(31A)
C(31A)-H(31B)
C(31B)-C(32)
C(31B)-H(31C)
C(31B)-H(31D)
C(32)-H(32A)
C(32)-H(32B)
C(32)-H(32C)

1.393(10)
0.9900
0.9900
0.9800
0.9800
0.9800

1.502(4)
0.9900
0.9900

1.433(9)
0.9900
0.9900
0.9800
0.9800
0.9800

1.448(5)
0.9900
0.9900

1.404(9)
0.9900
0.9900
0.9800
0.9800
0.9800



Table S3. Bond angles (deg.) for [EtaN]2[M0Ss]. Symmetry transformations used to generate

equivalent atoms:

S(4)-Mo(1)-S(3)
S(4)-Mo(1)-S(1)
S(3)-Mo(1)-S(1)
S(4)-Mo(1)-S(2)
S(3)-Mo(1)-S(2)
S(1)-Mo(1)-S(2)
S(6)-Mo(2)-S(5)
S(6)-Mo(2)-S(7)
S(5)-Mo(2)-S(7)
S(6)-Mo(2)-S(8)
S(5)-Mo(2)-S(8)
S(7)-Mo(2)-S(8)
C(7)-N(1)-C(5)
C(7)-N(1)-C(3)
C(5)-N(1)-C(3)
C(7)-N(1)-C(1)
C(5)-N(1)-C(1)
C(3)-N(1)-C(1)
C(11)-N(2)-C(13)
C(11)-N(2)-C(9)
C(13)-N(2)-C(9)
C(11)-N(2)-C(15)
C(13)-N(2)-C(15)
C(9)-N(2)-C(15)
C(23B)-N(3)-C(17B)
C(19A)-N(3)-C(23A)
C(19A)-N(3)-C(17A)
C(23A)-N(3)-C(17A)
C(23B)-N(3)-C(21B)
C(17B)-N(3)-C(21B)
C(19A)-N(3)-C(21A)
C(23A)-N(3)-C(21A)
C(17A)-N(3)-C(21A)
C(23B)-N(3)-C(19B)
C(17B)-N(3)-C(19B)
C(21B)-N(3)-C(19B)
C(31B)-N(4)-C(25B)
C(27A)-N(4)-C(29A)
C(27A)-N(4)-C(31A)
C(29A)-N(4)-C(31A)
C(31B)-N(4)-C(27B)
C(25B)-N(4)-C(27B)
C(27A)-N(4)-C(25A)

109.42(3)
109.42(3)
109.60(2)
111.52(3)
107.54(2)
109.30(2)
108.67(2)
109.93(2)
109.46(2)
109.37(2)
109.15(2)
110.22(2)
109.15(14)
108.49(15)
111.94(16)
111.35(14)
107.71(14)
108.22(14)
109.03(15)
111.94(14)
107.98(15)
108.05(15)
111.08(15)
108.79(15)
117.0(7)
109.78(17)
112.10(16)
108.73(16)
113.5(7)
112.2(7)
108.80(16)
111.00(16)
106.40(16)
103.0(7)
107.4(7)
102.0(7)
117.3(6)
109.9(2)
111.8(2)
111.4(2)
110.6(6)
112.4(6)
112.5(2)

C(29A)-N(4)-C(25A)
C(31A)-N(4)-C(25A)
C(31B)-N(4)-C(29B)
C(25B)-N(4)-C(29B)
C(27B)-N(4)-C(29B)
C(2)-C(1)-N(1)
C(2)-C(1)-H(1A)
N(1)-C(1)-H(1A)
C(2)-C(1)-H(1B)
N(1)-C(1)-H(1B)
H(LA)-C(1)-H(1B)
C(1)-C(2)-H(2A)
C(1)-C(2)-H(2B)
H(2A)-C(2)-H(2B)
C(1)-C(2)-H(2C)
H(2A)-C(2)-H(2C)
H(2B)-C(2)-H(2C)
C(4)-C(3)-N(1)
C(4)-C(3)-H(3A)
N(1)-C(3)-H(3A)
C(4)-C(3)-H(3B)
N(1)-C(3)-H(3B)
H(3A)-C(3)-H(3B)
C(3)-C(4)-H(4A)
C(3)-C(4)-H(4B)
H(4A)-C(4)-H(4B)
C(3)-C(4)-H(4C)
H(4A)-C(4)-H(4C)
H(4B)-C(4)-H(4C)
C(6)-C(5)-N(1)
C(6)-C(5)-H(5A)
N(1)-C(5)-H(5A)
C(6)-C(5)-H(5B)
N(1)-C(5)-H(5B)
H(5A)-C(5)-H(5B)
C(5)-C(6)-H(6A)
C(5)-C(6)-H(6B)
H(6A)-C(6)-H(6B)
C(5)-C(6)-H(6C)
H(6A)-C(6)-H(6C)
H(6B)-C(6)-H(6C)
C(8)-C(7)-N(1)
C(8)-C(7)-H(7A)

105.7(2)
105.41(19)
111.2(6)
104.4(5)
99.3(5)
115.88(15)
108.3
108.3
108.3
108.3
107.4
109.5
109.5
109.5
109.5
109.5
109.5
114.97(17)
108.5
108.5
108.5
108.5
107.5
109.5
109.5
109.5
109.5
109.5
109.5
115.63(18)
108.4
108.4
108.4
108.4
107.4
109.5
109.5
109.5
109.5
109.5
109.5
115.21(16)
108.5



Table S3. Bond angles (deg.) for [EtaN]2[M0Ss]. Symmetry transformations used to generate

equivalent atoms:

N(1)-C(7)-H(7A)
C(8)-C(7)-H(7B)
N(1)-C(7)-H(7B)
H(7A)-C(7)-H(7B)
C(7)-C(8)-H(8A)
C(7)-C(8)-H(8B)
H(8A)-C(8)-H(8B)
C(7)-C(8)-H(8C)
H(8A)-C(8)-H(8C)
H(8B)-C(8)-H(8C)
C(10)-C(9)-N(2)
C(10)-C(9)-H(9A)
N(2)-C(9)-H(9A)
C(10)-C(9)-H(9B)
N(2)-C(9)-H(9B)
H(9A)-C(9)-H(9B)
C(9)-C(10)-H(10A)
C(9)-C(10)-H(10B)
H(10A)-C(10)-H(10B)
C(9)-C(10)-H(10C)
H(10A)-C(10)-H(10C)
H(10B)-C(10)-H(10C)
N(2)-C(11)-C(12)
N(2)-C(11)-H(11A)
C(12)-C(11)-H(11A)
N(2)-C(11)-H(11B)
C(12)-C(11)-H(11B)
H(11A)-C(11)-H(11B)
C(11)-C(12)-H(12A)
C(11)-C(12)-H(12B)
H(12A)-C(12)-H(12B)
C(11)-C(12)-H(12C)
H(12A)-C(12)-H(12C)
H(12B)-C(12)-H(12C)
N(2)-C(13)-C(14)
N(2)-C(13)-H(13A)
C(14)-C(13)-H(13A)
N(2)-C(13)-H(13B)
C(14)-C(13)-H(13B)
H(13A)-C(13)-H(13B)
C(13)-C(14)-H(14A)
C(13)-C(14)-H(14B)
H(14A)-C(14)-H(14B)

108.5
108.5
108.5
107.5
109.5
109.5
109.5
109.5
109.5
109.5

114.60(18)
108.6
108.6
108.6
108.6
107.6
109.5
109.5
109.5
109.5
109.5
109.5

114.70(16)
108.6
108.6
108.6
108.6
107.6
109.5
109.5
109.5
109.5
109.5
109.5

114.65(17)
108.6
108.6
108.6
108.6
107.6
109.5
109.5
109.5

C(13)-C(14)-H(14C)
H(14A)-C(14)-H(14C)
H(14B)-C(14)-H(14C)
C(16)-C(15)-N(2)
C(16)-C(15)-H(15A)
N(2)-C(15)-H(15A)
C(16)-C(15)-H(15B)
N(2)-C(15)-H(15B)
H(15A)-C(15)-H(15B)
C(15)-C(16)-H(16A)
C(15)-C(16)-H(16B)
H(16A)-C(16)-H(16B)
C(15)-C(16)-H(16C)
H(16A)-C(16)-H(16C)
H(16B)-C(16)-H(16C)
C(18)-C(17A)-N(3)
C(18)-C(17A)-H(17A)
N(3)-C(17A)-H(17A)
C(18)-C(17A)-H(17B)
N(3)-C(17A)-H(17B)

H(17A)-C(17A)-H(17B)

N(3)-C(17B)-C(18)
N(3)-C(17B)-H(17C)
C(18)-C(17B)-H(17C)
N(3)-C(17B)-H(17D)
C(18)-C(17B)-H(17D)
H(17C)-C(17B)-H(17D)
C(17A)-C(18)-H(18A)
C(17A)-C(18)-H(18B)
H(18A)-C(18)-H(18B)
C(17A)-C(18)-H(18C)
H(18A)-C(18)-H(18C)
H(18B)-C(18)-H(18C)
N(3)-C(19A)-C(20)
N(3)-C(19A)-H(19A)
C(20)-C(19A)-H(19A)
N(3)-C(19A)-H(19B)
C(20)-C(19A)-H(19B)

H(19A)-C(19A)-H(19B)

C(20)-C(19B)-N(3)
C(20)-C(19B)-H(19C)
N(3)-C(19B)-H(19C)
C(20)-C(19B)-H(19D)

109.5
109.5
109.5
115.05(18)
108.5
108.5
108.5
108.5
107.5
109.5
109.5
109.5
109.5
109.5
109.5
114.65(17)
108.6
108.6
108.6
108.6
107.6
116.9(7)
108.1
108.1
108.1
108.1
107.3
109.5
109.5
109.5
109.5
109.5
109.5
115.80(19)
108.3
108.3
108.3
108.3
107.4
119.7(9)
107.4
107.4
107.4



Table S3. Bond angles (deg.) for [EtaN]2[M0Ss]. Symmetry transformations used to generate
equivalent atoms:

N(3)-C(19B)-H(19D) 107.4 H(24B)-C(24)-H(24C) 109.5
H(19C)-C(19B)-H(19D) 106.9 C(26)-C(25A)-N(4) 116.0(2)
C(19A)-C(20)-H(20A) 109.5 C(26)-C(25A)-H(25A) 108.3
C(19A)-C(20)-H(20B) 109.5 N(4)-C(25A)-H(25A) 108.3
H(20A)-C(20)-H(20B) 109.5 C(26)-C(25A)-H(25B) 108.3
C(19A)-C(20)-H(20C) 109.5 N(4)-C(25A)-H(25B) 108.3
H(20A)-C(20)-H(20C) 109.5 H(25A)-C(25A)-H(25B) 107.4
H(20B)-C(20)-H(20C) 109.5 C(26)-C(25B)-N(4) 121.3(7)
C(22)-C(21A)-N(3) 114.7(2) C(26)-C(25B)-H(25C) 107.0
C(22)-C(21A)-H(21A) 108.6 N(4)-C(25B)-H(25C) 107.0
N(3)-C(21A)-H(21A) 108.6 C(26)-C(25B)-H(25D) 107.0
C(22)-C(21A)-H(21B) 108.6 N(4)-C(25B)-H(25D) 107.0
N(3)-C(21A)-H(21B) 108.6 H(25C)-C(25B)-H(25D) 106.7
H(21A)-C(21A)-H(21B) 107.6 C(25A)-C(26)-H(26A) 109.5
C(22)-C(21B)-N(3) 115.9(9) C(25A)-C(26)-H(26B) 1095
C(22)-C(21B)-H(21C) 108.3 H(26A)-C(26)-H(26B) 109.5
N(3)-C(21B)-H(21C) 108.3 C(25A)-C(26)-H(26C) 1095
C(22)-C(21B)-H(21D) 108.3 H(26A)-C(26)-H(26C) 109.5
N(3)-C(21B)-H(21D) 108.3 H(26B)-C(26)-H(26C) 1095
H(21C)-C(21B)-H(21D) 107.4 N(4)-C(27A)-C(28) 119.6(3)
C(21A)-C(22)-H(22A) 109.5 N(4)-C(27A)-H(27A) 107.4
C(21A)-C(22)-H(22B) 109.5 C(28)-C(27A)-H(27A) 107.4
H(22A)-C(22)-H(22B) 109.5 N(4)-C(27A)-H(27B) 107.4
C(21A)-C(22)-H(22C) 109.5 C(28)-C(27A)-H(27B) 107.4
H(22A)-C(22)-H(22C) 109.5 H(27A)-C(27A)-H(27B) 106.9
H(22B)-C(22)-H(22C) 109.5 C(28)-C(27B)-N(4) 118.4(7)
C(24)-C(23A)-N(3) 116.9(2) C(28)-C(27B)-H(27C) 107.7
C(24)-C(23A)-H(23A) 108.1 N(4)-C(27B)-H(27C) 107.7
N(3)-C(23A)-H(23A) 108.1 C(28)-C(27B)-H(27D) 107.7
C(24)-C(23A)-H(23B) 108.1 N(4)-C(27B)-H(27D) 107.7
N(3)-C(23A)-H(23B) 108.1 H(27C)-C(27B)-H(27D) 107.1
H(23A)-C(23A)-H(23B) 107.3 C(27A)-C(28)-H(28A) 109.5
C(24)-C(23B)-N(3) 120.3(9) C(27A)-C(28)-H(28B) 109.5
C(24)-C(23B)-H(23C) 107.3 H(28A)-C(28)-H(28B) 109.5
N(3)-C(23B)-H(23C) 107.3 C(27A)-C(28)-H(28C) 1095
C(24)-C(23B)-H(23D) 107.3 H(28A)-C(28)-H(25C) 109.5
N(3)-C(23B)-H(23D) 107.3 H(28B)-C(28)-H(28C) 1095
H(23C)-C(23B)-H(23D) 106.9 C(30)-C(29A)-N(4) 114.4(2)
C(23A)-C(24)-H(24A) 109.5 C(30)-C(29A)-H(29A) 108.7
C(23A)-C(24)-H(24B) 109.5 N(4)-C(29A)-H(29A) 108.7
H(24A)-C(24)-H(24B) 109.5 C(30)-C(29A)-H(29B) 108.7
C(23A)-C(24)-H(24C) 109.5 N(4)-C(29A)-H(29B) 108.7

H(24A)-C(24)-H(24C) 109.5 H(29A)-C(29A)-H(29B) 107.6



Table S3. Bond angles (deg.) for [EtaN]2[M0Ss]. Symmetry transformations used to generate
equivalent atoms:

C(30)-C(29B)-N(4) 111.8(6)
C(30)-C(29B)-H(29C) 109.3
N(4)-C(29B)-H(29C) 109.3
C(30)-C(29B)-H(29D) 109.3
N(4)-C(29B)-H(29D) 109.3
H(29C)-C(29B)-H(29D) 107.9
C(29A)-C(30)-H(30A) 109.5
C(29A)-C(30)-H(30B) 109.5
H(30A)-C(30)-H(30B) 109.5
C(29A)-C(30)-H(30C) 109.5
H(30A)-C(30)-H(30C) 109.5
H(30B)-C(30)-H(30C) 109.5
C(32)-C(31A)-N(4) 118.9(3)
C(32)-C(31A)-H(31A) 107.6
N(4)-C(31A)-H(31A) 107.6
C(32)-C(31A)-H(31B) 107.6
N(4)-C(31A)-H(31B) 107.6
H(31A)-C(31A)-H(31B) 107.0
C(32)-C(31B)-N(4) 130.3(8)
C(32)-C(31B)-H(31C) 104.7
N(4)-C(31B)-H(31C) 104.7
C(32)-C(31B)-H(31D) 104.7
N(4)-C(31B)-H(31D) 104.7
H(31C)-C(31B)-H(31D) 105.7
C(31A)-C(32)-H(32A) 109.5
C(31A)-C(32)-H(32B) 109.5
H(32A)-C(32)-H(32B) 109.5
C(31A)-C(32)-H(32C) 109.5
H(32A)-C(32)-H(32C) 109.5

H(32B)-C(32)-H(32C) 109.5



Table S4. Anisotropic displacement parameters (A2 x 10%) for [EtsN]2[M0S4]. The anisotropic
displacement factor exponent takes the form: -2r?[h?a*?U + ... + 2hka*b*U*?].

Atom Ull U22 U33 U23 U13 U12
Mo(l)  23(1) 23(1) 27(1) 10(1) 7(2) 0(1)
Mo(2)  20(1) 21(1) 23(1) 9(1) 13(1) 6(1)
S(1) 39(1) 31(1) 36(1) 10(1) 22(1) 7(2)
S(2) 28(1) 36(1) 52(1) 26(1) 8(1) 9(1)
S(3) 38(1) 30(1) 33(1) 15(1) 19(1) 7(2)
S(4) 47(1) 45(1) 47(1) 11(1) -1(1) -21(1)
S(5) 29(1) 32(1) 25(1) 12(1) 16(1) 3(1)
se)  46(1) 26(1) 42(1) 12(1) 31(1) 15(1)
S(7) 29(1) 42(1) 31(1) 20(1) 15(1) 16(1)
s®  28(1) 32(1) 37(1) 11(1) 14(1) -3(1)
N(@)  19(1) 24(1) 21(1) 7(2) 8(1) 3(1)
N@2)  24(1) 20(1) 24(1) 9(1) 12(1) 4(1)
N3)  25(1) 17(2) 22(1) 6(1) 9(1) 4(1)
N@4)  24(1) 33(1) 25(1) 10(1) 6(1) 1(1)
c@)  21(1) 26(1) 23(1) 8(1) 11(1) 2(1)
Cc(2)  30(1) 26(1) 29(1) 7(1) 12(1) 0(1)
C@3)  25(1) 44(1) 27(1) 19(1) 8(1) 0(1)
C(4)  39(1) 55(1) 42(1) 29(1) 12(1) -4(1)
cG)  31(1) 24(1) 28(1) 4(1) 9(1) 2(1)
c(6)  46(1) 29(1) 60(2) 5(1) 19(1) 14(1)
c(7)  20(1) 31(1) 26(1) 10(1) 10(1) 7(2)
c(8)  29(1) 39(1) 31(1) 17(1) 9(1) 10(1)
c)  41(1) 23(1) 31(1) 9(1) 20(1) 7(2)
C(10)  49(1) 28(1) 58(2) 12(1) 37(1) 13(1)
c(1l)  31(1) 28(1) 27(1) 13(1) 10(1) 4(1)
C(12)  41(1) 32(1) 35(1) 19(1) 17(1) 2(1)
C(13)  33(1) 28(1) 42(1) 14(1) 21(1) 2(1)
C(14)  43(1) 24(1) 39(1) 10(1) 15(1) -3(1)
C(15)  28(1) 29(1) 35(1) 13(1) 13(1) 9(1)
c(16)  48(1) 44(1) 38(1) 23(1) 11(1) 19(1)
C(17A)  31(1) 16(1) 28(1) 6(1) 13(1) 4(1)
C(17B) 31(1) 16(1) 28(1) 6(1) 13(1) 4(1)
C(18)  36(1) 26(1) 28(1) 3(1) 7(2) 3(1)
C(19A) 36(1) 22(1) 32(1) 12(1) 13(1) 3(1)
C(19B) 36(1) 22(1) 32(1) 12(1) 13(1) 3(1)
C(20)  51(2) 56(2) 40(1) 22(1) 25(1) 8(1)
C(21A) 30(1) 28(1) 27(1) 5(1) 14(1) 6(1)
C(21B) 30(1) 28(1) 27(1) 5(1) 14(1) 6(1)
C(22)  50(1) 36(1) 32(1) 3(1) 21(1) 10(1)

C(23A) 23(1) 33(1) 30(1) 11(1) 9(1) 5(1)



Table S4. Anisotropic displacement parameters (A2 x 10%) for [EtsN]2[M0S4]. The anisotropic
displacement factor exponent takes the form: -2r?[h?a*?U + ... + 2hka*b*U*?].

Atom Ull U22 U33 U23 U13 U12
C(23B) 23(1) 33(1) 30(1) 11(1) 9(1) 5(1)
C(24)  43(1) 44(1) 41(1) 24(1) 1(1) 6(1)
C(25A) 31(1) 38(1) 47(2) 22(1) 6(1) -4(1)
C(25B) 31(1) 38(1) 47(2) 22(1) 6(1) -4(1)
Cc(26)  36(1) 52(2) 69(2) 18(1) 18(1) -6(1)
C(27A) 41(2) 29(1) 45(2) 10(1) 20(1) 9(1)
C(27B) 41(2) 29(1) 45(2) 10(1) 20(1) 9(1)
Cc(28)  50(2) 100(3) 53(2) 1(2) 30(1) 19(2)
C(29A) 40(2) 42(2) 27(1) 1(1) 15(1) -1(1)
C(29B) 40(2) 42(2) 27(1) 1(1) 15(1) “1(1)
C(30)  73(2) 95(3) 51(2) 13(2) 37(2) -17(2)
C(31A) 30(1) 43(2) 42(2) 22(1) 0(1) 2(1)
C(31B) 30(1) 43(2) 42(2) 22(1) 0(1) -2(1)

C(32)  38(2) 94(3) 99(3) 52(2) 2(2) 18(2)




Table S5. Hydrogen coordinates (x 10 and isotropic displacement parameters (A% x 10%) for
[EtaN]2[Mo0S4].

H atom X y z U(eq)
H(1A) 6805 8294 1165 28
H(1B) 5991 8741 393 28
H(2A) 5904 10197 1709 45
H(2B) 7193 10162 1846 45
H(2C) 6725 9751 2482 45
H(3A) 6149 7498 1987 38
H(3B) 5585 8478 2421 38
H(4A) 3854 7338 1769 66
H(4B) 4836 6880 2425 66
H(4C) 4348 6348 1241 66
H(5A) 4092 6564 -107 37
H(5B) 4642 7170 571 37
H(6A) 6381 6654 114 75
H(6B) 5393 5621 -566 75
H(6C) 5857 6074 615 75
H(7A) 3478 8132 757 31
H(7B) 4334 9254 1396 31
H(8A) 4348 9214 -134 50
H(8B) 3158 9355 -56 50
H(8C) 3323 8212 -704 50
H(9A) 11232 8687 3356 37
H(9B) 11654 9424 2920 37
H(10A) 13488 9152 3560 62
H(10B) 12709 7995 3069 62
H(10C) 13237 8646 4244 62
H(11A) 12255 10594 5845 35
H(11B) 13111 9861 5548 35
H(12A) 10759 9016 4814 51
H(12B) 11695 8971 5805 51
H(12C) 11747 8338 4763 51
H(13A) 12796 11156 3975 39
H(13B) 13682 10746 4743 39
H(14A) 12460 12405 5293 55
H(14B) 13768 12607 5481 55
H(14C) 13393 12015 6053 55
H(15A) 10284 10048 4018 37
H(15B) 10961 11215 4815 37
H(16A) 11152 11617 3538 65
H(16B) 9844 11338 3324 65

H(16C) 10413 10465 2750 65



Table S5. Hydrogen coordinates (x 10 and isotropic displacement parameters (A% x 10%) for
[EtaN]2[Mo0S4].

H atom X y z U(eq)
H(17A) 7803 15780 4641 31
H(17B) 7119 15736 5280 31
H(17C) 8879 14289 4810 31
H(17D) 8402 13973 5484 31
H(18A) 8683 15290 6357 51
H(18B) 9074 16383 6305 51
H(18C) 9367 15287 5705 51
H(19A) 7993 13623 5410 36
H(19B) 6907 12811 4486 36
H(19C) 6289 15056 5244 36
H(19D) 5537 13952 4382 36
H(20A) 6759 14622 6015 69
H(20B) 6589 13418 5935 69
H(20C) 5692 13758 5110 69
H(21A) 8042 14339 3523 35
H(21B) 8725 13863 4320 35
H(21C) 6901 12609 3993 35
H(21D) 6041 12960 3164 35
H(22A) 7455 12229 3331 62
H(22B) 8079 12541 2742 62
H(22C) 6795 12707 2527 62
H(23A) 5668 13378 3238 36
H(23B) 5536 14424 4033 36
H(23C) 6786 15655 4401 36
H(23D) 7523 15218 3790 36
H(24A) 6145 15479 3362 69
H(24B) 5025 14616 2548 69
H(24C) 6243 14419 2552 69
H(25A) 9081 5522 -691 49
H(25B) 8632 6321 51 49
H(25C) 8016 7398 -1200 49
H(25D) 8496 6551 -1876 49
H(26A) 7214 6523 -1289 84
H(26B) 7124 5310 -1382 84
H(26C) 7645 5667 -2016 84
H(27A) 8354 7978 -870 47
H(27B) 9607 8666 -231 47
H(27C) 9310 7342 857 47
H(27D) 10298 8221 1051 47

H(28A) 8012 8261 429 111



Table S5. Hydrogen coordinates (x 10 and isotropic displacement parameters (A% x 10%) for
[EtaN]2[Mo0S4].

H atom X y z U(eq)
H(28B) 8853 9353 798 111
H(28C) 9326 8425 1153 111
H(29A) 9997 6106 -1494 48
H(29B) 8965 6660 -1945 48
H(29C) 9600 8517 -791 48
H(29D) 10806 8494 12 48
H(30A) 10223 8258 -1321 112
H(30B) 10620 7307 -2002 112
H(30C) 11264 7739 -820 112
H(31A) 11099 7948 672 50
H(31B) 10433 7262 997 50
H(31C) 9780 5830 -217 50
H(31D) 10196 5952 -992 50
H(32A) 10925 5741 134 123
H(32B) 12022 6625 961 123
H(32C) 11603 6437 -180 123
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@ between them.

Crystal Data and Structure Refinement for [EtaN]2[(S2)Mo(O)(u-S)2Mo(O)(S2)]

Identification code JPD901_0m

Empirical formula C16H10M02N202Se

Formula weight 676.74

Temperature 150(2) K

Wavelength 0.71073 A

Crystal system monoclinic

Space group P21/n

Unit cell dimensions a=19.8786(11) A a=90°
b=27.947(3) A p=97.7611(15)°
c=10.2875(11) A y =90°

Volume 2814.1(5) A3

z 4

Density (calculated) 1.597 g/cm?®

Absorption coefficient 1.351 mm?

F(000) 1384

Crystal size 0.336 x 0.117 x 0.039 mm?®

0 range for data collection 2.127 t0 21.814°

Index ranges -10<h<10,-29<k<29,-10<1<10

Reflections collected 30730

Independent reflections 3369 [R(int) = 0.0428]



Completeness to 6 = 21.814°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F?

Final R indices [[>206(I)]

R indices (all data)
Extinction coefficient
Largest diff. peak and hole

99.9 %

Semi-empirical from equivalents
0.95and 0.80

Full-matrix least-squares on F2
3369/0/269

1.064

R1 =0.0503, wR2 = 0.1324

R1 =0.0565, wR2 = 0.1363

n/a

2.138 and -0.556 e-A®



Table S1. Atomic coordinates (x 10%) and equivalent isotropic displacement parameters (A? x 10°)
for [EtsN]2[(S2)Mo(O)(u-S)2Mo(O)(S2)]. U(eq) is defined as one third of the trace of the
orthogonalized U" tensor.

Atom X y z U(eq)
Mo(1) 3233(1) 1266(1) 1057(1) 20(1)
Mo(2) 2282(1) 1533(1) 3415(1) 33(1)
s(1) 4165(3) 560(1) 200(2) 60(1)
s(2) 2303(2) 806(1) 811(2) 57(1)
s(3) 1024(2) 1496(1) 1345(2) 38(1)
S(4) 4188(2) 1065(1) 3167(2) 40(1)
S(5) 241(2) 1428(1) 4420(2) 48(1)
S(6) 1982(2) 1113(1) 5385(2) 49(1)
o) 4027(5) 1752(2) 558(5) 43(1)
0(2) 2861(6) 2095(2) 3746(5) 53(2)
N(1) 2080(5) 2556(2) 7665(5) 24(1)
N(2) 2289(7) -434(2) 2865(8) 56(2)
C(1A) 1503(12) 2066(4) 8317(11) 32(2)
C(1B) 2370(19) 2611(7) 9182(17) 32(2)
C(3A) 1531(11) 2080(4) 8018(11) 33(2)
C(3B) 539(19) 2454(7) 7318(19) 33(2)
C(A) 3631(11) 2540(4) 7997(11) 36(2)
C(5B) 2867(18) 2169(7) 7250(19) 36(2)
C(7A) 1723(11) 2613(4) 6152(10) 31(2)
C(7B) 2348(18) 3045(7) 7102(17) 31(2)
c2) 1648(8) 2055(3) 9803(8) 48(2)
C(4) 11(7) 2028(3) 7851(8) 41(2)
C(6) 4409(8) 2202(4) 7398(9) 58(2)
c®) 2313(8) 3040(3) 5591(7) 43(2)
C(9) 1730(8) 64(3) 2689(9) 52(2)
C(10) 245(9) 118(4) 2801(11) 71(3)
c(11) 2067(13) 634(5) 4155(15) 105(5)
c(12) 2698(13) -367(6) 5341(14) 118(6)
C(13) 3822(8) -405(4) 2745(9) 60(3)
C(14) 4582(10) -874(4) 2004(11) 82(3)
C(15) 1580(10) 762(3) 1762(16) 94(4)

C(16) 1756(13) -616(5) 397(14) 106(5)



Table S2. Bond lengths (A) for [EtsN]2[(S2)Mo(O)(u-S)2Mo(0)(S2)]. Symmetry transformations

used to generate equivalent atoms:

Mo(1)-O(1) 1.684(5)
Mo(1)-S(4) 2.316(2)
Mo(1)-S(3) 2.3326(19)
Mo(1)-S(2) 2.391(2)
Mo(1)-S(1) 2.396(2)
Mo(1)-Mo(2) 2.8176(9)
Mo(2)-0(2) 1.691(5)
Mo(2)-S(3) 2.318(2)
Mo(2)-S(4) 2.335(2)
Mo(2)-S(6) 2.395(2)
Mo(2)-S(5) 2.404(2)
S(1)-S(2) 2.103(3)
S(5)-S(6) 2.064(3)
N(1)-C(5B) 1.43(2)
N(1)-C(1A) 1.481(12)
N(1)-C(3A) 1.499(13)
N(1)-C(7B) 1.522(19)
N(1)-C(5A) 1.524(12)
N(1)-C(3B) 1.54(2)
N(1)-C(1B) 1.556(19)
N(1)-C(7A) 1.557(12)
N(2)-C(11) 1.484(14)
N(2)-C(9) 1.498(10)
N(2)-C(13) 1.539(11)
N(2)-C(15) 1.552(14)
C(1A)-C(2) 1.516(14)
C(1B)-C(2) 1.40(2)
C(3A)-C(4) 1.495(13)
C(3B)-C(4) 1.44(2)
C(5A)-C(6) 1.412(14)
C(5B)-C(6) 1.51(2)
C(7A)-C(8) 1.479(13)
C(7B)-C(8) 1.551(19)
C(9)-C(10) 1.494(12)
C(11)-C(12) 1.493(19)
C(13)-C(14) 1.508(13)
C(15)-C(16) 1.495(18)



Table S3. Bond angles (deg.) for [EtaN]2[(S2)Mo(O)(p-S)2Mo(0)(S2)]. Symmetry transformations
used to generate equivalent atoms:

O(1)-Mo(1)-S(4)
O(1)-Mo(1)-S(3)
S(4)-Mo(1)-S(3)
O(1)-Mo(1)-S(2)
S(4)-Mo(1)-S(2)
S(3)-Mo(1)-S(2)
O(1)-Mo(1)-S(1)
S(4)-Mo(1)-S(1)
S(3)-Mo(1)-S(1)
S(2)-Mo(1)-S(1)
O(1)-Mo(1)-Mo(2)
S(4)-Mo(1)-Mo(2)
S(3)-Mo(1)-Mo(2)
S(2)-Mo(1)-Mo(2)
S(1)-Mo(1)-Mo(2)
0(2)-Mo(2)-S(3)
0(2)-Mo(2)-S(4)
S(3)-Mo(2)-S(4)
0(2)-Mo(2)-S(6)
S(3)-Mo(2)-S(6)
S(4)-Mo(2)-S(6)
0(2)-Mo(2)-S(5)
S(3)-Mo(2)-S(5)
S(4)-Mo(2)-S(5)
S(6)-Mo(2)-S(5)
0(2)-Mo(2)-Mo(1)
S(3)-Mo(2)-Mo(1)
S(4)-Mo(2)-Mo(1)
S(6)-Mo(2)-Mo(1)
S(5)-Mo(2)-Mo(1)
S(2)-S(1)-Mo(1)
S(1)-S(2)-Mo(1)
Mo(2)-S(3)-Mo(1)
Mo(1)-S(4)-Mo(2)
S(6)-S(5)-Mo(2)
S(5)-S(6)-Mo(2)
C(11)-N(2)-C(9)
C(11)-N(2)-C(13)
C(9)-N(2)-C(13)
C(11)-N(2)-C(15)
C(9)-N(2)-C(15)
C(13)-N(2)-C(15)
N(1)-C(1A)-C(2)

109.53(18)
107.31(19)
102.55(7)
109.49(19)
133.37(8)
89.19(8)
109.6(2)
90.98(8)
133.38(9)
52.13(9)
105.76(19)
53.01(5)
52.46(5)
134.24(6)
136.42(6)
110.5(2)
106.6(2)
102.44(7)
111.2(2)
130.08(8)
90.64(8)
107.9(2)
90.77(8)
135.56(8)
50.94(8)
106.03(18)
52.95(5)
52.41(5)
133.82(6)
137.28(6)
63.82(9)
64.05(9)
74.59(6)
74.58(6)
64.30(8)
64.77(8)
111.3(8)
110.9(8)
107.1(6)
108.9(9)
109.8(7)
108.9(7)
116.8(8)

C(2)-C(1B)-N(1)
C(4)-C(3A)-N(1)
C(4)-C(3B)-N(1)
C(6)-C(5A)-N(1)
N(1)-C(5B)-C(6)
C(8)-C(7A)-N(1)
N(1)-C(7B)-C(8)
C(10)-C(9)-N(2)
N(2)-C(11)-C(12)
C(14)-C(13)-N(2)
C(16)-C(15)-N(2)

119.3(13)
116.7(8)
117.4(13)
120.8(9)
120.4(14)
115.1(8)
113.0(12)
115.7(7)
116.5(11)
115.3(8)
115.3(8)






Table S4. Anisotropic displacement parameters (A2 x 10%) for [EtsN]2[(S2)Mo(O)(u-
S)2Mo(0)(S2)]. The anisotropic displacement factor exponent takes the form: -2x2[h?a*?U!! + ...
+ 2hka*b*U*?].

Atom Ull U22 U33 U23 Ul3 U12
Mo(l) 24(1) 24(1) 40(1) 4(1) 5(1) (1)
Mo(2) 38(1) 26(1) 35(1) 1(1) 5(1) -3(1)
s 78(2) 45(1) 63(2) 3(1) 35(1) 18(1)
S@2)  59(1) 59(2) 51(1) -14(1) 2(1) -14(1)
s@3)  27(1) 50(1) 38(1) 2(1) 1(1) 10(1)
S@)  30(1) 46(1) 43(1) 10(1) -4(1) 3(1)
S(5)  45(1) 49(1) 51(1) 9(1) 16(1) 2(1)
s@6)  58(1) 50(1) 37(1) 7(1) 4(1) 1(1)
o@1)  38(@3) 37(3) 52(3) 8(3) 1(2) -9(2)
0(2)  63(4) 45(3) 55(4) -13(3) 20(3) -14(3)
N(1)  20(3) 28(3) 23(3) 1(2) 3(2) 1(2)
NQ2)  40(4) 33(4) 96(6) 25(4) 14(4) -2(3)
C(1A) 31(5) 34(6) 31(5) -1(4) 6(4) 1(4)
C(1B) 31(5) 34(6) 31(5) -1(4) 6(4) 1(4)
C(3A) 38(6) 28(6) 33(6) -3(4) 2(4) 6(4)
C(3B) 38(6) 28(6) 33(6) -3(4) 2(4) 6(4)
C(5A)  28(6) 46(6) 32(6) -1(5) 0(4) 2(5)
C(5B) 28(6) 46(6) 32(6) -1(5) 0(4) 2(5)
C(7TA)  29(5) 36(6) 26(5) 1(4) 3(4) 1(4)
C(7B) 29(5) 36(6) 26(5) 1(4) 3(4) 1(4)
C(2)  43(5) 60(6) 43(5) -5(4) 14(4) 4(4)
C(4)  41(5) 40(5) 44(5) 3(4) 10(4) -11(4)
c(e)  33(5) 85(7) 56(5) 5(5) 7(4) 15(5)
c@®)  37(4) 57(5) 35(4) 9(4) 4(3) -4(4)
c(O)  52(5) 32(5) 70(6) 4(4) -1(4) -5(4)
C(10) 57(6) 55(6) 95(8) -10(5) -10(5) 14(5)
C(11)  88(9) 88(9) 153(13) 77(10) 73(9) 45(7)
C(12) 94(10) 175(16) 93(10) 78(11) 46(8) 62(10)
C(13) 38(5) 78(7) 63(6) 22(5) 4(4) 7(5)
C(14) 51(6) 103(9) 93(8) 43(7) 19(5) 34(6)
C(15)  44(6) 34(6) 203(15) -24(8) 16(8) -12(5)

C(16) 82(9) 101(10) 126(12) -56(9) -22(8) -1(7)



Table S5. Hydrogen coordinates (x 10 and isotropic displacement parameters (A% x 10%) for
[EtaN]2[(S2)Mo(O)(u-S)2Mo(0)(S2)].

H atom X y z U(eq)
H(1A1) 518 2989 7979 38
H(1A2) 1944 3262 8051 38
H(1B1) 2201 2296 9572 38
H(1B2) 3356 2680 9411 38
H(3A1) 1904 1832 7477 40
H(3A2) 1886 2012 8946 40
H(3B1) 34 2732 7611 40
H(3B2) 329 2438 6350 40
H(5A1) 3979 2861 7804 43
H(5A2) 3839 2493 8957 43
H(5B1) 2544 2112 6309 43
H(5B2) 2635 1880 7729 43
H(7Al) 2042 2324 5725 37
H(7A2) 716 2626 5932 37
H(7B1) 3254 3160 7511 37
H(7B2) 1652 3273 7334 37
H(2A) 1232 3243 10122 72
H(2B) 1188 2671 10088 72
H(2C) 2619 2945 10160 72
H(4A) -228 1704 8110 62
H(4B) -376 2263 8404 62
H(4C) -359 2082 6931 62
H(6A) 5380 2244 7727 87
H(6B) 4124 1878 7606 87
H(6C) 4265 2248 6445 87
H(8A) 2036 3046 4639 65
H(8B) 1983 3329 5984 65
H(8C) 3312 3026 5776 65
H(9A) 2254 273 3352 63
H(9B) 1889 181 1814 63
H(10A) -20 454 2672 106
H(10B) -292 -79 2131 106
H(10C) 74 14 3674 106
H(11A) 2426 -965 4213 125
H(11B) 1070 -653 4181 125
H(12A) 2487 -530 6132 176
H(12B) 3691 -354 5350 176
H(12C) 2330 -41 5318 176
H(13A) 3927 -271 1874 72

H(13B) 4258 -179 3416 72



Table S5. Hydrogen coordinates (x 10 and isotropic displacement parameters (A% x 10%) for
[EtaN]2[(S2)Mo(O)(u-S)2Mo(0)(S2)].

H atom X y z U(eq)
H(14A) 5545 -821 2813 122
H(14B) 4512 -1007 3775 122
H(14C) 4181 -1099 2229 122
H(15A) 1941 -1091 1913 112
H(15B) 590 =772 1830 112
H(16A) 1277 -843 -230 159
H(16B) 1377 -294 221 159
H(16C) 2731 -614 304 159

UV-vis spectrum of [Et,N],Mo0,0,(p-S),(S,),
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Crystal Data and Structure Refinement for [('BuzNCS2)Mo(O)(pi-S)2Mo(O)(S2CN'Buy)]

Identification code JPD1399 Om_M a

Empirical formula C18H36M02N202S6

Formula weight 696.73

Temperature 150(2) K

Wavelength 1.54178 A

Crystal system Monoclinic

Space group P2i/c

Unit cell dimensions a=18.7186(5) A a=90°
b=9.6217(2) A S =111.6280(10)°
¢ =16.9453(4) A y=90°

Volume 2837.06(12) A3

Z 4

Density (calculated) 1.631 g/cm?®

Absorption coefficient 11.507 mm?

F(000) 1416

Crystal size 0.178 x 0.145 x 0.071 mm?

0 range for data collection 25410 72.31°

Index ranges -23<h<23,-11<k<11,-20<1<20

Reflections collected 67808

Independent reflections 5576 [R(int) = 0.0394]



Completeness to 6 = 72.30°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F?

Final R indices [[>206(I)]

R indices (all data)
Extinction coefficient
Largest diff. peak and hole

99.5 %

Semi-empirical from equivalents
0.49 and 0.32

Full-matrix least-squares on F2
5576 /0/279

1.053

R1=0.0190, wR2 = 0.0478

R1 =0.0199, wR2 = 0.0485

n/a

0.391 and -0.658 e-A®



Table S1. Atomic coordinates (x 104 and equivalent isotropic displacement parameters (A?x 10%)
for [('BuzNCS2)Mo(O)(u-S).Mo(O)(S2CN'Buz)]. U(eq) is defined as one third of the trace of the
orthogonalized U" tensor.

Atom X y z U(eq)
Mo(1) 1731(1) 6499(1) 4440(1) 26(1)
Mo(2) 2821(1) 4400(1) 5221(1) 24(1)
(1) 1543(1) 8898(1) 4835(1) 35(1)
s(2) 1675(1) 8060(1) 3283(1) 32(1)
s(3) 2440(1) 6231(1) 5879(1) 30(1)
S(4) 2419(1) 5161(1) 3827(1) 30(1)
S(5) 3958(1) 4485(1) 6528(1) 28(1)
S(6) 3939(1) 3489(1) 4934(1) 27(1)
o(1) 854(1) 5759(2) 4187(1) 40(1)
0(2) 2323(1) 2072(2) 5269(1) 35(1)
N(1) 1079(1) 10555(2) 3444(1) 30(1)
N(2) 5236(1) 3509(2) 6329(1) 23(1)
c(1) 825(1) 11625(2) 3909(1) 31(1)
c) -43(1) 11846(2) 3554(1) 34(1)
c@3) -480(1) 10485(3) 3460(2) 49(1)
C(4) -252(1) 12852(2) 4129(2) 42(1)
() 949(1) 10853(2) 2546(1) 33(1)
C(6) 1468(1) 11987(2) 2423(1) 35(1)
c(?) 1252(2) 12182(3) 1469(2) 49(1)
c@®) 2314(1) 11630(3) 2865(2) 51(1)
c(9) 5692(1) 3820(2) 7230(1) 26(1)
C(10) 6162(1) 5163(2) 7352(1) 20(1)
C(11) 6662(2) 5302(3) 8288(2) 55(1)
c(12) 5652(1) 6433(2) 7041(1) 36(1)
C(13) 5664(1) 3035(2) 5797(1) 26(1)
C(14) 5598(1) 1485(2) 5590(1) 27(1)
C(15) 5844(2) 589(2) 6380(1) 42(1)
C(16) 6084(1) 1186(2) 5057(2) 42(1)
c(17) 1380(1) 9378(2) 3795(1) 30(1)

C(18) 4494(1) 3753(2) 5993(1) 23(1)



Table S2. Bond lengths (A) for [(‘BuzNCS2)Mo(O)(1-S)2Mo(O)(S2CN'Buz)].  Symmetry
transformations used to generate equivalent atoms:

Mo(1)-O(1)
Mo(1)-S(4)
Mo(1)-S(3)
Mo(1)-S(2)
Mo(1)-S(1)

Mo(1)-Mo(2)

Mo(2)-0(2)
Mo(2)-S(4)
Mo(2)-S(3)
Mo(2)-S(5)
Mo(2)-S(6)
S(1)-C(17)
S(2)-C(17)
S(5)-C(18)
S(6)-C(18)
N(1)-C(17)
N(1)-C(1)
N(1)-C(5)
N(2)-C(18)
N(2)-C(9)
N(2)-C(13)
C(1)-C(2)
C(1)-H(1A)
C(1)-H(1B)
C(2)-C(3)
C(2)-C(4)
C(2)-H(2)
C(3)-H(3A)
C(3)-H(3B)
C(3)-H(3C)
C(4)-H(4A)
C(4)-H(4B)
C(4)-H(4C)
C(5)-C(6)
C(5)-H(5A)
C(5)-H(5B)
C(6)-C(8)
C(6)-C(7)
C(6)-H(6)
C(7)-H(7A)
C(7)-H(7B)
C(7)-H(7C)
C(8)-H(8A)

1.6925(14)
2.3191(5)
2.3203(5)
2.4413(5)
2.4643(5)
2.8290(2)

1.6800(14)
2.3172(5)
2.3324(5)
2.4428(5)
2.4769(5)

1.736(2)
1.739(2)
1.7314(18)
1.7285(18)
1.307(3)
1.478(3)
1.478(3)
1.313(2)
1.480(2)
1.481(2)
1.526(3)
0.9900
0.9900
1.521(3)
1.523(3)
1.0000
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
1.525(3)
0.9900
0.9900
1.521(3)
1.526(3)
1.0000
0.9800
0.9800
0.9800
0.9800

C(8)-H(8B)
C(8)-H(8C)
C(9)-C(10)
C(9)-H(9A)
C(9)-H(9B)
C(10)-C(12)
C(10)-C(11)
C(10)-H(10)
C(11)-H(11A)
C(11)-H(11B)
C(11)-H(11C)
C(12)-H(12A)
C(12)-H(12B)
C(12)-H(12C)
C(13)-C(14)
C(13)-H(13A)
C(13)-H(13B)
C(14)-C(15)
C(14)-C(16)
C(14)-H(14)
C(15)-H(15A)
C(15)-H(15B)
C(15)-H(15C)
C(16)-H(16A)
C(16)-H(16B)
C(16)-H(16C)

0.9800
0.9800
1.533(2)
0.9900
0.9900
1.519(3)
1.523(3)
1.0000
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
1.527(2)
0.9900
0.9900
1.515(3)
1.527(3)
1.0000
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800



Table S3. Bond angles (A) for [('BuzNCS2)Mo(O)(u-S)2M0o(0)(S2CN'Buz)].  Symmetry
transformations used to generate equivalent atoms:

O(1)-Mo(1)-S(4)
O(1)-Mo(1)-S(3)
S(4)-Mo(1)-S(3)
O(1)-Mo(1)-S(2)
S(4)-Mo(1)-S(2)
S(3)-Mo(1)-S(2)
O(1)-Mo(1)-S(1)
S(4)-Mo(1)-S(1)
S(3)-Mo(1)-S(1)
S(2)-Mo(1)-S(1)
O(1)-Mo(1)-Mo(2)
S(4)-Mo(1)-Mo(2)
S(3)-Mo(1)-Mo(2)
S(2)-Mo(1)-Mo(2)
S(1)-Mo(1)-Mo(2)
0(2)-Mo(2)-S(4)
0(2)-Mo(2)-S(3)
S(4)-Mo(2)-S(3)
0(2)-Mo(2)-S(5)
S(4)-Mo(2)-S(5)
S(3)-Mo(2)-S(5)
0(2)-Mo(2)-S(6)
S(4)-Mo(2)-S(6)
S(3)-Mo(2)-S(6)
S(5)-Mo(2)-S(6)
0(2)-Mo(2)-Mo(1)
S(4)-Mo(2)-Mo(1)
S(3)-Mo(2)-Mo(1)
S(5)-Mo(2)-Mo(1)
S(6)-Mo(2)-Mo(1)
C(17)-S(1)-Mo(1)
C(17)-S(2)-Mo(1)
Mo(1)-S(3)-Mo(2)
Mo(2)-S(4)-Mo(1)
C(18)-S(5)-Mo(2)
C(18)-S(6)-Mo(2)
C(17)-N(1)-C(1)
C(17)-N(1)-C(5)
C(1)-N(1)-C(5)
C(18)-N(2)-C(9)
C(18)-N(2)-C(13)
C(9)-N(2)-C(13)
N(1)-C(1)-C(2)

107.42(6)
110.20(6)
102.221(17)
107.75(5)
81.251(17)
138.641(18)
103.94(6)
143.103(18)
84.413(17)
70.965(17)
106.44(5)
52.367(12)
52.749(12)
128.642(13)
133.813(13)
109.27(5)
108.77(5)
101.908(17)
107.28(5)
139.566(17)
81.892(16)
104.15(5)
83.870(16)
142.213(17)
70.909(15)
106.79(5)
52.428(12)
52.358(12)
129.592(12)
132.631(12)
87.88(7)
88.55(7)
74.894(15)
75.205(15)
89.48(6)
88.43(6)
121.99(17)
121.17(17)
116.80(15)
121.81(15)
120.96(15)
116.99(14)
113.08(16)

N(1)-C(1)-H(1A)
C(2)-C(1)-H(1A)
N(1)-C(1)-H(1B)
C(2)-C(1)-H(1B)
H(LA)-C(1)-H(1B)
C(3)-C(2)-C(4)
C(3)-C(2)-C(1)
C(4)-C(2)-C(1)
C(3)-C(2)-H(2)
C(4)-C(2)-H(2)
C(1)-C(2)-H(2)
C(2)-C(3)-H(3A)
C(2)-C(3)-H(3B)
H(3A)-C(3)-H(3B)
C(2)-C(3)-H(3C)
H(3A)-C(3)-H(3C)
H(3B)-C(3)-H(3C)
C(2)-C(4)-H(4A)
C(2)-C(4)-H(4B)
H(4A)-C(4)-H(4B)
C(2)-C(4)-H(4C)
H(4A)-C(4)-H(4C)
H(4B)-C(4)-H(4C)
N(1)-C(5)-C(6)
N(1)-C(5)-H(5A)
C(6)-C(5)-H(5A)
N(1)-C(5)-H(5B)
C(6)-C(5)-H(5B)
H(5A)-C(5)-H(5B)
C(8)-C(6)-C(5)
C(8)-C(6)-C(7)
C(5)-C(6)-C(7)
C(8)-C(6)-H(6)
C(5)-C(6)-H(6)
C(7)-C(6)-H(6)
C(6)-C(7)-H(7A)
C(6)-C(7)-H(7B)
H(7A)-C(7)-H(7B)
C(6)-C(7)-H(7C)
H(7A)-C(7)-H(7C)
H(7B)-C(7)-H(7C)
C(6)-C(8)-H(8A)
C(6)-C(8)-H(8B)

109.0
109.0
109.0
109.0
107.8
111.06(19)
111.97(18)
108.87(17)
108.3
108.3
108.3
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
114.08(16)
108.7
108.7
108.7
108.7
107.6
111.80(17)
111.7(2)
107.41(19)
108.6
108.6
108.6
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5



Table S3. Bond angles (A) for [(‘BuaNCS2)Mo(O)(u-S)2M0o(0)(S2CN'Buz)].  Symmetry
transformations used to generate equivalent atoms:

H(8A)-C(8)-H(8B)
C(6)-C(8)-H(8C)
H(8A)-C(8)-H(8C)
H(8B)-C(8)-H(8C)
N(2)-C(9)-C(10)
N(2)-C(9)-H(9A)
C(10)-C(9)-H(9A)
N(2)-C(9)-H(9B)
C(10)-C(9)-H(9B)
H(9A)-C(9)-H(9B)
C(12)-C(10)-C(11)
C(12)-C(10)-C(9)
C(11)-C(10)-C(9)
C(12)-C(10)-H(10)
C(11)-C(10)-H(10)
C(9)-C(10)-H(10)
C(10)-C(11)-H(11A)
C(10)-C(11)-H(11B)
H(11A)-C(11)-H(11B)
C(10)-C(11)-H(11C)
H(11A)-C(11)-H(11C)
H(11B)-C(11)-H(11C)
C(10)-C(12)-H(12A)
C(10)-C(12)-H(12B)
H(12A)-C(12)-H(12B)
C(10)-C(12)-H(12C)
H(12A)-C(12)-H(12C)
H(12B)-C(12)-H(12C)
N(2)-C(13)-C(14)
N(2)-C(13)-H(13A)
C(14)-C(13)-H(13A)
N(2)-C(13)-H(13B)
C(14)-C(13)-H(13B)
H(13A)-C(13)-H(13B)
C(15)-C(14)-C(16)
C(15)-C(14)-C(13)
C(16)-C(14)-C(13)
C(15)-C(14)-H(14)
C(16)-C(14)-H(14)
C(13)-C(14)-H(14)
C(14)-C(15)-H(15A)
C(14)-C(15)-H(15B)
H(15A)-C(15)-H(15B)

109.5
109.5
109.5
109.5

113.12(15)
109.0
109.0
109.0
109.0
107.8

110.93(19)

112.10(16)

108.40(17)
108.4
108.4
108.4
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5

115.22(15)
108.5
1085
108.5
1085
107.5

111.32(18)

112.29(16)

107.82(16)
108.4
108.4
108.4
109.5
109.5
109.5

C(14)-C(15)-H(15C)
H(15A)-C(15)-H(15C)
H(15B)-C(15)-H(15C)
C(14)-C(16)-H(16A)
C(14)-C(16)-H(16B)
H(16A)-C(16)-H(16B)
C(14)-C(16)-H(16C)
H(16A)-C(16)-H(16C)
H(16B)-C(16)-H(16C)
N(1)-C(17)-S(1)
N(1)-C(17)-S(2)
S(1)-C(17)-S(2)
N(2)-C(18)-S(6)
N(2)-C(18)-S(5)
S(6)-C(18)-S(5)

109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5

125.33(16)

124.58(16)

110.08(11)

123.94(14)

124.78(14)

111.15(10)



Table S4. Anisotropic displacement parameters (A% x 10% for [(‘BuzNCS2)Mo(O)(u-
S)2Mo(0)(S.CN'Buy)]. The anisotropic displacement factor exponent takes the form: -2m?[h?
a*?Ut + ... + 2hka*b*U*?].

Atom Ull U22 U33 U23 Ul3 U12
Mo(l)  19(1) 28(1) 28(1) 4(1) 5(1) (1)
Mo(2)  21(1) 23(1) 24(1) 3(1) 5(1) “1(1)
s 39(1) 34(1) 27(1) 5(1) 7(1) 7(1)
S(2) 36(1) 29(1) 27(1) 3(1) 6(1) 2(1)
s@)  28(1) 34(1) 27(1) 4(1) 10(1) 6(1)
S(4) 29(1) 31(1) 26(1) 1(1) 5(1) 2(1)
SG)  24(1) 33(1) 23(1) -2(1) 6(1) 4(1)
S(6) 26(1) 30(1) 22(1) -1(1) 5(1) 3(1)
o@1)  23() 42(1) 48(1) 6(1) 5(1) -3(1)
02  27() 35(1) 38(1) 5(1) 5(1) -7(1)
N(1)  26(1) 28(1) 28(1) 1(1) 1(1) 1(1)
N@2)  24(1) 20(1) 25(1) -1(1) 7(1) “1(1)
c(1)  27(0) 28(1) 31(1) 0(1) 2(1) -2(1)
c@)  27() 33(1) 36(1) 6(1) 4(1) “1(1)
c(3  33() 42(1) 66(2) -4(1) 11(1) -11(1)
c4) 37 37(1) 50(1) 6(1) 15(1) 3(1)
c(5) 31 31(1) 27(1) 5(1) 1(1) 3(1)
c®) 370 27(1) 42(1) 5(1) 15(1) 6(1)
c(7) 662 41(1) 49(1) 13(1) 30(1) 15(1)
c@)  36(1) 46(1) 71(2) 5(1) 19(1) 1(1)
c(9)  25(1) 25(1) 23(1) 1(1) 2(1) (1)
C(10)  30(1) 30(1) 27(1) -5(1) 9(1) -7(1)
C(11)  56(2) 51(1) 38(1) -1(1) -4(1) -21(1)
C(12)  46(1) 24(1) 41(1) -4(1) 19(1) -6(1)
C(13)  24(1) 24(1) 30(1) -1(1) 11(1) 2(1)
C(14)  28(1) 25(1) 30(1) -2(1) 10(1) -1(1)
C(15)  59(1) 27(1) 38(1) 4(1) 16(1) 9(1)
C(16)  45(1) 38(1) 51(1) -10(1) 28(1) -3(1)
c(17)  23(1) 31(1) 29(1) 2(1) 1(1) -3(1)

c(18)  26(1) 19(1) 24(1) 2(1) 7(1) -1(1)



Table S5. Hydrogen coordinates (x 104) and isotropic displacement parameters (A2 x 10%) for
[('BuzNCS2)Mo(O)(u-S)2Mo(O)(S2CN'Bu2)].

H atom X y z U(eq)
H(1A) 1081 12515 3885 38
H(1B) 989 11347 4512 38
H(2) -191 12281 2979 41
H(3A) -1034 10670 3227 74
H(3B) -341 10041 4017 74
H(3C) -347 9867 3076 74
H(4A) 52 13704 4198 63
H(4B) -142 12420 4685 63
H(4C) -800 13080 3873 63
H(5A) 406 11136 2251 39
H(5B) 1031 9989 2274 39
H(6) 1361 12873 2668 42
H(7A) 1374 11333 1225 74
H(7B) 1543 12962 1368 74
H(7C) 701 12375 1203 74
H(8A) 2428 10769 2624 77
H(8B) 2430 11502 3473 77
H(8C) 2629 12387 2781 77
H(9A) 6047 3035 7478 31
H(9B) 5341 3898 7544 31
H(10) 6505 5086 7020 35
H(11A) 6993 4482 8471 82
H(11B) 6334 5377 8623 82
H(11C) 6982 6137 8374 82
H(12A) 5331 6315 6440 54
H(12B) 5974 7262 7110 54
H(12C) 5323 6542 7372 54
H(13A) 6214 3266 6094 31
H(13B) 5477 3562 5258 31
H(14) 5050 1270 5240 33
H(15A) 5823 -392 6219 63
H(15B) 5497 750 6686 63
H(15C) 6370 831 6748 63
H(16A) 6033 204 4892 63
H(16B) 6624 1393 5390 63

H(16C) 5908 1768 4546 63



Appendix B: Chapter 3 Supplemental Information:
Computational Details:

Density Functional Theory calculations though the WebMO program or on Tulane Cypress
Computing Core using Gaussian09. Structures were generated de novo on the WebMo Graphical
interface or loaded from pre-existing SC-XRD coordinates. All calculations were carried out in the gas
phase. Initial geometry was run at the “loose” level with Cu, Mo, Si using the LANL2dz basis set and all
lighter atoms using 6-311++G(2d,2p) basis. Once convergence was achieved at this level, the limits were
tightened one step at a time until convergence was achieved under “tight" parameters. A vibrational
calculation was then run to check for imaginary vibrational frequencies and necessary structural changes
were made to eliminate them if they appeared. At this point the minimized structure was used to
calculate any number of the following employing the appropriate keywords: Molecular Orbitals, Natural
Bonding Orbitals, or Excitation States.

Computational Minimized Coordinates:

[Cu(Mesphen)('BusP)(MeCN)]*

Cu 0.35506 0.03864 0.60243
P 2.48516 0.00852 -0.43277
C 3.68568 -1.28406 0.48687
C 2.84113 -2.54581 0.82525
H 3.46193 -3.23749 1.41262
H 1.96539 -2.28032 1.43088
H 2.50114 -3.08302 -0.0627

C 4.1377 -0.68513 1.84619
H 4.63704 -1.47604 2.4236

H 3.28563 -0.32696 2.43557
H 4.85511 0.13175 1.73039
C 4.94336 -1.70301 -0.31612
H 5.55268 -2.37397 0.30702
H 4.69502 -2.25023 -1.23061
H 5.57076 -0.84876 -0.58764
C 2.29035 -0.53502 -2.33542
C 1.03463 0.1864 -2.90289

H 0.83673 -0.19704 -3.91409



0.151

1.16039

1.9874

1.71297

2.85046

1.14269

3.51652

3.32315

4.43125

3.70351

3.32153

3.05088

3.38951

3.58145

1.98043

4.84254

5.18541

5.42363

5.08756

2.60082

2.9334

2.84157

1.51133

-1.19955

-2.38618

-2.40984

-1.24425

-1.26112

-2.40903

-0.01146

1.26801

-2.05645

-2.3086

-2.6733

-2.32995

-0.23078

-0.62271

-0.70505

0.84247

1.81241

2.39702

3.44293

1.86375

2.3779

1.84286

2.88776

1.30063

1.43386

2.74522

3.77684

2.50697

2.71697

-1.35986

-0.74304

0.70715

1.37046

2.71281

3.50127

-2.28463

-2.98103

-2.40115

-3.43494

-2.13577

-1.75787

-3.23191

-4.24113

-2.86456

-3.33397

-0.36438

1.05104

1.07159

1.84219

1.29163

-0.65627

-0.63915

0.0955

-1.64102

-1.3747

-1.19207

-2.41425

-1.25418

0.234

-0.0757

-0.09308

0.20203

0.20904

-0.07912



-3.6113

-3.6147

-4.79319

-4.77066

-3.56724

-3.51588

-2.29213

-1.17082

-0.21725

-2.11351

-2.77578

-2.33116

-1.08435

-4.75855

-5.56904

-5.132

-4.57205

-5.67889

-5.71879

-4.88017

-5.68345

-4.73074

-5.24403

-2.28098

-2.95939

-1.26146

-2.51321

-0.32454

0.39134

2.83923

1.40327

0.62235

-0.7522

-1.48621

-2.92076

-3.53441

-2.70141

-3.15588

-5.03793

-5.48404

-5.52788

-5.29291

-3.73165

-3.49471

-3.51844

-4.80486

-1.30044

1.13487

3.60016

3.35194

4.68031

3.35085

5.0115

5.45425

5.30804

5.46868

3.20635

0.08175

-0.39517

-0.39993

-0.69822

-0.68146

-0.36457

-0.32428

0.00688

0.27347

0.52645

0.09101

0.84394

-0.86663

0.36521

-0.62987

0.07218

-1.64017

-0.56759

-0.9087

-0.93845

-0.72095

-0.01454

-0.68343

-1.72647

-0.03324

0.70717

0.2351

-1.00355

0.45303

2.76819



H

H

[Cu(Mesphen)(‘BusP)]*

P

Cu

0.33544

0.26214

0.71909

0.79243

-0.78207

-2.61734

-0.29836

1.27853

2.4954

2.49399

1.27581

1.25634

2.42258

3.6811

3.71985

495156

4.9528

3.72245

3.68609

2.42868

1.26069

0.28385

2.26267

2.72866

2.72257

1.20277

4.97799

5.59457

0.12083

0.17081

1.09414

-0.68218

0.13964

-0.00308

-0.00605

-1.35967

-0.7232

0.72553

1.35959

2.70299

3.51634

2.88329

1.44711

0.69125

-0.68451

-1.44258

-2.87887

-3.51408

-2.70316

-3.17524

-5.02066

-5.48527

-5.46955

-5.29492

-3.66726

-3.42884

3.93968

5.40216

5.77524

5.84002

5.73234

-0.01152

-0.06155

-0.04087

-0.03408

-0.03431

-0.04166

-0.02891

-0.01295

-0.01058

-0.02013

-0.01237

-0.01251

-0.02016

-0.01113

-0.01315

-0.02829

-0.0301

-2.7E-4

-0.87843

0.88915

-0.0016

0.00297

-0.87343



5.5751

4.79942

5.89908

5.89688

4.97155

5.58896

4.79101

5.56862

2.25378

2.71965

1.19341

2.71218

0.27896

-3.37908

-2.48725

-2.87888

-1.45525

-2.47511

-3.27403

-3.52386

-2.25677

-3.97159

-4.8524

-5.19606

-4.96776

-5.51917

-3.15752

-2.19754

-2.43184

-3.42857

-4.74331

-1.21437

1.22282

3.67402

3.43756

4.74974

3.43554

5.02257

5.4889

5.29501

5.47131

3.17477

-1.33088

-2.60274

-3.33144

-2.36707

-3.08297

-0.78635

-1.60453

-0.45149

0.03158

-1.71477

-2.40073

-2.23469

-0.84762

-0.4701

0.27452

-0.03817

0.89287

0.00126

-0.00451

-0.00419

0.00487

-0.87147

0.00412

0.89483

0.00121

-0.87608

-6.3E-4

0.89149

-0.02964

-1.27741

-1.22627

-1.95021

-1.51275

-0.2462

-2.72746

-3.41734

-2.96462

-2.92702

-0.9878

-1.77569

-0.03183

-0.99102

1.84166

2.81293

3.84063



H

H

[Cu(Mesphen)(*BusP)]Cl

Cu

P

-1.14964

-2.29406

-2.92628

-3.0788

-3.6248

-1.90099

-4.62561

-4.83249

-5.34112

-4.81483

-3.31852

-2.52822

-2.81281

-2.73951

-1.44595

-4.83833

-5.12018

-5.10789

-5.44481

-3.00858

-3.2316

-3.62083

-1.95182

0

-2.15013

-3.34236

-2.48568

-3.106

0.01352

1.36051

-1.98672

-2.19327

-2.61768

-2.28414

-0.12071

-0.46156

-0.61449

0.95655

1.79884

2.31356

3.35907

1.74785

2.28403

1.8477

2.8918

1.2641

1.49797

2.7777

3.79808

2.59026

2.74803

0

-0.01368

-1.28947

-2.54191

-3.23725

2.6146

2.76641

2.077

3.14557

1.52064

1.82521

2.19059

3.21539

1.5267

2.16166

-0.46722

-1.70387

-1.88912

-2.61275

-1.5289

-0.76906

-0.96917

-1.65426

0.07197

0.69745

0.35606

1.584

0.98927

0

1.049

0.09208

-0.25349

-0.83908



-1.627

-2.13261

-3.7586

-4.23929

-2.88676

-4.48568

-4.61542

-5.21361

-4.38768

-5.2456

-2.04208

-0.80238

-0.62631

0.09297

-0.93408

-1.74181

-1.5061

-2.59153

-0.87375

-3.29144

-3.12947

-4.19752

-3.47603

-2.98701

-2.69168

-2.98255

-3.2464

-1.63044

-4.51264

-2.25507

-3.07895

-0.67171

-1.46038

-0.31361

0.1392

-1.71788

-2.37549

-2.28206

-0.86494

-0.56515

0.14369

-0.26309

-0.03526

1.22341

-2.08743

-2.35183

-2.70196

-2.34931

-0.26498

-0.66381

-0.73139

0.80944

1.79201

2.3804

3.44231

1.8782

2.30326

1.83352

-0.87176

0.63136

-1.2712

-1.86945

-1.83054

-1.16155

0.86492

0.21578

1.77565

1.13796

2.96132

3.57894

4.58641

2.97266

3.67687

3.02696

4.06856

2.71666

2.41107

3.82697

4.84062

3.42828

3.92763

0.97464

-0.43498

-0.4404

-1.22867

-0.69565

1.24022



-4.85075

-5.07719

-4.77876

-2.27818

-2.59369

-2.5417

-1.18726

1.53476

2.73097

2.75138

1.57398

1.59078

2.74856

3.96095

3.96704

5.15691

5.13797

3.92659

3.87892

2.64739

1.51162

0.55366

2.47401

3.10914

2.72769

1.43622

5.13799

5.90933

5.5655

2.88077

1.28442

1.43337

2.71595

3.75284

2.4773

2.67169

-1.38064

-0.76431

0.68359

1.33286

2.67287

3.46993

2.82175

1.38845

0.61387

-0.76166

-1.50301

-2.93572

-3.54974

-2.72044

-3.17265

-5.05295

-5.47646

-5.56582

-5.3031

-3.74503

-3.51099

-3.52821

1.20412

0.4809

2.22382

2.00164

1.81365

3.0367

1.90084

0.54178

0.80717

0.80215

0.52697

0.4661

0.68283

0.98603

1.04085

1.30946

1.31074

1.0453

0.99402

0.6965

0.48448

0.24435

0.58524

-0.20387

1.52262

0.34041

1.23786

0.49143

2.22613



H 4.94676 -4.8188

H 6.05769 -1.30488
H 6.09114 1.13193
C 5.24213 3.59473
H 6.00829 3.33797
H 5.08244 4.67362
H 5.66061 3.36606
C 2.61875 4.9773

H 3.26923 5.38173
H 1.58962 5.25712
H 2.88301 5.48315
H 0.64841 3.15358
Cl -0.18449 -0.05296

[Cu(Mesphen)('BusP)]Br

Cu 0.31659 0.03531
P 2.46243 0.01661
C 3.66963 -1.26459
C 2.82013 -2.52036
H 3.44683 -3.21502
H 1.96391 -2.24042
H 2.46213 -3.05642
C 4.10914 -0.65376
H 4.59857 -1.44492
H 3.2495 -0.29523
H 4.83451 0.15743
C 4.93134 -1.68866
H 5.5386 -2.34999
H 4.6904 -2.24767

H 5.55758 -0.83428

1.18884

1.50462

1.50285

1.23262

0.48829

1.18259

2.22205

0.56941

-0.21717

0.32015

1.50766

0.21901

-2.36279

0.56633

-0.49536

0.43504

0.78528

1.36457

1.41014

-0.09807

1.79387

2.3813

2.37111

1.67602

-0.3589

0.2778

-1.26928

-0.63602



2.32236

1.07484

0.88657

0.18677

1.20487

2.02049

1.76771

2.87531

1.16265

3.55935

3.3826

4.47063

3.74273

3.30333

3.03238

3.32356

3.60083

1.97564

4.82447

5.16406

5.40102

5.0744

2.57938

2.89895

2.82646

1.49022

-1.21851

-2.41824

-2.44111

-0.5286

0.1838

-0.21709

9.4E-4

1.26408

-2.05046

-2.30985

-2.66642

-2.31551

-0.22636

-0.62293

-0.69409

0.84816

1.82127

2.40607

3.46783

1.90233

2.32926

1.8612

2.90798

1.30993

1.46372

2.74896

3.78482

2.51336

2.70571

-1.35007

-0.73573

0.71241

-2.40816

-3.00544

-4.01305

-2.38992

-3.09877

-2.47536

-3.51415

-2.1824

-1.84679

-3.29055

-4.30254

-2.90584

-3.39147

-0.42929

0.98643

0.99044

1.76957

1.26551

-0.71987

-0.68655

0.02875

-1.70873

-1.44221

-1.25589

-2.48199

-1.32459

0.03301

-0.2207

-0.22144



@)

-1.26194

-1.28081

-2.44323

-3.65817

-3.66171

-4.85382

-4.8323

-3.61602

-3.56597

-2.32986

-1.19281

-0.23174

-2.15308

-2.77589

-2.42016

-1.11153

-4.82745

-5.58807

-5.26944

-4.63433

-5.75361

-5.79165

-4.94478

-5.69875

-4.78697

-5.37771

-2.31541

-2.95414

-1.28318

1.36565

2.70558

3.49945

2.8474

1.41389

0.63649

-0.73886

-1.47697

-2.90944

-3.52113

-2.68961

-3.1402

-5.02369

-5.44475

-5.54031

-5.27191

-3.72107

-3.48452

-3.50904

-4.79439

-1.28443

1.15227

3.61662

3.36

4.696

3.38427

5.00735

5.41172

5.29037

0.035

0.09186

-0.11074

-0.39408

-0.44455

-0.69357

-0.69075

-0.43967

-0.38367

-0.10142

0.09344

0.32376

0.01257

0.81271

-0.91899

0.24299

-0.60602

0.15051

-1.58894

-0.55501

-0.86974

-0.87511

-0.62339

0.1333

-0.57858

-1.60571

-0.00316

0.79298

0.22906



H -2.59604 5.51036

H -0.33666 3.1893
Br 0.39446 0.01943
[Cu(Mesphen)('BusP)]I

Cu 0.31629 0.03718
P 2.45589 0.01137
C 3.67929 -1.27523
C 2.83629 -2.53211
H 3.47144 -3.22767
H 1.98808 -2.25596
H 2.46573 -3.06641
C 4.14792 -0.67062
H 4.64982 -1.4637
H 3.30226 -0.31407
H 4.86957 0.14205
C 4.92543 -1.69815
H 5.5435 -2.36238
H 4.66669 -2.25386
H 5.54735 -0.84368
C 2.27646 -0.53111
C 1.02012 0.18599
H 0.81319 -0.21131
H 0.14262 0.00301
H 1.15068 1.26626
C 1.97027 -2.05219
H 1.69889 -2.30795
H 2.82917 -2.67051
H 1.12305 -2.31805

C 3.49782 -0.23072

-0.93817

0.32559

3.09165

0.38219

-0.70295

0.1983

0.55898

1.12769

1.19631

-0.32008

1.5499

2.12376

2.14819

1421

-0.62082

0.0022

-1.52817

-0.90673

-2.6142

-3.18659

-4.19193

-2.55637

-3.27905

-2.6796

-3.71457

-2.40404

-2.03732

-3.51858



3.30017

4.414

3.68371

3.30442

3.06175

3.36598

3.63445

2.00783

4.8202

5.16313

5.4091

5.05129

2.56627

2.89342

2.79404

1.47929

-1.21475

-2.41559

-2.44105

-1.26311

-1.28453

-2.44852

-3.66299

-3.66371

-4.85522

-4.83123

-3.6128

-3.56043

-2.32224

-0.62399

-0.7035

0.84319

1.81322

2.39894

3.45692

1.88746

2.33621

1.84766

2.89352

1.29634

1.44834

2.74447

3.77875

2.50879

2.70599

-1.35401

-0.7426

0.70549

1.36322

2.70354

3.49363

2.8369

1.40311

0.62219

-0.75294

-1.48714

-2.91917

-3.52773

-4.52795

-3.15237

-3.6203

-0.65216

0.76787

0.76968

1.54295

1.0607

-0.9706

-0.94529

-0.23176

-1.96324

-1.65149

-1.46992

-2.69559

-1.5149

-0.15538

-0.41083

-0.42061

-0.17024

-0.1244

-0.33114

-0.60537

-0.64517

-0.88516

-0.87379

-0.62233

-0.55906

-0.2792



@]

H

-1.18647

-0.22438

-2.14252

-2.76031

-2.41393

-1.09942

-4.82161

-5.579

-5.26846

-4.62665

-5.75208

-5.79451

-4.95199

-5.702

-4.7961

-5.3888

-2.32336

-2.95948

-1.29079

-2.60917

-0.34153

0.28284

-2.69342

-3.1417

-5.02944

-5.44739

-5.55093

-5.27509

-3.73386

-3.49405

-3.52817

-4.80655

-1.30132

1.13524

3.60175

3.35002

4.68176

3.3603

5.00252

5.41146

5.28957

5.49769

3.19106

0.04666

[Cu(Mesphen)('BusP)]CN

Cu

P

0.32847

2.41345

3.67844

2.85514

3.50853

2.02112

0.02304

0.01565

-1.25467

-2.5169

-3.20475

-2.24231

-0.0909

0.13945

-0.1593

0.64632

-1.08688

0.06681

-0.77128

-0.01256

-1.75334

-0.7149

-1.04624

-1.06672

-0.83569

-0.07347

-0.80056

-1.81407

-0.23597

0.5599

-0.01029

-1.17357

0.10566

3.0841

1.0406

-0.29507

0.57699

0.9645

1.5217

1.62031



2.46731

4.18162

4.71781

3.35438

4.88495

4.90495

5.54482

4.6256

5.5123

2.19643

0.91993

0.68536

0.06258

1.04198

1.89966

1.60337

2.7706

1.07235

3.39043

3.16569

4.31719

3.57198

3.25185

3.02962

3.36145

3.58749

1.97435

4.76173

5.09883

-3.0583

-0.64584

-1.43244

-0.30747

0.17946

-1.67286

-2.33045

-2.23345

-0.81484

-0.53577

0.17101

-0.23219

-0.01388

1.25156

-2.05948

-2.32039

-2.67009

-2.3319

-0.23154

-0.62433

-0.70321

0.84271

1.82322

2.41524

3.46492

1.88804

2.3803

1.86609

2.91425

0.09718

1.91496

2.46657

2.5466

1.76576

-0.27408

0.33393

-1.17231

-0.57998

-2.20063

-2.74048

-3.73752

-2.08357

-2.84219

-2.25435

-3.28135

-1.99999

-1.58918

-3.13949

-4.14361

-2.79918

-3.24517

-0.27475

1.14634

1.147

1.92134

1.43874

-0.62

-0.6093



5.36736

4.97687

2.49446

2.82455

2.70432

1.41

-1.17561

-2.35691

-2.37576

-1.21172

-1.2283

-2.37083

-3.56974

-3.57674

-4.75343

-4.73573

-3.53914

-3.494

-2.27717

-1.15495

-0.20948

-2.10847

-2.77946

-2.31843

-1.08317

-4.73966

-5.54519

-5.12075

-4.55051

1.32378

1.46026

2.74841

3.78394

2.50728

2.71157

-1.34914

-0.73302

0.71428

1.36181

2.7029

3.50113

2.85384

1.42054

0.64624

-0.72926

-1.47161

-2.90406

-3.51878

-2.69027

-3.14301

-5.02242

-5.45003

-5.53044

-5.27413

-3.71287

-3.48251

-3.49168

-4.78679

0.1116

-1.61371

-1.26581

-1.09565

-2.31241

-1.11102

0.38117

0.05263

0.05201

0.38304

0.43297

0.15219

-0.20444

-0.25054

-0.57317

-0.57095

-0.24665

-0.19649

0.15773

0.43191

0.7165

0.26939

1.02594

-0.68128

0.56065

-0.5027

0.20797

-1.50874

-0.44963



C

N

-5.64549

-5.67681

-4.83546

-5.63617

-4.67469

-5.20844

-2.24218

-2.92805

-1.2253

-2.46051

-0.29831

0.68844

0.96374

-1.27214

1.16476

3.62855

3.38033

4.70732

3.39305

5.00894

5.42085

5.28834

5.5085

3.18287

0.02775

0.03317

[Cu(Me;bpy)(*BusP)(thiourea)]*

Cu

P

-0.03022

-2.17941

-3.3729

-2.51453

-3.14598

-1.67783

-2.12089

-3.87283

-4.37904

-3.05107

-4.59904

-4.60434

-5.21587

-4.32744

-5.23889

-0.4715

0.3074

-1.23633

-2.32379

-3.2057

-2.63887

-1.99997

-1.86814

-2.81321

-2.10342

-1.23874

-0.89517

-1.80218

-0.56662

-0.12675

-0.80791

-0.812

-0.51659

0.19352

-0.46791

-1.52239

0.26064

1.01251

0.55617

-0.69263

0.72413

2.95881

4.1214

-0.3828

0.33444

0.72838

1.43577

1.61528

0.80039

2.40188

-0.5994

-0.35736

-1.28434

-1.12152

1.60588

1.71793

2.61182

1.15471



@]

@]

-1.97761

-0.73325

-0.55657

0.16057

-0.85667

-1.65378

-1.38

-2.50507

-0.803

-3.20509

-3.00323

-4.11728

-3.402

-3.03951

-2.78957

-3.1663

-3.29779

-1.72071

-4.56055

-4.91376

-5.13921

-4.79929

-2.3306

-2.6841

-2.56087

-1.24155

1.54503

2.61848

2.5406

1.39014

2.30467

2.84409

1.71134

3.05043

0.44833

1.06815

-0.1682

-0.20701

2.26147

2.76651

1.67162

3.04229

1.43844

0.75298

1.4106

-0.20775

0.5787

1.67163

2.34696

0.74701

2.1399

2.81905

3.35546

3.44542

2.7204

-0.89484

-0.05094

1.01836

1.99258

1.8132

2.75494

1.59039

1.02562

3.18405

4.04966

3.4842

2.96291

2.36342

3.31947

2.49041

1.62249

-1.05819

-2.43105

-3.22774

-2.52722

-2.60555

-0.86888

-1.66196

-0.95356

0.09067

-1.10931

-2.0013

-0.24285

-1.18868

0.96337

0.90028

-0.13533



1.53532

1.4251

2.28515

3.31752

3.43018

4.20168

4.25157

5.01584

4.76127

3.69691

2.15012

0.62545

3.7301

3.7567

2.63927

1.5667

0.70091

2.60364

4.926

5.77206

4.63676

5.27227

4.58189

-0.28804

1.23827

1.40767

0.64448

2.25567

2.26768

0.88183

1.81327

2.91271

3.08564

2.11129

2.21896

4.27287

4.23556

4.31715

5.2133

3.6255

1.65784

-0.21733

-1.26216

-2.12854

-1.91401

-2.56751

-2.95882

-1.45246

-0.81133

-1.21123

-2.49318

0.45015

-2.46527

-2.75911

-3.89041

-4.55236

-4.09467

-1.87512

-1.05756

-2.0437

-2.14859

-1.1956

-0.18376

0.57098

-1.26394

-0.48141

-2.23493

-1.14914

-2.95693

-2.76076

1.75204

2.6978

2.73441

1.85892

1.86368

3.43367

3.63825

3.37062

4.67005

3.63578

1.67726

-1.88066

-2.70109

-3.43736

-3.48837

-3.95292

-2.63242



H

H

3.15494

2.12873

-2.02562

-1.02481

-3.09796

-2.09414

[Cu(Me2bpy)('BusP)(tetrahydrothiophene)]*

Cu

S

0

0

1.73044

1.75605

2.41127

2.00481

2.34309

2.79408

0.68767

0.43555

0.74733

-0.38694

-0.3482

-1.39214

-1.84491

-2.25042

-0.91188

-0.28297

-0.34729

-1.12356

-2.91931

-2.98411

-3.93155

-2.33699

-3.14567

-2.67846

0

0

0

-0.71382

-0.32937

1.42629

2.04057

1.43278

1.97889

1.47907

3.04833

1.69039

2.40347

1.67078

-1.03854

-2.70824

-3.4042

-2.7682

-3.69607

-4.31276

-2.42198

-3.36327

-2.04089

-1.73347

-3.68372

-4.04256

0

2.51083

3.18662

4.00636

2.40774

3.66639

2.8302

4.41844

4.2168

5.15316

4.42117

3.16916

2.34947

3.58014

-0.99599

-0.09025

0.24025

0.86283

-0.63887

0.80782

1.26897

1.81853

1.17354

1.8783

-0.87432

-1.7873



-4.10925

-3.33915

-3.40261

-4.75461

-4.99856

-4.80127

-5.54363

-3.42806

-4.26307

-2.51241

-3.55982

-3.24926

-4.03111

-3.3683

-2.2899

-1.45329

-2.67161

-3.35953

-3.22927

-2.32173

-0.72134

-0.41473

0.17528

-1.33816

-0.45316

-0.88773

0.43129

-0.11988

0.831

-3.25232

-4.5589

0.11498

-0.57201

-1.31848

-1.04488

0.18305

0.76456

1.46711

1.32413

0.05219

1.27618

2.01035

0.96436

1.78183

-1.41393

-1.74564

-0.90966

-2.6059

-1.98343

-0.19047

-0.43391

0.04992

0.69959

-2.58333

-3.54005

-2.41082

-2.66753

1.94002

-1.13233

-0.24974

-0.90421

-1.16601

-0.4154

-2.14334

-1.13287

0.49624

0.53989

0.68728

1.30297

-1.906

-1.70111

-2.93933

-1.80648

-2.8614

-3.74076

-3.83424

-3.38088

-4.74811

-3.45523

-4.4748

-2.88628

-3.50848

-2.95119

-2.67775

-2.3398

-3.98747

-0.54732



H

H

0.18134

-0.85708

0.76614

0.18248

2.10494

2.77593

3.81309

2.12439

2.81222

2.07828

2.66232

3.98039

4.7594

4.14673

4.72227

6.19083

6.25154

6.76038

6.67416

4.39122

2.04049

2.78264

3.84896

2.65012

2.3508

3.10933

3.07805

4.31004

5.21974

4.32508

3.10588

3.08403

1.93063

0.60781

-0.44107

-1.64391

-1.86814

-0.79805

0.45056

1.29839

-0.9925

-1.63136

-1.48227

-0.0466

-2.86593

-2.46077

5.59961

5.45484

6.37616

5.97618

[Cu(Mesphen)('BusP)(thiourea)]*

Cu

P

C

-0.42633

-2.46165

-3.71733

-0.03222

0.04626

-1.36776

-0.54616

-0.24503

-0.90737

-0.88313

-1.30217

-1.2987

-1.59441

-0.919

-0.89555

-0.48117

-0.42995

-0.785

-1.22918

-1.27569

-1.61264

-1.64251

-2.52509

-0.8522

-1.87673

-0.71857

-0.08966

-1.71939

-1.8784

-0.96577

-2.6482

-0.67025

0.59642

-0.02746



-2.86976

-3.53363

-2.10631

-2.3807

-4.36525

-4.9098 -

-3.61882

-5.08902

-4.84478

-5.50277

-4.46179

-5.4646

-2.0534

-0.77427

-0.48929

0.06136

-0.91682

-1.68569

-1.29345

-2.54519

-0.90402

-3.18634

-2.86678

-4.11666

-3.4041

-3.36047

-3.274

-3.66552

-3.85704

-2.6355

-3.41261

-2.41938

-3.04783

-0.9416

1.80608

-0.64603

-0.13042

-1.72318

-2.47253

-2.1599

-0.85897

-0.27315

0.53868

0.31252

0.25649

1.61823

-1.76784

-1.88901

-2.4366

-2.09183

0.10417

-0.15699

-0.43536

1.17667

1.81328

2.23405

3.25667

1.59062

-0.33324

-0.73837

-1.09072

0.55214

-1.37288

-1.77832

-2.11812

-1.25731

0.97492

0.51119

1.90195

1.23255

2.51874

2.86931

3.90701

2.21925

2.79431

2.72431

3.74414

2.62677

2.02696

3.50697

4.52667

3.30738

3.50301

0.42557

-1.0682

-1.16993

-1.72892



-2.23821

-4.83947

-5.2175

-5.48232

-4.95977

-2.56802

-2.96041

-2.68036

-1.49906

1.15492

2.27486

2.29342

1.20805

1.21603

2.26849

3.38905

3.40794

4.51341

4.50827

3.39079

3.355

2.21074

1.14261

0.24679

2.05951

2.85168

2.10017

1.10014

4.52738

2.22452

1.84312

2.87162

1.2062

1.54553

2.8768

3.86985

2.75929

2.8652

-1.37478

-0.73812

0.71044

1.34391

2.68878

3.5033

2.8703

1.4352

0.6806

-0.69468

-1.45616

-2.89173

-3.5281

-2.71713

-3.18759

-5.03517

-5.49565

-5.4938

-5.30992

-3.67927

-1.42844

0.8875

0.79218

0.27312

1.93336

1.23309

0.97185

2.31462

0.98875

-0.17907

0.29528

0.24788

-0.31394

-0.36734

0.13206

0.70856

0.76055

1.30547

1.3231

0.81344

0.81226

0.29102

-0.1839

-0.57797

0.22226

-0.38171

1.2186

-0.2284

1.36058



H 5.45114 -3.45133 0.81227

H 4.70845 -3.43647 2.41615
H 4.36297 -4.75583 1.29478
H 5.36225 -1.22303 1.7339

H 5.36952 1.2134 1.70559
C 4.55503 3.66237 1.26304
H 5.48728 3.41893 0.7359

H 4.39808 4.73838 1.17492
H 4.71617 3.43703 2.32548
C 2.13563 5.00948 0.01785
H 2.95528 5.44847 -0.56501
H 1.1969 5.28176 -0.47581
H 2.14178 5.49196 1.00364
H 0.35065 3.15451 -0.83031
S -0.95517 -0.31942 -3.10195
C 0.49981 -0.04741 -4.04741
N 0.50845 -0.32507 -5.37968
H -0.33246 -0.69791 -5.80034
H 1.30993 -0.15631 -5.97605
N 1.63418 0.45027 -3.48833
H 2.48527 0.60838 -4.01468
H 1.61722 0.67357 -2.49876

[Cu(Mesphen)('BusP)(benzenethiolate)]

Cu -0.54223 -0.15616 0.40702
P -2.86905 -0.06001 -0.20966
C -3.97044 0.46605 1.36312
C -3.18937 1.5832 2.11339
H -3.7373 1.8376 3.0331

H -2.19251 1.22882 2.40198



-3.08528

-4.061

-4.49388

-3.07514

-4.71268

-5.40502

-5.92822

-5.41198

-5.98923

-3.19629

-2.03711

-2.10836

-1.06314

-2.07192

-3.07156

-3.08569

-3.89593

-2.12541

-4.5552

-4.63151

-5.40682

-4.6527

-3.50173

-2.88633

-3.05115

-3.33861

-1.81053

-5.0391

-5.26053

2.50015

-0.72975

-0.36317

-1.14642

-1.52943

0.95427

1.16356

1.87896

0.20207

1.26074

1.10615

1.91715

1.17712

0.15894

2.69744

3.40976

2.96289

2.83408

1.1372

1.94223

1.23544

0.18798

-1.84147

-2.91253

-3.90768

-2.91193

-2.76207

-2.02783

-3.03473

1.52703

2.35012

3.29276

2.58155

1.98495

1.03778

1.98328

0.45195

0.49775

-1.67072

-2.69686

-3.4377

-2.19984

-3.23959

-1.09486

-1.93333

-0.42706

-0.55975

-2.40425

-3.15181

-1.72405

-2.94051

-0.83784

0.1076

-0.33363

1.10076

0.25115

-0.89043

-1.27693



-5.49614

-5.52971

-2.91933

-3.10513

-3.38933

-1.83643

0.66386

1.80141

1.961

0.95759

1.12489

2.26533

3.29215

3.14128

4.14163

3.98729

2.81732

2.64587

1.48058

0.52889

-0.36845

1.19761

1.97429

1.14335

0.24189

3.71214

4.66717

3.89647

3.43032

-1.95321

-1.30514

-2.10976

-3.1627

-1.49701

-1.9418

1.59919

1.3541

0.02986

-0.87853

-2.12996

-2.57307

-1.64674

-0.30985

0.7169

1.97786

2.34015

3.62716

3.85493

2.80513

2.95327

5.16377

5.39876

6.00859

5.11297

4.69245

4.36791

4.90939

5.62933

0.10058

-1.54972

-2.25227

-2.5108

-3.02759

-2.28335

0.14932

-0.57922

-1.14086

-0.91438

-1.36921

-2.09182

-2.35853

-1.86422

-2.04518

-1.51778

-0.75129

-0.14339

0.61566

0.72431

1.31852

1.32919

2.06876

0.6296

1.86182

-0.30934

0.12635

-1.3701

0.17538



H

H

4.76951

5.04417

4.54273

5.43751

4.50336

4.68587

2.32316

3.18827

1.42416

2.39421

0.32857

-0.25924

1.53325

1.98461

1.24931

3.35385

4.3133

3.87755

2.5083

2.1799

4.60284

5.37121

3.6695

2.71555

0.48202

-2.0371

-1.92904

-3.07339

-1.40093

-4.02425

-4.54217

-4.55981

-4.12181

-2.83237

-1.19233

-1.53586

-2.85924

-3.65763

-3.1428

-2.11224

-0.79252

-0.50851

0.51541

0.0187

-2.33066

-4.16753

[Cu(Mesphen('BusP)(PhsP=S)]*

Cu

P

1.11606

2.91275

2.70573

2.14424

1.96899

-0.39704

-1.99112

-3.3875

-2.689

-3.45366

-1.66851

-2.60101

-3.12192

-2.49367

-3.4633

-4.00572

-2.52977

-2.09541

-2.20651

-3.62141

-1.14039

2.54516

2.70536

2.94534

3.01171

3.10943

3.03287

2.79467

2.63344

2.47358

2.74256

3.16437

3.30112

-0.0364

-0.01232

-1.41794

-2.68938

-3.46014



1.18477

2.82949

1.634

1.41062

0.69586

1.9797

4.0075

3.76705

4.76544

4.45055

4.61655

4.56612

5.45099

3.67415

4.57836

4.68588

5.53734

4.84739

3.78178

5.90765

6.77746

5.98986

5.98678

3.04881

1.60905

1.65606

1.14291

0.95134

3.9507

-2.2016

-1.9493

-4.41927

-5.06899

-3.94028

-5.06501

-4.15074

-4.93239

-3.50423

-4.64378

-1.00962

0.32098

0.92014

0.90436

0.17085

-0.6096

0.07238

-1.46463

-0.07945

-1.78303

-1.17195

-2.73692

-1.97627

-2.89225

-3.27606

-3.69797

-4.02033

-2.39843

-4.15286

-2.47747

-3.10998

-0.97506

-1.83335

-0.67399

-0.16306

-1.7714

-2.50677

-2.22303

-0.90096

-0.34746

0.45616

0.19592

0.20213

1.53744

-1.84612

-1.98226

-2.50792

-2.16628

0.02196

-0.26129

-0.50615

1.09624

1.75634

2.2001

3.21501

1.55231

2.22162

1.78774



3.99977

3.55504

4.9749

3.57793

3.45598

4.64068

3.01569

1.17709

1.15131

0.99834

0.89135

0.72092

0.6591

0.78695

0.95666

1.08912

1.23456

1.26129

1.39233

1.39574

1.2874

1.29541

1.52163

0.70744

2.46569

1.49257

1.52522

0.65889

2.4163

-4.52568

-4.96528

-3.94478

-1.87704

-2.31761

-1.65223

-0.93624

1.31435

2.48849

2.40159

1.15101

1.05966

2.17632

3.46672

3.58496

4.85662

4.93882

3.75764

3.80898

2.59385

1.38027

0.43161

2.51677

3.05139

2.95254

1.47593

5.14628

5.79057

5.68636

2.82146

1.17115

1.46476

2.80525

3.80511

2.67853

2.7822

-1.30619

-0.5968

0.84221

1.39815

2.72629

3.60464

3.05487

1.63445

0.96143

-0.40357

-1.23486

-2.66364

-3.37638

-2.64202

-3.17156

-4.88595

-5.39194

-5.23751

-5.22505

-3.36411

-3.16289

-3.01726



1.60891

1.33193

1.07364

0.75011

-0.07213

0.61743

1.68118

0.46709

-0.44595

0.38811

1.30703

0.6286

-0.96926

-2.93627

-4.04036

-3.79197

-4.6435

-5.73812

-5.97918

-5.13347

-5.32039

-6.81904

-6.39391

-4.45172

-2.93625

-3.77318

-3.01104

-3.63449

-5.01617

5.03486

5.91434

5.76878

4.71042

5.37617

4.47018

5.28489

1.92122

2.39724

0.84787

2.30772

0.05616

-1.74973

-0.84911

-1.35837

-2.58307

-3.00814

-2.21194

-0.98449

-0.55499

0.40121

-0.36425

-2.54182

-3.9534

-3.18673

-1.4144

-2.04587

-2.47987

-2.28545

-4.44641

-0.86896

1.54915

3.91975

3.62509

4.97588

3.82555

5.08733

5.46752

5.28999

5.6788

3.13222

-0.38136

-0.18053

-1.60255

-2.25318

-3.28907

-3.67795

-3.03115

-1.99192

-1.50965

-3.33293

-4.47958

-3.78962

-1.96236

1.39725

2.39832

3.58371

3.7682



H

H

-5.77814

-5.16063

-5.76427

-6.84728

-5.49809

-3.04649

-1.94958

-2.93931

-2.60566

-2.59913

-2.91625

-3.23682

-3.24722

-3.50479

-3.48721

-2.918

-2.35508

-2.35947

-1.65867

-1.22356

-0.75825

-1.51728

-2.62744

-2.97599

-2.21551

1.0161

1.70901

3.11383

3.83269

3.14029

1.73233

1.20662

3.68889

4.91969

3.64377

1.16053

[Cu(Me;bpy)('BusP)(PhsP=S)]*

Cu

P

1.17983

3.09799

3.00846

2.40608

2.29819

1.41488

3.02669

2.02194

1.86056

1.05137

-0.11082

-1.46965

-2.79101

-2.10689

-2.8567

-1.70595

-1.31031

-3.91142

-4.53615

-3.52455

2.7621

1.57583

0.80136

2.89557

4.68052

4.35135

2.23702

-0.16256

-1.34629

-1.35695

-0.18689

0.99524

1.01085

1.92577

1.89955

-0.19916

-2.27396

-2.25227

-0.0741

-0.09278

-1.51365

-2.7607

-3.54753

-2.55275

-3.15746

-1.12824

-2.00924

-0.82458



2.40258

4.34927

4.16289

5.05866

4.82472

4.67367

4.51863

5.35897

3.60233

4.52406

4.72054

5.50808

4.95739

3.78736

6.01978

6.82468

6.19856

6.11314

3.28636

1.89044

1.96633

1.48695

1.17027

4.27452

4.32325

3.96438

5.28286

3.71597

3.6253

-4.56024

-3.44303

-4.19789

-2.73432

-3.94597

-0.36411

0.92165

1.58271

1.45142

0.74373

0.10181

0.85238

-0.69775

0.57011

-1.02547

-0.32848

-1.9372

-1.25576

-2.39349

-2.90174

-3.34227

-3.65947

-2.08581

-3.5731

-3.97655

-4.38659

-3.28021

-1.38952

-1.87872

-0.34484

-1.89538

-2.66294

-2.31375

-1.05731

-0.37243

0.46869

0.24507

0.2162

1.53815

-1.84108

-1.93539

-2.53635

-2.14938

-0.028

-0.27387

-0.59122

1.02997

1.60457

2.02368

3.02042

1.36175

2.0684

1.61862

2.63304

0.9688

1.33897

2.69225

3.66437



4.74912 -1.07037 2.59177

3.08052 -0.50535 2.70888
1.04183 1.71079 -1.27536
0.94629 2.85554 -0.57849
0.80354 2.71643 0.89889
0.80292 1.4615 1.38367
0.64432 1.291 2.69999
0.49391 2.33646 3.59371
0.50985 3.64817 3.11719
0.66343 3.8182 1.74501
0.66866 4.81906 1.34239
0.37806 4.82047 4.04876
0.22478 5.75038 3.50512
-0.45579 4.68235 4.73699
1.27972 4.9307 4.65409
0.36892 2.12813 4.6472

0.63843 0.26802 3.05057
0.96797 4.09616 -1.21898
1.0774 4.17878 -2.60359
1.14838 2.9749 -3.30651
1.12937 1.78086 -2.60674
1.18723 0.83563 -3.12949
1.22307 2.96386 -4.38511
1.12912 5.503 -3.3134

0.85871 6.32403 -2.65256
2.13532 5.69478 -3.69084
0.45709 5.5153 -4.17137
0.89856 5.00846 -0.64722

-0.85108 -1.45184 -0.59108



-2.71576

-3.93079

-3.70007

-4.63652

-5.80642

-6.0382

-5.1052

-5.29367

-6.94166

-6.53179

-4.45025

-2.7854

-3.24709

-2.30505

-2.70428

-4.04618

-4.99243

-4.5977

-5.34645

-6.03861

-4.35713

-1.96897

-1.26796

-2.95034

-2.76509

-2.94724

-3.30449

-3.47264

-3.29743

-0.81775

-1.61607

-2.92672

-3.57642

-2.92438

-1.6182

-0.96336

0.05534

-1.10471

-3.43097

-4.58997

-3.42921

-1.23793

-1.64878

-1.98202

-1.90937

-1.50779

-1.17626

-0.88473

-1.46236

-2.17543

-2.30943

-1.72801

0.98159

1.53358

2.89388

3.71916

3.17893

1.81323

-0.17723

-1.28625

-1.71202

-2.50572

-2.88448

-2.46824

-1.6711

-1.36469

-2.76613

-3.50572

-2.83211

-1.43226

1.52452

2.46656

3.75687

4.11297

3.174

1.88416

1.16163

3.44222

5.11365

4.47877

2.17561

-0.38626

-1.65868

-1.86267

-0.79827

0.47067

0.6787



H

H

Syn-[[Cu(Mesphen)(*BusP)].N3]BF,

Cu

p

-3.44049

-3.75152

-3.45635

-2.81792

-2.4861

-3.08942

-4.00113

-2.93975

-2.71369

-2.08378

-2.19998

-3.6267

-1.52779

-0.91003

-1.0595

-1.53371

-3.55186

-2.85097

-4.47612

-3.73924

-5.89676

-6.62811

-7.65312

-6.16042

-6.66508

-6.02738

-7.08006

-5.65904

1.40284

3.8143

4.77731

3.30945

0.89921

-0.4974

-2.89511

-4.04031

-3.25995

-3.85912

-2.32578

-3.05292

-4.25757

-4.72936

-3.32155

-4.91425

-5.42168

-5.97769

-5.34719

-6.0087

-2.99767

-1.78025

-1.76938

-0.84959

-1.81054

-2.82045

-2.71039

-3.66937

1.6671

1.29976

-0.96123

-2.85223

-2.48849

-0.03074

-0.20546

0.99282

2.31432

2.96592

2.12545

2.85006

0.39485

1.1535

0.1234

-0.46262

1.31542

1.93232

1.87036

0.4273

0.31571

-0.30842

0.0511

-0.01313

-1.38518

1.84829

2.0897

2.40405



-5.51844

-6.63827

-7.6528

-6.17265

-6.71106

-3.81071

-2.44507

-2.37338

-1.60048

-2.35233

-3.89773

-3.82999

-3.08872

-4.83029

-4.88718

-4.64897

-5.8801

-4.90423

-3.94183

-4.48171

-4.46586

-3.9097

-3.86215

-4.37319

-4.9591

-5.00443

-5.57843

-5.59199

-5.03373

-1.92936

-4.29263

-4.24914

-5.17925

-4.41212

-3.55191

-3.0559

-3.32451

-3.49178

-1.98028

-5.08392

-5.31517

-5.60336

-5.49225

-2.8986

-3.12485

-3.27777

-1.82087

0.9552

2.06503

2.18836

1.1891

1.29771

2.40043

3.43188

3.32735

4.35292

4.23843

3.08467

2.19406

-0.08468

0.30229

0.32186

-1.15603

-2.05096

-2.59435

-3.64487

-2.08788

-2.51304

-2.23226

-3.29206

-1.73971

-1.86945

-2.95183

-3.98667

-2.76305

-2.84555

1.45708

0.89985

-0.54602

-1.27167

-2.58241

-3.30492

-2.58509

-1.16238

-0.32359

1.02428

1.68904



N

Cu

P

C

-5.01745

-4.44634

-3.9212

-3.47328

-4.35781

-3.78891

-5.33877

-3.86784

-5.61218

-5.10315

-6.66106

-5.53899

-6.02409

-6.00016

-5.53964

-5.0363

-5.4453

-6.5932

-4.25372

-3.67715

-3.75701

-5.22509

-3.40154

-0.96262

0.07735

1.11742

3.24144

4.12696

5.92543

2.94649

1.80599

0.83931

-0.0501

1.54473

2.31429

1.50175

0.59898

4.03652

4.98024

4.18533

3.80042

5.02221

5.22498

4.6531

5.55581

4.59755

4.76166

2.39501

3.2394

1.495

2.43048

0.48948

-0.51034

0.0316

0.57366

0.56737

2.97976

3.1635

3.10953

3.65613

2.76794

3.16164

5.1458

5.65442

5.60466

5.33631

3.97626

3.81606

3.74644

5.02506

1.61011

-0.7773

-3.26673

-2.93941

-4.33869

-3.03584

-4.81517

-5.1745

-5.15297

-5.29458

-3.11275

0.00733

0.01566

0.0253

-0.00163

-0.13479

0.53911



6.74181

7.69372

6.95227

6.22216

6.75896

7.66415

7.06549

6.23971

5.75734

4.04162

2.69309

2.55044

1.84322

2.68606

5.16417

5.03793

6.15143

5.123

4.17653

5.10678

4.14833

3.36261

3.0747

2.93874

2.38688

2.39461

3.90064

3.69511

3.0145

1.87629

1.94424

1.7292

0.99938

4.39979

4.41894

4.36456

5.33186

3.22538

3.63621

3.17952

2.11065

3.66335

3.42897

2.92918

3.1529

3.26245

1.85258

5.1627

5.5483

5.39258

5.70096

4.08634

3.26912

3.85558

2.34914

3.02789

5.45821

5.99575

0.29059

0.80891

-0.76172

0.65272

0.14065

0.74039

-0.89625

0.30553

1.60859

-1.96573

-2.57658

-2.47895

-2.11977

-3.63415

-2.76496

-3.81997

-2.47955

-2.64598

-2.15086

-1.75922

-3.2127

-1.68381

1.07692

2.38672

3.11561

2.21513

2.82661

1.42038

2.07489



4.63537

3.8585

1.65061

1.03416

1.642

1.19228

4.07432

4.64478

4.66972

4.12224

4.11582

4.66134

5.23764

5.2407

5.805

5.78122

5.19046

5.13658

4.53606

4.01926

3.54764

4.40667

5.37519

3.8357

3.89938

5.72442

6.78071

5.23271

5.62158

5.35911

6.07265

4.30029

4.74291

4.9807

3.36651

-1.10298

-2.09835

-1.97774

-0.8747

-0.75823

-1.71915

-2.85396

-2.99161

-4.13881

-4.25172

-3.23065

-3.33277

-2.30554

-1.2093

-0.40428

-2.29813

-2.32349

-3.14715

-1.40211

-4.54688

-4.6451

-5.45521

-4.49049

1.9476

0.54586

0.51641

1.29392

-0.3252

0.21952

-1.24855

-0.52859

0.91738

1.48076

2.79172

3.67398

3.1211

1.70041

1.0295

-0.31836

-1.15099

-2.57357

-3.28739

-2.55923

-3.08482

-4.79682

-5.28261

-5.15416

-5.12944

-3.26163

-3.0387

-2.93219

-4.33276



H

H

6.20801

6.2502

5.8525

6.90074

5.78657

5.35236

4.58746

4.09166

4.03086

5.57313

3.66371

-5.11883

-4.91877

-3.93809

-4.07517

-3.70375

-4.88719

-1.45832

-0.5167

-2.23255

-1.40694

0.12677

-0.77679

1.61059

3.98114

3.74129

5.03081

3.82485

5.16452

5.36041

5.67965

5.61226

3.19028

[Cu(Mesphen)(*BusP)](1-S)[MoO,(0SiPh;'Bu)]

Cu

P

2.32251

3.86175

3.01966

2.13056

1.58578

1.38101

2.70433

2.05825

1.4431

1.37144

2.59051

4.01565

3.44054

4.62246

4.6896

5.41752

5.78527

-0.17939

-1.95336

-3.40917

-2.74111

-3.5294

-2.08172

-2.17206

-4.21322

-4.86563

-3.55942

-4.85466

-4.38618

-5.1841

-3.90006

-4.8625

-1.24103

0.14307

0.14182

-0.28112

-1.34432

-2.43065

-2.96977

-1.98222

-3.16623

-0.42751

-1.06231

0.12006

0.28247

-2.01896

-2.51166

-2.79061

-1.29992

-1.30262

-0.69615



6.56346

491491

6.17534

4.98057

5.78406

4.81253

4.07259

6.67495

7.44271

6.46914

7.11097

4.54199

3.32873

3.69821

2.60445

2.78678

5.25402

5.62685

4.57398

6.11142

5.51945

5.73125

6.47658

5.08321

1.80353

1.88684

2.38156

2.71972

3.13039

0.60648

0.80924

0.07538

-0.96572

-0.40701

-1.88246

-0.35298

-2.14721

-1.6757

-3.13898

-2.27582

-2.72782

-2.86773

-3.17504

-3.61265

-1.92166

-4.09842

-4.39682

-4.88529

-4.06612

-1.72132

-2.06749

-1.64871

-0.71787

1.34572

2.59991

2.70457

1.54148

1.61816

-1.32135

-0.68301

0.3215

-2.76707

-3.26938

-3.33913

-2.80931

-1.32187

-1.9545

-1.73597

-0.32606

1.42207

2.38412
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XRD Details:

Crystal Structure Report for [Cu(Mezsphen)(‘PrsP)]BFa4

A specimen of C21H33CuF6N2P2, approximate dimensions 0.107 mm x 0.185 mm x 0.304 mm,
was used for the X-ray crystallographic analysis. The X-ray intensity data were measured on a Bruker
Smart APEX CCD system equipped with a fine-focus sealed tube (Mo-Ka, A = 0.71073 A) and a graphite
monochromator. The frames were integrated with the Bruker SAINT software package using a narrow-
frame algorithm. The integration of the data using a triclinic unit cell yielded a total of 23335 reflections
to a maximum 0 angle of 28.85° (0.74 A resolution), of which 6369 were independent (average
redundancy 3.664, completeness = 98.8%, Rint = 3.36%, Rsig = 3.82%) and 4983 (78.24%) were greater
than 20(F2). The final cell constants of a = 9.0724(12) A, b = 9.1353(12) A, ¢ = 15.618(2) A, a
=74.169(2)°, B = 81.003(2)°, v = 83.846(2)°, volume = 1227.1(3) A3, are based upon the refinement of
the XYZ-centroids of reflections above 20 o(l). Data were corrected for absorption effects using the multi-
scan method (SADABS). The calculated minimum and maximum transmission coefficients (based on
crystal size) are 0.7350 and 0.8930. The structure was solved and refined using the Bruker SHELXTL
Software Package, using the space group P -1, with Z = 2 for the formula unit, C21H33CuF6N2P2. The
final anisotropic full-matrix least-squares refinement on F2 with 297 variables converged at R1 = 3.75%,
for the observed data and wR2 = 10.13% for all data. The goodness-of-fit was 1.025. The largest peak in
the final difference electron density synthesis was 0.822 e-/A3 and the largest hole was -0.363 e/A3 with



an RMS deviation of 0.083 e-/A3. On the basis of the final model, the calculated density
was 1.497 g/cm3 and F(000), 572 e-.

Table 1. Sample and crystal data for JPD1051.

Identification code
Chemical formula
Formula weight
Temperature
Wavelength
Crystal size

Crystal system
Space group

Unit cell dimensions

Volume
Z

Density (calculated)

Absorption coefficient

F(000)

JPD1051
C21H33CuF6N2P2
552.97 g/mol
150(2) K
0.71073 A

0.107 x 0.185 x 0.304 mm

triclinic

P-1

a=9.0724(12) A o =74.169(2)°
b=9.1353(12) A B =81.003(2)°
c=15.618(2) A y = 83.846(2)°

1227.1(3) A3
2

1.497 g/cm3
1.077 mm-1

572

Table 2. Data collection and structure refinement for JPD1051.

Diffractometer

Radiation source

Bruker Smart APEX CCD

fine-focus sealed tube (Mo-Ka, A = 0.71073 A)

Theta range for data collection 2.28 to 28.85°



Index ranges -12<=h<=12, -12<=k<=12, -21<=I<=21

Reflections collected 23335
Independent reflections 6369 [R(int) = 0.0336]
Absorption correction multi-scan

Max. and min. transmission 0.8930 and 0.7350
Structure solution technique direct methods

Structure solution program SHELXT (Sheldrick, 2015a)

Refinement method Full-matrix least-squares on F2
Refinement program SHELXL-2018/1 (Sheldrick, 2015b)
Function minimized 2 w(Fo2 - Fc2)2

Data / restraints / parameters 6369 /0 /297

Goodness-of-fit on F2 1.025

A/omax 0.001

Final R indices 4983 data; I>20(l) R1=0.0375, wR2 =0.0979
all data R1=0.0482, wR2 = 0.1013

o w=1/[02(F02)+(0.0630P)2]
Weighti h

elghting scheme where P=(Fo2+2Fc2)/3

Largest diff. peak and hole 0.822 and -0.363 eA-3

R.M.S. deviation from mean 0.083 eA-3

Table 3. Atomic coordinates and equivalent
isotropic atomic displacement parameters (A2) for
JPD1051.

U(eq) is defined as one third of the trace of the
orthogonalized Uij tensor.



x/a y/b z/c U(eq)
Cul 0.70223(2) 0.13227(2) 0.30373(2) 0.02286(8)
P1 0.69824(5) 0.19629(5) 0.15962(3) 0.01948(11)
N1 0.79934(17) 0.98949(17) 0.40595(10) 0.0218(3)
N2 0.58599(17) 0.20857(16) 0.40790(10) 0.0219(3)
C1 0.9075(2) 0.8789(2) 0.40050(13) 0.0265(4)
C2 0.9662(2) 0.7864(2) 0.47418(14) 0.0288(4)
C3 0.9155(2) 0.8071(2) 0.55861(13) 0.0265(4)
C4 0.8050(2) 0.9236(2) 0.56431(12) 0.0236(4)
C5 0.7475(2) 0.01147(19) 0.48776(12) 0.0206(4)
C6 0.6260(2) 0.13385(19) 0.48943(12) 0.0201(4)
C7 0.5556(2) 0.1683(2) 0.56737(12) 0.0238(4)
C8 0.4388(2) 0.2826(2) 0.56353(13) 0.0240(4)
C9 0.3999(2) 0.3587(2) 0.47943(13) 0.0250(4)
C10 0.4753(2) 0.3192(2) 0.40399(13) 0.0244(4)
C11 0.9742(2) 0.7073(2) 0.64143(15) 0.0378(5)
C12 0.3590(2) 0.3205(2) 0.64696(14) 0.0333(5)
€13 0.5236(2) 0.1420(2) 0.13308(13) 0.0245(4)
C14 0.3885(2) 0.2048(2) 0.18758(14) 0.0317(4)
C15 0.5055(2) 0.1851(3) 0.03377(14) 0.0352(5)
C16 0.7032(2) 0.4061(2) 0.11008(13) 0.0270(4)
C17 0.7788(3) 0.4802(2) 0.16743(16) 0.0436(6)
C18 0.7721(3) 0.4549(2) 0.01143(14) 0.0349(5)
€19 0.8521(2) 0.1056(2) 0.09527(12) 0.0241(4)

C20 0.0019(2) 0.1372(2) 0.11725(14) 0.0301(4)



x/a y/b z/c U(eq)

C210.8365(2) 0.9338(2) 0.11728(14) 0.0304(4)

P2

F1

F2

F3

F4

F5

F6

0.24345(6) 0.71410(6) 0.23503(4) 0.03075(13)
0.2756(2) 0.55632(17) 0.20961(11) 0.0703(5)
0.41586(17) 0.7472(2)  0.20434(11) 0.0693(5)
0.20812(16) 0.79812(16) 0.13603(9) 0.0496(4)
0.21483(17) 0.87171(14) 0.26274(9) 0.0487(4)
0.07142(15) 0.68276(16) 0.26602(10) 0.0464(3)

0.27784(18) 0.63042(17) 0.33513(9) 0.0568(4)

Table 4. Bond lengths (&) for JPD1051.

Cul-N1  2.0208(15) Cul-N2  2.0419(15)

Cul-P1  2.1707(6) P1-C19 1.8474(19)

P1-C13  1.8478(19) P1-C16  1.8633(19)

N1-C1 1.342(2)  N1-C5 1.351(2)
N2-C10  1.342(2)  N2-C6 1.355(2)
C1-C2 1.373(3)  C1-H1 0.95
C2-C3 1.383(3)  C2-H2 0.95
C3-C4 1.393(3)  C3-C11  1.502(3)
C4-C5 1.388(2)  C4-H4 0.95
C5-C6 1.486(2)  C6-C7 1.383(2)
C7-C8 1.401(3)  C7-H7 0.95
C8-C9 1.388(3)  C8-C12  1.496(3)

C9-C10 1.383(3) C9-H9 0.95



C10-H10 0.95 C11-H11A 0.98
C11-H11B 0.98 C11-H11C 0.98
C12-H12A 0.98 C12-H12B 0.98
C12-H12C 0.98 C13-C15 1.523(3)
C13-C14 1.532(3) C13-H13 1.0
C14-H14A 0.98 C14-H14B 0.98
C14-H14C 0.98 C15-H15A 0.98
C15-H15B 0.98 C15-H15C 0.98
C16-C18  1.532(3)  C16-C17  1.534(3)
Cl16-H16 1.0 C17-H17A 0.98
C17-H17B 0.98 C17-H17C 0.98
C18-H18A 0.98 C18-H18B 0.98
C18-H18C 0.98 C19-C20 1.527(3)
C19-C21 1.529(3) C19-H19 1.0
C20-H20A 0.98 C20-H20B 0.98
C20-H20C 0.98 C21-H21A 0.98
C21-H21B 0.98 C21-H21C 0.98

P2-F1 1.5831(15) P2-F5 1.5924(14)
P2-F3 1.5929(14) P2-F4 1.5975(14)
P2-F2 1.5988(16) P2-F6 1.6047(14)
Table 5. Bond angles (°) for JPD1051.

N1-Cul-N2 80.82(6) N1-Cul-P1 144.96(5)
N2-Cul-P1 134.22(5) C19-P1-C13 105.80(9)



C19-P1-C16

C19-P1-Cul

C16-P1-Cul

C1-N1-Cul

C10-N2-Ce

C6-N2-Cul

N1-C1-H1

C1-C2-C3

C3-C2-H2

C2-C3-C11

C5-C4-C3

C3-C4-H4

N1-C5-C6

N2-C6-C7

C7-C6-C5

C6-C7-H7

C9-C8-C7

C7-C8-C12

C10-C9-H9

N2-C10-C9

C9-C10-H10

C3-C11-H11B

C3-C11-H11C

H11B-C11-H11C

C8-C12-H128B

106.75(9)
114.77(6)
112.45(7)
127.16(13)
118.24(16)
114.30(12)
118.5
119.91(18)
120.0
121.96(19)
120.35(18)
119.8
115.51(15)
121.76(16)
123.55(16)
120.0
117.39(17)
121.20(17)
120.2
122.84(17)
118.6
109.5
109.5
109.5

109.5

C13-P1-C16

C13-P1-Cul

C1-N1-C5

C5-N1-Cul

C10-N2-Cul

N1-C1-C2

C2-C1-H1

C1-C2-H2

C2-C3-C4

C4-C3-C11

C5-C4-H4

N1-C5-C4

C4-C5-Ce

N2-C6-C5

C6-C7-C8

C8-C7-H7

C9-C8-C12

C10-C9-C8

C8-C9-H9

N2-C10-H10

C3-C11-H11A

H11A-C11-H11B

H11A-C11-H11C

C8-C12-H12A

H12A-C12-H12B

106.05(9)
110.45(6)
118.16(16)
114.68(12)
127.44(13)
123.02(18)
118.5
120.0
117.21(18)
120.82(19)
119.8
121.32(16)
123.16(16)
114.67(15)
120.09(17)
120.0
121.41(17)
119.68(17)
120.2
118.6
109.5
109.5
109.5
109.5

109.5



C8-C12-H12C

H12B-C12-H12C

C15-C13-P1

C15-C13-H13

P1-C13-H13

C13-C14-H14B

C13-C14-H14C

H14B-C14-H14C

C13-C15-H158B

C13-C15-H15C

H15B-C15-H15C

C18-C16-P1

C18-Cl16-H16

P1-Cl6-H16

C16-C17-H17B

C16-C17-H17C

H17B-C17-H17C

C16-C18-H18B

C16-C18-H18C

H18B-C18-H18C

C20-C19-P1

C20-C19-H19

P1-C19-H19

C19-C20-H208B

C19-C20-H20C

109.5
109.5
115.45(13)
106.7
106.7
109.5
109.5
109.5
109.5
109.5
109.5
115.29(13)
106.5
106.5
109.5
109.5
109.5
109.5
109.5
109.5
109.44(13)
108.8
108.8
109.5

109.5

H12A-C12-H12C

C15-C13-C14

C14-C13-P1

C14-C13-H13

C13-C14-H14A

H14A-C14-H14B

H14A-C14-H14C

C13-C15-H15A

H15A-C15-H15B

H15A-C15-H15C

C18-C16-C17

C17-Cle-P1

C17-C16-H16

C16-C17-H17A

H17A-C17-H178B

H17A-C17-H17C

C16-C18-H18A

H18A-C18-H18B

H18A-C18-H18C

C20-C19-C21

C21-C19-P1

C21-C19-H19

C19-C20-H20A

H20A-C20-H20B

H20A-C20-H20C

109.5
110.86(16)
109.85(13)
106.7
109.5
109.5
109.5
109.5
109.5
109.5
110.51(17)
111.09(14)
106.5
109.5
109.5
109.5
109.5
109.5
109.5
110.44(16)
110.41(13)
108.8
109.5
109.5

109.5



H20B-C20-H20C 109.5

C19-C21-H21B

C19-C21-H21C

H21B-C21-H21C

F1-P2-F3

F1-P2-F4

F3-P2-F4

F5-P2-F2

F4-P2-F2

F5-P2-F6

F4-P2-F6

109.5
109.5
109.5
90.87(9)
178.22(10)
90.61(8)
179.36(10)
89.37(9)
89.42(8)

88.98(8)

C19-C21-H21A

H21A-C21-H21B

H21A-C21-H21C

F1-P2-F5

F5-P2-F3

F5-P2-F4

F1-P2-F2

F3-P2-F2

F1-P2-F6

F3-P2-F6

F2-P2-F6

Table 6. Torsion angles (°) for JPD1051.

C5-N1-C1-C2

N1-C1-C2-C3

C1-C2-C3-C11

C11-C3-C4-C5

Cul-N1-C5-C4

Cul-N1-C5-C6

C3-C4-C5-Ce

Cul-N2-Ce-C7

Cul-N2-C6-C5

C4-C5-C6-N2

C4-C5-C6-C7

0.8(3)
-1.1(3)
178.94(17)
-177.58(16)
-179.06(12)
1.34(18)
177.85(16)
-178.18(13)
0.46(18)
179.22(16)

2.2(3)

Cul-N1-C1-C2

C1-C2-C3-C4

C2-C3-C4-C5

C1-N1-C5-C4

C1-N1-C5-C6

C3-C4-C5-N1

C10-N2-C6-C7

C10-N2-C6-C5

N1-C5-C6-N2

N1-C5-C6-C7

N2-C6-C7-C8

109.5
109.5
109.5
90.98(9)
90.26(8)
89.99(8)
89.66(10)
89.81(8)
89.54(9)
179.48(9)

90.51(9)

-179.55(13)
0.0(3)
1.3(3)
0.6(2)
-178.98(15)
-1.7(3)
0.4(2)
179.00(15)
-1.2(2)
177.42(16)

0.4(3)



C5-C6-C7-C8

C6-C7-C8-C12

C12-C8-C9-C10

Cul-N2-C10-C9

C19-P1-C13-C15

Cul-P1-C13-C15

C16-P1-C13-C14

C19-P1-C16-C18

Cul-P1-C16-C18

C13-P1-Cl16-C17

C13-P1-C19-C20

Cul-P1-C19-C20

Cl6-P1-C19-C21

-178.12(16)
179.02(17)
-179.33(17)
177.63(13)
-56.88(16)
178.36(13)
-69.97(15)
26.00(18)
152.70(14)
146.82(16)
-176.89(13)
-54.86(14)

-167.78(13)

C6-C7-C8-C9

C7-C8-C9-C10

C6-N2-C10-C9

C8-C9-C10-N2

C16-P1-C13-C15

C19-P1-C13-C14

Cul-P1-C13-C14

C13-P1-C16-C18

C19-P1-C16-C17

Cul-P1-Ci16-C17

C16-P1-C19-C20

C13-P1-C19-C21

Cul-P1-C19-C21

-0.8(2)
0.5(3)
-0.7(3)
0.3(3)
56.26(16)
176.88(13)
52.12(14)
-86.49(16)
-100.69(16)
26.01(17)
70.45(15)
-55.12(15)

66.91(14)

Table 7. Anisotropic atomic displacement parameters (A2) for JPD1051.

The anisotropic atomic displacement factor exponent takes the form: -
2n2[h2 a*2 U1l +...+2hka* b* U12]

Uil u22 u3s3 u23 ui3 Uiz

Cul 0.02601(14) 0.02612(13) 0.01597(12) -0.00544(9) -0.00196(9) -0.00098(9)

P1 0.0213(2) 0.0197(2) 0.0164(2) ;).00431(17) ;)_00216(17) 0.00171(16)
N1 0.0204(8) 0.0244(7) 0.0206(8) -0.0066(6) -0.0025(6) 0.0000(6)
N2 0.0251(8) 0.0215(7) 0.0182(7) -0.0043(6) -0.0025(6) -0.0012(6)
C1 0.0234(10) 0.0312(10) 0.0260(10) -0.0112(8) -0.0012(8) 0.0001(7)
C2 0.0219(10) 0.0248(9) 0.0386(12) -0.0069(8) -0.0052(8) 0.0013(7)



u11
C3 0.0239(10)
C4 0.0245(10)
C5 0.0217(9)

C6 0.0228(9)

C7 0.0303(10)
C8 0.0262(10)
C9 0.0257(10)
C10 0.0277(10)
C11 0.0361(12)
C12 0.0383(12)
C13 0.0216(9)

C14 0.0232(10)
C15 0.0277(11)
C16 0.0302(10)
C17 0.0650(16)
C18 0.0422(13)
C19 0.0247(10)
€20 0.0239(10)
€21 0.0322(11)
P2 0.0335(3)

F1 0.0991(14)
F2 0.0353(8)

F3 0.0538(9)

F4 0.0681(10)

u22
0.0232(9)
0.0243(9)
0.0191(8)
0.0196(8)
0.0221(9)
0.0231(9)
0.0204(8)
0.0217(9)
0.0328(11)
0.0345(11)
0.0263(9)
0.0385(11)
0.0525(13)
0.0198(8)
0.0262(10)
0.0263(10)
0.0266(9)
0.0341(11)
0.0273(10)
0.0286(3)
0.0422(8)
0.0955(13)
0.0581(9)

0.0321(7)

u33
0.0294(10)
0.0212(9)
0.0216(9)
0.0187(9)
0.0195(9)
0.0248(10)
0.0291(10)
0.0232(9)
0.0393(13)
0.0281(11)
0.0258(10)
0.0321(11)
0.0303(11)
0.0285(10)
0.0430(14)
0.0295(11)
0.0189(9)
0.0297(10)
0.0321(11)
0.0259(3)
0.0647(11)
0.0598(10)
0.0300(7)

0.0477(8)

u23
0.0007(7)
-0.0027(7)
-0.0059(7)
-0.0046(7)
-0.0049(7)
-0.0104(7)
-0.0082(7)
-0.0045(7)
0.0029(9)
-0.0143(9)
-0.0079(7)
-0.0105(9)
-0.0173(10)
-0.0043(7)
-0.0110(9)
0.0046(8)
-0.0056(7)
-0.0056(8)
-0.0113(8)
-0.0042(2)
-0.0256(8)
0.0030(9)
-0.0046(6)

-0.0120(6)

u13
-0.0062(8)
-0.0037(7)
-0.0013(7)
-0.0036(7)
-0.0031(7)
0.0014(8)
-0.0015(8)
-0.0051(8)
-0.0127(10)
0.0036(9)
-0.0028(7)
0.0015(8)
-0.0089(9)
-0.0023(8)
-0.0079(12)
-0.0057(9)
-0.0013(7)
-0.0030(8)
-0.0039(9)
-0.0040(2)
0.0040(10)
-0.0010(7)
-0.0102(6)

-0.0089(7)

u12
-0.0049(7)
-0.0056(7)
-0.0048(6)
-0.0050(6)
-0.0061(7)
-0.0060(7)
-0.0007(7)
-0.0005(7)
-0.0002(9)
-0.0031(9)
0.0001(7)
-0.0007(8)
0.0003(9)
0.0018(7)
-0.0114(10)
-0.0025(8)
0.0034(7)
0.0019(8)
0.0052(8)
0.0090(2)
0.0257(8)
0.0034(8)
0.0152(7)

-0.0051(6)



U1l u22 u33 u23 u13 U1z
F5 0.0378(8) 0.0483(8) 0.0538(9) -0.0190(7) 0.0013(6) -0.0024(6)

F6 0.0714(10) 0.0534(9) 0.0332(8) 0.0059(6) -0.0139(7) 0.0158(7)

Table 8. Hydrogen atomic coordinates and isotropic
atomic displacement parameters (A2) for JPD1051.

x/a y/b z/c U(eq)
H1 0.9452 -0.1362 0.3430  0.032
H2 1.0415 -0.2918 0.4672  0.035
H4 0.7687 -0.0570  0.6209  0.028
H7 0.5864 0.1145  0.6236  0.029
H9 0.3219 0.4375  0.4737  0.03
H10  0.4475 03727  0.3469  0.029
H11A 1.0738 -0.3379  0.6248  0.057
H11B 0.9065 -0.3739 0.6704  0.057
H11C 0.9806 -0.2313  0.6831  0.057
H12A 0.4265 0.3698  0.6720  0.05
H12B 0.3274 0.2267  0.6911  0.05
H12C 0.2710 0.3899  0.6324  0.05
H13  0.5245 0.0283  0.1542  0.029
H14A 03774 03160  0.1649  0.048
H14B 0.4036 0.1780  0.2509  0.048
H14C 0.2979 0.1606  0.1817  0.048

H15A 0.4958 0.2964 0.0114 0.053



x/a y/b z/c U(eq)
H15B 0.4157 0.1421  0.0258  0.053
H15C 0.5934 0.1446  0.0002  0.053
H16  0.5968 0.4485  0.1126  0.032
H17A 0.8866 0.4525  0.1607  0.065
H17B 0.7367 0.4442  0.2306  0.065
H17C 07614 0.5913  0.1476  0.065
HI18A 0.7195 0.4105  -0.0247  0.052
H18B 0.8781 0.4191  0.0058  0.052
H18C 0.7629 0.5664  -0.0100  0.052
H19  0.8475 0.1506  0.0297  0.029
H20A 1.0836 0.0908  0.0823  0.045
H20B 1.0074 0.0937  0.1815  0.045
H20C 1.0107 0.2476  0.1021  0.045
H21A 0.7437 -0.0848 0.0984  0.046
H21B  0.8340 -0.1104 0.1821  0.046

H21C 0.9219 -0.1136 0.0854 0.046

Table 9. Hydrogen bond distances (A) and angles (°) for
JPD1051.

Donor-H Acceptor-H Donor-Acceptor Angle
C1-H1...F5#1 0.95 2.40 3.215(2) 144.2

C9-H9...F6 0.95 2.45 3.099(2) 125.7

Symmetry transformations used to generate equivalent atoms:



#1  x+1,y-1,z

Crystal Structure Report for [Cu(Me;bpy)(*BusP)]BF,

A specimen of C24H39BCuF4N2P, approximate dimensions 0.197 mm x 0.244 mm x 0.425 mm, was used
for the X-ray crystallographic analysis. The X-ray intensity data were measured on a Bruker Smart APEX
CCD system equipped with a fine-focus sealed tube (Mo-Ka, A = 0.71073 A) and a graphite
monochromator. The frames were integrated with the Bruker SAINT software package using a narrow-
frame algorithm. The integration of the data using a monoclinic unit cell yielded a total of 49101
reflections to a maximum 6 angle of 29.22° (0.73 A resolution), of which 6920 were independent
(average redundancy 7.096, completeness = 99.5%, Rint = 4.61%, Rsig = 3.85%) and 5567 (80.45%) were
greater than 26(F2). The final cell constants of a = 9.2758(15) A, b =16.212(3) A, c = 17.041(3) A, B =
92.112(3)°, volume = 2560.9(7) A3, are based upon the refinement of the XYZ-centroids of reflections
above 20 o(l). Data were corrected for absorption effects using the multi-scan method (SADABS). The
calculated minimum and maximum transmission coefficients (based on crystal size) are 0.6860 and
0.8340. The structure was solved and refined using the Bruker SHELXTL Software Package, using the
space group P 1 21/n 1, with Z = 4 for the formula unit, C24H39BCuF4N2P. The final anisotropic full-
matrix least-squares refinement on F2 with 309 variables converged at R1 = 4.08%, for the observed
data and wR2 = 11.23% for all data. The goodness-of-fit was 1.030. The largest peak in the final
difference electron density synthesis was 1.215 e-/A3 and the largest hole was -0.381 e-/A3 with an RMS
deviation of 0.089 e-/A3. On the basis of the final model, the calculated density was 1.393 g/cm3 and
F(000), 1128 e-.

Table 1. Sample and crystal data for JPD1050.
Identification code JPD1050

Chemical formula C24H39BCuF4N2P
Formula weight 536.89 g/mol

Temperature 150(2) K

Wavelength  0.71073 A

Crystal size 0.197 x 0.244 x 0.425 mm
Crystal system monoclinic

Spacegroup P121/n1

Unit cell dimensions  a=9.2758(15) A a=90°
b=16.212(3) A p=92.112(3)°

c=17.041(3) A y=90°

Volume 2560.9(7) A3



VA 4
Density (calculated) 1.393 g/cm3
Absorption coefficient 0.959 mm-1

F(000) 1128

Table 2. Data collection and structure refinement for JPD1050.
Diffractometer Bruker Smart APEX CCD

Radiation source fine-focus sealed tube (Mo-Ka, A = 0.71073 A)
Theta range for data collection 1.73 to 29.22°

Index ranges  -12<=h<=12, -22<=k<=22, -23<=|<=23
Reflections collected 49101

Independent reflections6920 [R(int) = 0.0461]

Absorption correction multi-scan

Max. and min. transmission 0.8340 and 0.6860

Structure solution technique  direct methods

Structure solution program SHELXT (Sheldrick, 2015a)
Refinement method Full-matrix least-squares on F2
Refinement program  SHELXL-2018/1 (Sheldrick, 2015b)
Function minimized 2 w(Fo2 - Fc2)2

Data / restraints / parameters 6920/0/309
Goodness-of-fiton F2  1.030

A/omax0.001

Final Rindices 5567 data; I>20(l) R1 =0.0408, wR2 =0.1074
all data R1 =0.0516, wR2 =0.1123

Weighting scheme w=1/[02(F02)+(0.0710P)2+0.4945P]
where P=(Fo2+2Fc2)/3

Largest diff. peak and hole 1.215 and -0.381 eA-3

R.M.S. deviation from mean 0.089 eA-3



Table 3. Atomic coordinates and equivalent isotropic atomic displacement parameters (A2) for JPD1050.

U(eq) is defined as one third of the trace of the orthogonalized Uij tensor.

x/a
Cul
P1
N1
N2
C1
Cc2
Cc3
C4
Cc5
c6
c7
c8
c9
C10
C11
C12
C13
Ci14
C15
C16
c17
Cc18
C19
C20

Cc21

y/b  z/c
0.66643(2)
0.65280(5)
0.56879(15)
0.76394(16)
0.47553(19)
0.41593(18)
0.45431(18)
0.55233(18)
0.60731(17)
0.71429(18)
0.76129(19)
0.86271(19)
0.91370(19)
0.86345(19)
0.3956(2)
0.9125(2)
0.4763(2)
0.4309(2)
0.4850(2)
0.3558(2)
0.8106(2)
0.7956(2)
0.8323(2)
0.9508(2)

0.66067(19)

U(eq)
0.53128(2)
0.59126(3)
0.43384(9)
0.54088(8)
0.37927(11)
0.31540(10)
0.30632(10)
0.36292(10)
0.42557(10)
0.48712(10)
0.48942(10)
0.54808(11)
0.60225(11)
0.59639(11)
0.23658(11)
0.55189(13)
0.56201(11)
0.61600(13)
0.47173(12)
0.56442(13)
0.55361(11)
0.56811(13)
0.46106(12)
0.59587(13)

0.70763(10)

0.68510(2)

0.79970(2)

0.62722(8)

0.58072(8)

0.65534(10)
0.61040(10)
0.53322(10)
0.50383(10)
0.55174(9)

0.52490(10)
0.44899(10)
0.42720(10)
0.48481(11)
0.56018(11)
0.48297(11)
0.34446(11)
0.84573(10)
0.91472(11)
0.87305(12)
0.78087(12)
0.86531(10)
0.95369(11)
0.84953(13)
0.84010(12)

0.78999(10)

0.01870(8)
0.01678(10)
0.0185(3)
0.0188(3)
0.0209(3)
0.0207(3)
0.0199(3)
0.0190(3)
0.0165(3)
0.0168(3)
0.0190(3)
0.0207(3)
0.0228(4)
0.0224(3)
0.0269(4)
0.0286(4)
0.0233(4)
0.0297(4)
0.0295(4)
0.0300(4)
0.0234(4)
0.0306(4)
0.0317(4)
0.0296(4)

0.0220(3)



C22 0.5173(2) 0.73868(12) 0.75263(12) 0.0304(4)
23 0.7761(2) 0.73063(12)  0.73158(12)  0.0295(4)
C24  0.6914(2) 0.75407(11) 0.86771(11) 0.0261(4)
F1 0.33518(18) 0.29285(11) 0.79408(9) 0.0615(5)
F2 0.3354(2) 0.17071(10) 0.85364(12) 0.0868(7)
F3 0.47006(16) 0.27374(9) 0.90499(10) 0.0541(4)
F4 0.2281(2) 0.27929(16) 0.90696(11) 0.0968(8)
B1 0.3432(3) 0.25444(14) 0.86466(13) 0.0300(5)
Table 4. Bond lengths (A) for JPD1050.

Cul-N2 2.0309(15)  Cul-N1 2.0550(14)

Cul-P1 2.1895(5) P1-C21 1.8954(18)

P1-C13 1.9014(19) P1-C17 1.9091(18)

N1-C1 1.338(2) N1-C5 1.354(2)

N2-C10 1.345(2) N2-C6 1.358(2)

C1-C2 1.390(2) C1-H1 0.95

C2-C3 1.383(2) C2-H2 0.95

C3-c4 1.397(2) C3-C11 1.508(2)

C4-C5 1.388(2) C4-H4 0.95

C5-C6 1.491(2) C6-C7 1.381(2)

C7-C8 1.398(2) C7-H7 0.95

C8-C9 1.387(2) C8-C12 1.501(2)

C9-C10 1.386(2) C9-H9 0.95

C10-H10 0.95 C(Cl1l1-H11A 0.98

C11-H11B 0.98 C11-H11C 0.98

C12-H12A 0.98 C12-H12B 0.98

C12-H12C 0.98 (C13-C15 1.537(3)

C13-C14 1.537(2) C13-C16 1.543(3)
C14-H14A 0.98 C14-H14B 0.98



C14-H14C

C15-H158B

C16-H16A

C16-H16C

C17-C19

C18-H18A

C18-H18C

C19-H198B

C20-H20A

C20-H20C

C21-C22

C22-H22A

C22-H22C

C23-H23B

C24-H24A

C24-H24C

0.98  C15-H15A 0.98
0.98  C15-H15C 0.98
0.98 C16-H16B 0.98
0.98 C17-C18 1.536(2)
1.539(2) C17-C20

0.98 C18-H18B 0.98
0.98 C19-H19A 0.98
0.98  C19-H19C 0.98
0.98  C20-H20B 0.98
0.98 (21-C23 1.535(3)
1.538(3) C21-C24

0.98 C22-H22B 0.98
0.98  C23-H23A 0.98
0.98  C23-H23C 0.98
0.98  C24-H24B 0.98
0.98 F1-B1 1.354(3)

F2-B1 1.372(3)

F4-B1 1.370(3)

F3-B1 1.377(3)

Table 5. Bond angles (°) for JPD1050.

N2-Cul-N1

N1-Cul-P1

C21-P1-C17

C21-P1-Cul

C17-P1-Cul

C1-N1-Cul

C10-N2-C6

C6-N2-Cul

N1-C1-H1

80.86(6)
136.94(4)
109.77(8)
111.13(6)
108.19(6)
127.99(12)
117.74(15)

114.45(11)

118.5 C2-C1-H1

N2-Cul-P1

C21-pP1-C13

C13-P1-C17

C13-P1-Cul

C1-N1-C5

C5-N1-Cul

C10-N2-Cul

N1-C1-C2

118.5

1.545(3)

1.541(2)

142.13(4)
108.71(8)
109.38(8)
109.64(6)
118.12(14)
113.88(11)
127.69(12)

122.97(16)



C3-c2-C1 119.48(16)  C3-C2-H2 120.3
C1-C2-H2 120.3 (C2-C3-C4 117.68(15)
C2-C3-C11 121.30(16)  C4-C3-C11 121.00(16)
C5-C4-C3 119.97(15)  C5-C4-H4 120.0
C3-C4-H4 120.0 N1-C5-C4 121.79(15)
N1-C5-C6 115.28(14)  C4-C5-C6 122.92(15)
N2-C6-C7 121.89(15)  N2-C6-C5 115.27(14)
C7-C6-C5 122.83(15)  C6-C7-C8 120.41(16)
C6-C7-H7 119.8 (C8-C7-H7 119.8

C9-C8-C7 117.26(16)  C9-C8-C12 122.00(16)
C7-C8-C12 120.74(16)  C10-C9-C8 119.67(16)
C10-C9-H9  120.2 C8-C9-H9 120.2

N2-C10-C9  123.00(16)  N2-C10-H10  118.5
C9-C10-H10  118.5 C3-C11-H11A 109.5
C3-C11-H11B  109.5 H11A-C11-H11B 109.5
C3-C11-H11C 109.5 H11A-C11-H11C109.5
H11B-C11-H11C109.5 C8-C12-H12A 109.5
C8-C12-H12B  109.5 H12A-C12-H12B 109.5
C8-C12-H12C 109.5 H12A-C12-H12C109.5
H12B-C12-H12C109.5 C15-C13-C14 108.86(15)
C15-C13-C16 105.65(16)  C14-C13-C16 108.77(16)
C15-C13-P1  109.03(13)  C14-C13-P1  115.98(13)
C16-C13-P1  108.06(12)  C13-C14-H14A 109.5
C13-C14-H14B 109.5 H14A-C14-H14B 109.5
C13-C14-H14C 109.5 H14A-C14-H14C109.5
H14B-C14-H14C109.5 C13-C15-H15A 109.5
C13-C15-H15B 109.5 H15A-C15-H158B 109.5

C13-C15-H15C 109.5

H15B-C15-H15C109.5

H15A-C15-H15C109.5

C13-C16-H16A 109.5



C13-C16-H16B 109.5
C13-C16-H16C 109.5
H16B-C16-H16C109.5
C18-C17-C20
C18-C17-P1

C20-C17-P1

C17-C18-H18B 109.5
C17-C18-H18C 109.5
H18B-C18-H18C109.5
C17-C19-H19B 109.5
C17-C19-H19C 109.5
H19B-C19-H19C109.5
C17-C20-H20B 109.5
C17-C20-H20C 109.5
H20B-C20-H20C109.5
C23-C21-C24
C23-C21-P1

C24-C21-P1

C21-C22-H22B 109.5
C21-C22-H22C 109.5
H22B-C22-H22C109.5
C21-C23-H23B 109.5
C21-C23-H23C 109.5
H23B-C23-H23C109.5
C21-C24-H24B 109.5
C21-C24-H24C 109.5
H24B-C24-H24C109.5
F1-B1-F2

F1-B1-F3

108.21(16)
115.48(13)

109.30(13)

109.10(15)
109.18(12)

114.70(13)

109.4(2)

110.89(18)

H16A-C16-H16B

H16A-C16-H16C109.5

C18-C17-C19

C19-C17-C20

C19-C17-P1

H18A-C18-H18B

H18A-C18-H18C109.5

C17-C19-H19A 109.5

H19A-C19-H19B

H19A-C19-H19C109.5

C17-C20-H20A 109.5

H20A-C20-H20B

H20A-C20-H20C109.5

C23-C21-C22

C22-C21-C24

C22-C21-P1

H22A-C22-H22B

H22A-C22-H22C109.5

C21-C23-H23A 109.5

H23A-C23-H23B

H23A-C23-H23C109.5

C21-C24-H24A 109.5

H24A-C24-H24B

H24A-C24-H24C109.5

F1-B1-F4

F4-B1-F2

F4-B1-F3

C17-C18-H18A

C21-C22-H22A

109.5

109.75(16)

105.48(15)
108.16(13)
109.5

109.5

109.5

109.5

105.39(15)

109.01(15)
109.06(12)
109.5

109.5

109.5

109.5

108.3(2)

109.0(2)

109.79(19)



F2-B1-F3

109.45(19)

Table 6. Torsion angles (°) for JPD1050.

C5-N1-C1-C2  -0.6(2) Cul-N1-C1-C2 179.98(13)
N1-C1-C2-C3  0.6(3) C1-C2-C3-C4 -0.2(2)
C1-C2-C3-C11 178.29(16)  C2-C3-C4-C5  -0.1(2)
C11-C3-C4-C5 -178.62(15)  C1-N1-C5-C4  0.3(2)
Cul-N1-C5-C4 179.76(12)  C1-N1-C5-C6 -178.51(14)
Cul-N1-C5-C6 0.96(17) C3-C4-C5-N1  0.1(2)
C3-C4-C5-C6  178.79(15)  C10-N2-C6-C7 -1.1(2)
Cul-N2-C6-C7 175.14(12)  C10-N2-C6-C5 178.35(14)
Cul-N2-C6-C5 -5.40(18) N1-C5-C6-N2  2.9(2)
C4-C5-C6-N2  -175.84(15)  N1-C5-C6-C7  -177.61(15)
C4-C5-C6-C7  3.6(2) N2-C6-C7-C8  -0.1(2)
C5-C6-C7-C8  -179.47(15)  C6-C7-C8-C9  0.6(2)
C6-C7-C8-C12 -178.99(16)  C7-C8-C9-C10 0.0(3)
C12-C8-C9-C10 179.59(17)  C6-N2-C10-C9 1.8(3)
Cul-N2-C10-C9 -173.92(13)  C€8-C9-C10-N2 -1.2(3)

C13-P1-C21-C23

Cul-P1-C21-C23

C17-P1-C21-C22

C13-P1-C21-C24

Cul-P1-C21-C24

-162.86(12)
-42.11(14)
-167.80(12)
74.37(14)

-164.88(11)

C17-P1-C21-C23

C13-P1-C21-C22

Cul-P1-C21-C22

C17-P1-C21-C24

77.54(14)
-48.19(14)
72.56(13)

-45.23(15)

Table 7. Anisotropic atomic displacement parameters (A2) for JPD1050.

The anisotropic atomic displacement factor exponent takes the form: -2n2[ h2 a*2 U11 + ... + 2 hk a* b*

u12]
Uil  U22  U33

Cul 0.02302(13)

u23 U113

0.02020(12)

Uiz

0.01295(12)

-0.00274(7)

0.00166(8) 0.00012(7)



P1

N1

N2

Cc1

Cc2

C3

Ca

c5

Cé

c7

C8

C9

C10

C11

C12

C13

Ci4

C15

C16

C17

C18

C19

Cc20

Cc21

C22

C23

Cc24

F1

F2

0.0199(2)
0.0207(7)
0.0205(7)
0.0227(8)
0.0211(8)
0.0213(8)
0.0244(8)
0.0174(8)
0.0176(8)
0.0206(8)
0.0205(8)
0.0217(9)
0.0214(8)
0.0354(10)
0.0289(10)
0.0243(9)
0.0311(10)
0.0370(11)
0.0210(9)
0.0261(9)
0.0346(11)
0.0390(12)
0.0251(9)
0.0258(9)
0.0334(10)
0.0381(11)
0.0281(9)
0.0744(11)

0.1267(17)

0.0176(2)
0.0191(7)
0.0207(7)
0.0241(8)
0.0198(8)
0.0170(7)
0.0187(8)
0.0171(7)
0.0167(7)
0.0206(8)
0.0232(8)
0.0224(8)
0.0237(8)
0.0228(9)
0.0358(10)
0.0275(9)
0.0361(10)
0.0298(10)
0.0410(11)
0.0257(9)
0.0386(11)
0.0252(9)
0.0347(10)
0.0183(8)
0.0249(9)
0.0224(9)
0.0234(8)
0.0691(11)

0.0295(8)

0.0128(2)
0.0160(7)
0.0152(7)
0.0161(8)
0.0213(8)
0.0212(8)
0.0140(7)
0.0150(7)
0.0160(8)
0.0159(8)
0.0185(8)
0.0245(9)
0.0224(9)
0.0223(9)
0.0217(9)
0.0182(8)
0.0225(9)
0.0222(9)
0.0279(10)
0.0183(8)
0.0180(9)
0.0305(11)
0.0288(10)
0.0220(9)
0.0327(10)
0.0283(10)
0.0268(9)
0.0407(8)

0.0997(15)

-0.00167(14)
-0.0013(5)
-0.0013(5)
0.0007(6)
0.0026(6)
-0.0002(6)
-0.0012(6)
0.0004(6)
0.0001(6)
-0.0010(6)
0.0015(6)
0.0001(7)
-0.0026(7)
-0.0032(7)
-0.0003(7)
-0.0025(7)
-0.0071(8)
-0.0010(7)
-0.0051(8)
-0.0013(7)
0.0001(8)
-0.0002(7)
-0.0058(8)
-0.0029(6)
0.0018(8)
0.0007(7)
-0.0093(7)
0.0270(7)

0.0060(8)

0.00146(16)
0.0023(5)
0.0015(5)
0.0042(6)
0.0021(7)
-0.0034(7)
0.0003(6)
0.0005(6)
0.0000(6)
0.0013(6)
0.0030(7)
0.0038(7)
0.0020(7)
-0.0013(8)
0.0076(8)
0.0042(7)
0.0108(8)
0.0068(8)
0.0009(7)
-0.0018(7)
-0.0049(8)
-0.0034(9)
-0.0007(8)
0.0004(7)
-0.0026(8)
0.0073(8)
0.0014(7)
-0.0028(7)

-0.0574(13)

0.00004(15)
0.0002(5)
-0.0012(5)
-0.0002(6)
-0.0009(6)
0.0019(6)
0.0018(6)
0.0020(6)
0.0025(6)
0.0017(6)
0.0026(6)
-0.0031(6)
-0.0020(6)
-0.0053(7)
-0.0038(8)
-0.0029(7)
-0.0024(8)
-0.0071(8)
-0.0040(8)
0.0054(7)
0.0049(8)
0.0101(8)
0.0042(8)
0.0005(6)
0.0056(7)
-0.0026(7)
-0.0004(7)
-0.0257(8)

-0.0196(9)



F3 0.0488(8) 0.0401(7) 0.0713(10) -0.0070(7) -0.0250(7) -0.0010(6)
F4 0.0551(11) 0.173(2) 0.0648(12) -0.0302(14) 0.0295(9) -0.0082(13)

B1 0.0352(12) 0.0279(11) 0.0268(11) 0.0043(8) 0.0027(9) -0.0069(9)

Table 8. Hydrogen atomic coordinates and isotropic atomic displacement parameters (A2) for JPD1050.
x/a y/b  z/c  Uleq)

H1 0.4488 0.3844 0.7084 0.025
H2 0.3494 0.2783 0.6325 0.025
H4 0.5813 0.3585 0.4511 0.023
H7 0.7244 0.4509 0.4113 0.023
H9 0.9827 0.6432 0.4726 0.027
H10  0.9010 0.6333 0.5991 0.027
H11A 0.2980 0.2504 0.4632 0.04
H11B 0.3924 0.1861 0.5144 0.04
H11C 0.4581 0.2280 0.4386 0.04
H12A 0.9097 0.4965 0.3215 0.043
H12B 1.0115 0.5731 0.3446 0.043
H12C 0.8489 0.5886 0.3133 0.043
H14A 0.4110 0.6722 0.8960 0.044
H14B 0.5089 0.6173 0.9551 0.044
H14C 0.3438 0.5929 0.9371 0.044
H15A 0.3888 0.4527 0.8866 0.044
H15B 0.5507 0.4675 0.9192 0.044
H15C 0.5210 0.4374 0.8307 0.044
H16A 0.3339 0.6219 0.7671 0.045
H16B 0.2690 0.5377 0.7999 0.045
H16C 0.3880 0.5352 0.7343 0.045
H18A 0.7847 0.6273 0.9637 0.046

H18B 0.8819 0.5476 0.9823 0.046



H18C 0.7105 0.5387 0.9716 0.046
H19A 0.8372 0.4518 0.7929 0.048
H19B 0.7511 0.4299 0.8698 0.048
H19C 0.9223 0.4425 0.8758 0.048
H20A 0.9579 0.5917 0.7830 0.044
H20B 1.0341 0.5686 0.8659 0.044
H20C 0.9494 0.6541 0.8554 0.044
H22A 0.5273 0.7968 0.7378 0.046
H22B 0.4409 0.7332 0.7905 0.046
H22C 0.4925 0.7058 0.7058 0.046
H23A 0.7555 0.7026 0.6815 0.044
H23B 0.8712 0.7136 0.7527 0.044
H23C 0.7755 0.7904 0.7233 0.044
H24A 0.6861 0.8136 0.8582 0.039
H24B 0.7881 0.7397 0.8886 0.039

H24C 0.6196 0.7384 0.9058 0.039

Table 9. Hydrogen bond distances (A) and angles (°) for JPD1050.

Donor-H Acceptor-H Donor-AcceptorAngle
C1-H1...F1 0.95 2.36 3.078(2) 132.2
C7-H7...F2#1 095 2.45 3.152(2) 130.9

Symmetry transformations used to generate equivalent atoms:
#1 x+1/2, -y+1/2, z-1/2
Crystal Structure Report for JPD1049

A yellow-orange plate-like specimen of C58H90BCI4Cu2F4N7P2, approximate dimensions 0.064 mm x
0.189 mm x 0.366 mm, was used for the X-ray crystallographic analysis. The X-ray intensity data were
measured on a Bruker D8 VENTURE PHOTON 100 CMOS system equipped with a INCOATEC IuS micro--
focus source (Cu-Ka, A = 1.54178 A) and a mirror monochromator.

Table 1: Data collection details for JPD1049.



Axis  dx/mm 26/° w/° d/° X/° Width/°Frames Time/s Wavelength/A Voltage/kV
Current/mA  Temperature/K

Omega 40.074 85.20 -87.30 71.17 54.74 0.50 330 20.00 1.54184 50 1.0
n/a

Omega 40.074 104.95 -66.55 -160.0054.74 0.50 326 20.00 1.54184 50 1.0
n/a

Omega 40.074 104.95 -66.55 -40.00 54.74 0.50 326 20.00 1.54184 50 1.0
n/a

Omega 40.074 4.97 -166.53 0.00 54,74 0.50 326 10.00 1.54184 50 1.0
n/a

Omega 40.074 104.95 -66.55 -80.00 54.74 0.50 326 20.00 1.54184 50 1.0
n/a

Omega 40.074 104.95 -66.55 160.00 54.74 0.50 326 20.00 1.54184 50 1.0
n/a

A total of 1960 frames were collected. The total exposure time was 9.98 hours. The frames were
integrated with the Bruker SAINT software package using a narrow-frame algorithm. The integration of
the data using a triclinic unit cell yielded a total of 36011 reflections to a maximum 6 angle of 70.47°
(0.82 A resolution), of which 36011 were independent (average redundancy 1.000, completeness =
90.2%, Rsig = 6.88%) and 28263 (78.48%) were greater than 20(F2). The final cell constants of a =
13.2481(5) A, b = 13.6667(5) A, c = 18.5159(6) A, a = 78.779(2)°, B = 78.930(2)°, y = 81.571(2)°, volume =
3206.3(2) A3, are based upon the refinement of the XYZ-centroids of 9866 reflections above 20 o(l) with
6.636° < 20 < 140.9°. Data were corrected for absorption effects using the multi-scan method (SADABS).
The calculated minimum and maximum transmission coefficients (based on crystal size) are 0.3820 and
0.8190. The final anisotropic full-matrix least-squares refinement on F2 with 730 variables converged at
R1 =5.62%, for the observed data and wR2 = 15.02% for all data. The goodness-of-fit was 1.023. The
largest peak in the final difference electron density synthesis was 0.884 e-/A3 and the largest hole was -
0.971 e-/A3 with an RMS deviation of 0.090 e-/A3. On the basis of the final model, the calculated density
was 1.350 g/cm3 and F(000), 1368 e-.

Table 2. Sample and crystal data for JPD1049.
Identification code JPD1049

Chemical formula C58H90BCI4Cu2F4N7P2
Formula weight 1302.99 g/mol

Temperature 150(2) K

Wavelength  1.54178 A

Crystal size 0.064 x 0.189 x 0.366 mm



Crystal habit  yellow-orange plate
Crystal system triclinic

Space group P-1

Unit cell dimensions  a=13.2481(5) A a=78.779(2)°
b =13.6667(5) A B =78.930(2)°
c=18.5159(6) A y =81.571(2)°

Volume 3206.3(2) A3

z 2

Density (calculated) 1.350 g/cm3
Absorption coefficient 3.255 mm-1

F(000) 1368

Table 3. Data collection and structure refinement for JPD1049.
Diffractometer Bruker D8 VENTURE PHOTON 100 CMOS

Radiation source INCOATEC IuS micro--focus source (Cu-Ka, A = 1.54178 A)
Theta range for data collection 3.32 to 70.47°

Index ranges  -16<=h<=16, -16<=k<=16, -22<=|<=22

Reflections collected 36011

Coverage of independent reflections  90.2%

Absorption correction multi-scan

Max. and min. transmission 0.8190 and 0.3820

Refinement method Full-matrix least-squares on F2
Refinement program  SHELXL-2018/3 (Sheldrick, 2018)

Function minimized 2 w(Fo2 - Fc2)2

Data / restraints / parameters 36011/0/730

Goodness-of-fit on F2  1.023

A/omax0.001

Final R indices 28263 data; I>20(l) R1=0.0562, wR2 =0.1378

all data R1 =0.0744, wR2 = 0.1502



Weighting scheme w=1/[02(F02)+(0.0628P)2+2.7406P]
where P=(Fo2+2Fc2)/3
Largest diff. peak and hole 0.884 and -0.971 eA-3

R.M.S. deviation from mean 0.090 eA-3

Table 4. Atomic coordinates and equivalent isotropic atomic displacement parameters (A2) for JPD1049.
U(eq) is defined as one third of the trace of the orthogonalized Uij tensor.

x/a y/b z/c U(eq)

Cul  0.56966(4) 0.66399(4) 0.69198(3) 0.02345(15)

Cu2  0.82552(5) 0.24444(4) 0.72013(3) 0.02615(16)

P1 0.47193(8) 0.67440(7) 0.80141(5) 0.0218(2)

P2 0.86885(8)  0.17086(7)  0.82916(5)  0.0248(2)

N1  0.6648(2) 0.7687(2) 0.62326(18)  0.0215(7)
N2 0.5238(2) 0.6722(2) 0.58769(17)  0.0208(7)
N3  0.9220(3) 0.2843(2) 0.61761(19)  0.0242(7)
N4  0.7605(3) 0.1764(2) 0.64842(18)  0.0247(7)
N5  0.6835(3) 0.5429(3) 0.6817(3) 0.0446(11)
N6  0.7021(3) 0.4572(3) 0.70160(19)  0.0269(7)
N7  0.7192(3) 0.3709(3) 0.7212(2) 0.0435(10)
c1  0.7336(3) 0.8172(3) 0.6412(2) 0.0243(8)
C2  0.8070(3) 0.8702(3) 0.5896(2) 0.0239(8)
C3  0.8096(3) 0.8724(3) 0.5145(2) 0.0248(8)
c4a  0.7364(3) 0.8218(3) 0.4930(2) 0.0225(8)
cs  0.7330(3) 0.8167(3) 0.4170(2) 0.0276(9)
C6  0.6625(3) 0.7670(3) 0.3989(2) 0.0261(9)
C7  0.5865(3) 0.7178(3) 0.4550(2) 0.0219(8)
c8  0.5099(3) 0.6684(3) 0.4374(2) 0.0240(8)
C9  0.4409(3) 0.6232(3) 0.4962(2) 0.0237(8)

C10  0.4521(3) 0.6274(3) 0.5697(2) 0.0234(8)



C11

C12

C13

Ci4

C15

Ci6

C17

C18

C19

C20

c21

C22

Cc23

C24

C25

C26

Cc27

C28

C29

C30

C31

C32

C33

C34

C35

C36

C37

C38

C39

0.5898(3)
0.6655(3)
0.8805(3)
0.8882(3)
0.5057(4)
0.3543(3)
0.5393(4)
0.6540(4)
0.4943(4)
0.5364(5)
0.4477(3)
0.5471(4)
0.4325(4)
0.3570(4)
0.3420(3)
0.2764(4)
0.3599(4)
0.2771(4)
0.0027(3)
0.0553(3)
0.0209(3)
0.9336(3)
0.8881(3)
0.8074(3)
0.7618(3)
0.6768(3)
0.6357(3)
0.6801(3)

0.8014(3)

0.7191(3)
0.7712(3)
0.9208(3)
0.9265(3)
0.6634(3)
0.5705(3)
0.7348(3)
0.6927(4)
0.7234(4)
0.8473(4)
0.5431(3)
0.4904(4)
0.4830(3)
0.5343(4)
0.7513(3)
0.7849(4)
0.8443(4)
0.6896(4)
0.3369(3)
0.3700(3)
0.3483(3)
0.2935(3)
0.2696(3)
0.2146(3)
0.1777(3)
0.1196(3)
0.0927(3)
0.1237(3)

0.2035(3)

0.5302(2)
0.5495(2)
0.6191(3)
0.4560(3)
0.3576(2)
0.4855(2)
0.8609(2)
0.8517(3)
0.9445(3)
0.8288(3)
0.8523(2)
0.8807(3)
0.7939(3)
0.9179(3)
0.7906(2)
0.8617(3)
0.7307(3)
0.7595(3)
0.6023(2)
0.5302(2)
0.4693(2)
0.4837(2)
0.4259(2)
0.4415(2)
0.5167(2)
0.5356(2)
0.6105(2)
0.6640(2)

0.5750(2)

0.0199(8)
0.0196(8)
0.0340(10)
0.0336(10)
0.0355(10)
0.0290(9)
0.0332(10)
0.0422(12)
0.0447(12)
0.0472(13)
0.0278(9)
0.0374(11)
0.0361(10)
0.0380(11)
0.0299(9)
0.0413(11)
0.0439(12)
0.0401(11)
0.0262(8)
0.0263(9)
0.0254(8)
0.0232(8)
0.0272(9)
0.0268(9)
0.0228(8)
0.0244(8)
0.0250(8)
0.0252(8)

0.0212(8)



C40
ca1
c42
c43
C44
c45
C46
c47
c48
49
C50
51
C52
C53
C54
Cs5
C56
ci1
cl2
C57
F1
F2
F3
F4
B1
ci3
Cl4

C58

0.8884(3)
0.1458(3)
0.0726(3)
0.6307(3)
0.5439(3)
0.9929(4)
0.9873(5)
0.0848(4)
0.0161(5)
0.8904(4)
0.9491(4)
0.9479(4)
0.7855(4)
0.7609(4)
0.7619(5)
0.6573(4)
0.7645(4)
0.03876(16)
0.0819(2)
0.0419(7)
0.8161(3)
0.9080(2)
0.7343(2)
0.8044(3)
0.8154(4)
0.62889(19)
0.7241(3)

0.6706(9)

0.2618(3)
0.4288(3)
0.3830(3)
0.0898(3)
0.0335(3)
0.0809(3)
0.0220(4)
0.1419(4)
0.0055(4)
0.2701(3)
0.3495(4)
0.2325(4)
0.3263(4)
0.0971(3)
0.0003(4)
0.1594(4)
0.0678(4)
0.25355(12)
0.39860(18)
0.3790(5)
0.5382(3)
0.5068(3)
0.5061(3)
0.6510(2)
0.5502(4)
0.89207(16)
0.7812(2)

0.7782(6)

0.5585(2)
0.5214(3)
0.3909(2)
0.4762(2)
0.6366(3)
0.8165(2)
0.7546(3)
0.7866(3)
0.8867(3)
0.8825(2)
0.8263(3)
0.9487(3)
0.9105(3)
0.8876(2)
0.8576(3)
0.8771(3)
0.9725(3)
0.20939(13)
0.07196(13)
0.1689(4)
0.20293(16)
0.29618(19)
0.32438(16)
0.2782(2)
0.2753(3)
0.17477(14)
0.05419(15)

0.1485(5)

0.0223(8)
0.0317(9)
0.0321(10)
0.0309(9)
0.0321(9)
0.0359(11)
0.0489(14)
0.0465(12)
0.0506(14)
0.0316(9)
0.0443(12)
0.0448(12)
0.0421(12)
0.0363(10)
0.0536(14)
0.0449(12)
0.0481(13)
0.0879(6)
0.1126(8)
0.084(2)
0.0614(9)
0.0654(9)
0.0537(8)
0.0735(11)
0.0313(10)
0.0987(7)
0.1309(10)

0.102(3)



Table 5. Bond lengths (&) for JPD1049.

Cul-N5 2.081(4)
Cul-N12.112(3)
Cu2-N7 2.064(4)
Cu2-N4 2.127(3)
P1-C21 1.899(4)
P1-C17 1.908(4)
P2-C49 1.907(4)
N1-C1 1.325(5)
N2-C10 1.325(5)
N3-C29 1.330(5)
N4-C38 1.328(5)
N5-N6 1.162(5)
C1-C2 1.402(5)
C2-C3 1.379(6)
C3-C4 1.424(6)
C4-C12 1.409(5)
C5-C6 1.357(6)
C6-C7 1.438(5)
C7-C11 1.405(5)
C8-C9 1.387(6)

C9-C10 1.412(6)

Cul-N2 2.111(3)

Cul-P1 2.2030(11)

Cu2-N3 2.099(3)

Cu2-P2 2.2140(11)

P1-C25 1.904(4)
P2-C53 1.906(5)
P2-C45 1.908(5)
N1-C12 1.358(5)
N2-C11 1.360(5)
N3-C40 1.359(5)
N4-C39 1.363(5)
N6-N7 1.166(5)
C1-H1 0.95

C2-C13 1.508(6)
C3-C14 1.512(5)
C4-C5  1.432(6)
C5-H5 0.95

C6-H6 0.95

C7-C8 1.417(6)
C8-C15 1.503(6)

C9-C16 1.503(6)

C10-H10 0.95
C13-H13A 0.98
C13-H13C 0.98
C14-H14B 0.98
C15-H15A 0.98
C15-H15C 0.98
Cl6-H16B 0.98

C11-C12 1.446(5)
C13-H13B 0.98
C14-H14A 0.98
C14-H14C 0.98
C15-H15B 0.98
C16-H16A 0.98
C16-H16C 0.98



C17-C18

C17-C19

C18-H18B

C19-H19A

C19-H19C

C20-H208B

C21-C24

C21-C22

C22-H22B

C23-H23A

C23-H23C

C24-H248B

C25-C27

C25-C26

C26-H26B

C27-H27A

C27-H27C

C28-H28B

C29-C30

C30-C31

C31-C32

C32-C40

C33-C34

C34-C35

C35-C39

C36-C37

C37-C38

C38-H38

C41-H41A

1.533(7)

1.534(6)

0.98 C18-H18C 0.98

0.98 C19-H19B 0.98

0.98 C20-H20A 0.98

0.98 C20-H20C 0.98

1.535(6)

1.539(6)

0.98 (C22-H22C 0.98

0.98 (C23-H23B 0.98

0.98 C24-H24A 0.98

0.98 (C24-H24C 0.98

1.531(6)

1.541(6)

0.98 (C26-H26C 0.98

0.98 C27-H27B 0.98

0.98 (C28-H28A 0.98

0.98  (C28-H28C 0.98

1.404(6)
1.391(6)
1.425(6)
1.410(6)
1.350(6)
1.432(6)
1.410(5)
1.387(6)

1.403(6)

0.95 (C39-C40

C17-C20 1.534(7)
C18-H18A 0.98
€21-C23 1.537(6)
C22-H22A 0.98
€25-C28 1.541(6)
C26-H26A 0.98
€29-H29 0.95
C30-C41 1.506(6)
C31-C42 1.500(6)
C32-C33 1.434(6)
C33-H33 0.95
C34-H34 0.95
C35-C36 1.422(6)
C36-C43 1.501(5)
C37-C44 1.510(6)
1.448(6)

0.98 C41-H41B 0.98



C41-H41C 0.98
C42-H42B 0.98
C43-H43A 0.98
C43-H43C 0.98
C44-H448B 0.98
C45-C47

C45-C48

C46-H46B 0.98
C47-H47A 0.98
C47-H47C 0.98
C48-H48B 0.98
C49-C51

C49-C50

C50-H508B 0.98
C51-H51A 0.98
C51-H51C 0.98
C52-H52B 0.98
C53-C54

C53-C56

C54-H548B 0.98
C55-H55A 0.98
C55-H55C 0.98
C56-H56B 0.98

Cl1-C57 1.736(7)
C57-H57A 0.99
F1-B1 1.379(6)
F3-B1 1.394(6)
CI3-C581.705(9)

C58-H58A 0.99

1.530(7)

1.545(6)

1.533(7)

1.537(6)

1.529(7)

1.553(6)

C42-H42A 098
C42-H42C 0.98
C43-H43B 0.98
C44-H44A 098
C44-H44C 0.98
C45-C46
C46-HA6A
C46-H46C 0.98
C47-H47B 0.98
C48-H48A 098
C48-H48C 0.98
C49-C52
C50-H50A
C50-H50C 0.98
C51-H51B 0.98
C52-H52A  0.98
C52-H52C 0.98
C53-C55
C54-H54A
C54-H54C 0.98
C55-H55B 0.98
C56-H56A  0.98
C56-H56C 0.98

Cl2-C57 1.749(8)
C57-H578 0.99
F2-B1 1.374(6)
F4-B1 1.375(6)
Cl4-C581.748(9)

C58-H58B 0.99

1.541(6)

0.98

1.534(6)

0.98

1.530(7)

0.98



Table 6. Bond angles (°) for JPD1049.

N5-Cul-N2

N2-Cul-N1

N2-Cul-P1

N7-Cu2-N3

N3-Cu2-N4

N3-Cu2-P2

C21-P1-C25

C25-P1-C17

C25-P1-Cul

C53-P2-C49

C49-P2-C45

C49-P2-Cu2

C1-N1-C12

C12-N1-Cul

C10-N2-Cul

C29-N3-C40

C40-N3-Cu2

C38-N4-Cu2

N6-N5-Cul

N6-N7-Cu2

N1-C1-H1

C3-C2-C1

C1-C2-C13

C2-C3-C14

C12-C4-C3

C3-C4-C5

C6-C5-H5

96.27(16)
78.90(12)
128.72(9)
100.68(15)
78.90(13)
128.89(10)
108.62(19)
108.7(2)
111.35(13)
108.48(19)
108.5(2)
109.71(14)
117.4(3)
112.2(2)
130.1(3)
116.9(3)
113.5(3)
129.6(3)
143.5(3)

147.4(4)

117.7 C2-C1-H1

118.6(4)
118.2(4)
121.3(4)
118.5(4)

123.5(4)

119.1 C4-C5-H5

N5-Cul-N1

N5-Cul-P1

N1-Cul-P1

N7-Cu2-N4

N7-Cu2-P2

N4-Cu2-P2

C21-P1-C17

C21-P1-Cul

C17-P1-Cul

C53-P2-C45

C53-P2-Cu2

C45-P2-Cu2

C1-N1-Cul

C10-N2-C11

C11-N2-Cul

C29-N3-Cu2

C38-N4-C39

C39-N4-Cu2

N5-N6-N7

N1-C1-C2

C3-C2-C13

C2-C3-C4

C4-C3-C14

C12-C4-C5

C6-C5-C4

117.7

119.1

93.56(13)
119.43(12)
128.81(9)
97.04(15)
116.28(13)
126.14(9)
108.38(19)
109.02(13)
110.72(14)
108.6(2)
110.25(15)
111.30(14)
129.3(3)
116.8(3)
112.3(3)
129.1(3)
117.4(3)
112.5(3)
178.7(5)

124.7(4)

123.1(4)
118.3(3)
120.4(4)
118.0(4)

121.7(4)



C5-C6-C7 121.7(4) C5-C6-H6 119.1
C7-C6-H6 119.1 C11-C7-C8 119.3(4)
C11-C7-C6 117.9(4) C8-C7-C6 122.8(3)
C9-C8-C7 117.7(4) C9-C8-C15 121.5(4)
C7-C8-C15 120.8(4) C8-C9-C10 118.4(4)
C8-C9-C16 123.3(4) C10-C9-C16  118.3(4)
N2-C10-C9  125.1(4) N2-C10-H10  117.5
C9-C10-H10  117.5 N2-C11-C7  122.7(4)
N2-C11-C12  117.0(3) C7-C11-C12  120.3(3)
N1-C12-C4  122.5(4) N1-C12-C11  117.2(3)
C4-C12-C11  120.3(3) C2-C13-H13A 109.5
C2-C13-H13B 109.5 H13A-C13-H13B 109.5
C2-C13-H13C 109.5 H13A-C13-H13C109.5
H13B-C13-H13C109.5 C3-C14-H14A 109.5
C3-C14-H14B 109.5 H14A-C14-H14B 109.5
C3-C14-H14C 109.5 H14A-C14-H14C109.5
H14B-C14-H14C109.5 C8-C15-H15A 109.5
C8-C15-H15B 109.5 H15A-C15-H15B 109.5
C8-C15-H15C  109.5 H15A-C15-H15C109.5
H15B-C15-H15C109.5 C9-C16-H16A 109.5
C9-C16-H16B 109.5 H16A-C16-H16B 109.5
C9-C16-H16C 109.5 H16A-C16-H16C109.5
H16B-C16-H16C109.5 C18-C17-C20 106.1(4)
C18-C17-C19  108.9(4) C20-C17-C19  108.2(4)
C18-C17-P1  108.8(3) C20-C17-P1  107.9(3)
C19-C17-P1  116.5(3) C17-C18-H18A 109.5
C17-C18-H18B 109.5 H18A-C18-H18B 109.5
C17-C18-H18C 109.5 H18A-C18-H18C109.5

H18B-C18-H18C109.5

C17-C19-H19A 109.5



C17-C19-H19B 109.5
C17-C19-H19C 109.5
H19B-C19-H19C109.5
C17-C20-H20B 109.5
C17-C20-H20C 109.5
H20B-C20-H20C109.5
C24-C21-C22
C24-C21-P1

C22-C21-P1

C21-C22-H22B 109.5
C21-C22-H22C 109.5
H22B-C22-H22C109.5
C21-C23-H23B 109.5
C21-C23-H23C 109.5
H23B-C23-H23C109.5
C21-C24-H24B 109.5
C21-C24-H24C 109.5
H24B-C24-H24C109.5
C27-C25-C26
C27-C25-P1

C26-C25-P1

C25-C26-H26B 109.5
C25-C26-H26C 109.5
H26B-C26-H26C109.5
C25-C27-H27B 109.5
C25-C27-H27C 109.5
H27B-C27-H27C109.5
C25-C28-H28B 109.5

C25-C28-H28C 109.5

108.5(4)
117.1(3)

108.8(3)

108.7(4)
109.0(3)

116.7(3)

H19A-C19-H19B 109.5
H19A-C19-H19C109.5
C17-C20-H20A 109.5
H20A-C20-H20B 109.5
H20A-C20-H20C109.5

C24-C21-C23  109.5(4)
€23-C21-C22  104.9(4)
C23-C21-P1  107.3(3)
C21-C22-H22A 109.5
H22A-C22-H22B 109.5
H22A-C22-H22C109.5
C21-C23-H23A 109.5
H23A-C23-H23B 109.5
H23A-C23-H23C109.5
C21-C24-H24A 109.5
H24A-C24-H24B 109.5
H24A-C24-H24C109.5

C27-C25-C28  105.4(4)
C28-C25-C26  108.1(4)
C28-C25-P1  108.4(3)
C25-C26-H26A 109.5
H26A-C26-H26B 109.5
H26A-C26-H26C109.5
C25-C27-H27A 109.5
H27A-C27-H278B 109.5
H27A-C27-H27C109.5
C25-C28-H28A 109.5
H28A-C28-H28B 109.5

H28A-C28-H28C109.5



122.3(4)
117.8(4)
120.9(4)
118.0(4)

121.8(4)

119.0

123.8(4)
120.4(4)
118.5(4)
118.7(4)

117.7

120.4(3)

117.1(3)

H28B-C28-H28C109.5 N3-C29-C30 124.9(4)
N3-C29-H29  117.6 (C30-C29-H29 117.6
C31-C30-C29 118.7(4) C31-C30-C41
C29-C30-C41 119.0(4) C30-C31-C32
C30-C31-C42 121.3(4) C32-C31-C42
C40-C32-C31 118.6(4) C40-C32-C33
C31-C32-C33  123.4(4) C34-C33-C32
C34-C33-H33 119.1 (C32-C33-H33 119.1
C33-C34-C35 121.9(4) C33-C34-H34
C35-C34-H34 119.0 (C39-C35-C36 118.4(4)
C39-C35-C34 117.3(4) C36-C35-C34
C37-C36-C35 118.4(4) C37-C36-C43
C35-C36-C43  121.1(4) C36-C37-C38
C36-C37-C44  122.3(4) C38-C37-C44
N4-C38-C37 124.7(4) N4-C38-H38
C37-C38-H38 117.7 N4-C39-C35 122.6(4)
N4-C39-C40 117.0(3) C35-C39-C40
N3-C40-C32 123.0(4) N3-C40-C39
C32-C40-C39 119.9(4) C30-C41-H41A

C30-C41-H41B 109.5

C30-C41-H41C 109.5
H41B-C41-H41C109.5
C31-C42-H42B 109.5
C31-C42-H42C 109.5
H42B-C42-H42C109.5
C36-C43-H43B 109.5
C36-C43-H43C 109.5
H43B-C43-H43C109.5

C37-C44-H44B 109.5

H41A-C41-H41B

H41A-C41-H41C109.5

C31-C42-H42A 109.5

H42A-C42-H42B

H42A-C42-H42C109.5

C36-C43-H43A 109.5

H43A-C43-H43B

H43A-C43-H43C109.5

C37-C44-H44A 109.5

H44A-C44-HA4B

109.5

109.5

109.5

109.5

109.5



C37-C44-H44C 109.5
H44B-C44-H44C109.5
C47-C45-C48
C47-C45-P2

C48-C45-P2

C45-C46-H46B 109.5
C45-C46-H46C 109.5
H46B-C46-H46C109.5
C45-C47-H47B 109.5
C45-C47-H47C 109.5
H47B-C47-H47C109.5
C45-C48-H48B 109.5

C45-C48-H48C 109.5

H48B-C48-H48C109.5

C51-C49-C50 109.5(4)
C51-C49-P2 116.4(3)
C50-C49-P2 107.7(3)

C49-C50-H50B 109.5

C49-C50-H50C 109.5
H50B-C50-H50C109.5
C49-C51-H51B 109.5
C49-C51-H51C 109.5
H51B-C51-H51C109.5
C49-C52-H52B 109.5

C49-C52-H52C 109.5

H52B-C52-H52C109.5

C54-C53-C56  107.6(4)
C54-C53-P2 109.5(4)
C56-C53-P2 116.0(3)

108.7(4)
109.1(3)

116.1(3)

H44A-C44-HA44C109.5

C47-CA5-C46

C46-C45-C48

C46-C45-P2

H46A-C46-H46B

H46A-C46-H46C109.5

C45-C47-HAT7A 109.5

HA7A-C47-H478B

H47A-C47-H47C109.5

C45-C48-HA8A 109.5

HA8A-C48-H48B

H48A-CA48-H48C109.5

C51-C49-C52

C52-C49-C50

C52-C49-P2

H50A-C50-H508B

H50A-C50-H50C109.5

C49-C51-H51A 109.5

H51A-C51-H51B

H51A-C51-H51C109.5

C49-C52-H52A 109.5

H52A-C52-H52B

H52A-C52-H52C109.5

C54-C53-C55

C55-C53-C56

C55-C53-P2

C45-C46-H46A

C49-C50-H50A

105.7(4)

108.8(4)
108.0(3)
109.5

109.5

109.5

109.5

108.5(4)

105.0(4)
109.2(3)
109.5

109.5

109.5

109.5

106.5(4)

108.8(4)

108.1(3)

C53-C54-H54A 109.5



C53-C54-H54B 109.5
C53-C54-H54C 109.5
H54B-C54-H54C109.5
C53-C55-H55B 109.5
C53-C55-H55C 109.5
H55B-C55-H55C109.5
C53-C56-H56B 109.5
C53-C56-H56C 109.5
H56B-C56-H56C109.5
Cl1-C57-H57A 108.8
Cl1-C57-H57B 108.8
H57A-C57-H57B
F2-B1-F1

F2-B1-F3

F1-B1-F3

CI3-C58-H58A 108.4
CI3-C58-H58B 108.4

H58A-C58-H58B

108.9(4)
109.5(4)

111.3(4)

H54A-C54-H548B
H54A-C54-H54C109.5
C53-C55-H55A 109.5
H55A-C55-H558
H55A-C55-H55C109.5
C53-C56-H56A 109.5
H56A-C56-H56B
H56A-C56-H56C109.5
Cl1-c57-Cl2
Cl2-C57-H57A  108.8
Cl2-C57-H57B  108.8
107.7 F2-B1-F4
F4-B1-F1
F4-B1-F3
CI3-C58-Cl4
Cl4-C58-H58A 108.4
Cl4-C58-H58B  108.4

107.4

Table 7. Torsion angles (°) for JPD1049.

C12-N1-C1-C2
N1-C1-C2-C3

C1-C2-C3-C4  0.9(5)
C1-C2-C3-C14
C2-C3-C4-C12
C2-C3-C4-C5

C12-C4-C5-C6  1.6(6)

C4-C5-C6-C7  0.8(6)

-0.3(5) Cul-N1-C1-C2

-0.5(6) N1-C1-C2-C13

-178.7(4)

-178.5(3)

C13-C2-C3-C4

C14-C3-C4-C5

C3-C4-C5-Cé

C5-C6-C7-C11

-2.5(5)

109.5

109.5

109.5

114.0(4)

109.0(4)
109.0(4)
109.1(4)

115.7(4)

167.1(3)
-179.5(4)
179.8(3)
C13-C2-C3-C14 0.2(6)

-0.5(5) C14-C3-C4-C12 179.1(3)

1.2(6)

179.5(4)



C5-C6-C7-C8  177.8(4) C11-C7-C8-C9 0.1(5)
C6-C7-C8-C9  179.7(3) C11-C7-C8-C15 -178.5(3)
C6-C7-C8-C15 1.2(6) C7-C8-C9-C10 -1.1(5)
C15-C8-C9-C10 177.4(3) C7-C8-C9-C16 178.4(3)

C15-C8-C9-C16 -3.0(6) C11-N2-C10-C9 1.4(5)

Cul-N2-C10-C9 -167.4(3) C8-C9-C10-N2 0.5(6)
C16-C9-C10-N2 -179.2(3) C10-N2-C11-C7 -2.5(5)
Cul-N2-C11-C7 168.2(3) C10-N2-C11-C12 177.7(3)
Cul-N2-C11-C12 -11.5(4)C8-C7-C11-N2 1.8(5)
C6-C7-C11-N2 -177.8(3) C8-C7-C11-C12 -178.4(3)

C6-C7-C11-C12 1.9(5) C1-N1-C12-C4 0.7(5)

Cul-N1-C12-C4 -168.7(3) C1-N1-C12-C11 -179.4(3)
Cul-N1-C12-C11 11.1(4) C3-C4-C12-N1 -0.3(5)
C5-C4-C12-N1 177.8(3) C3-C4-C12-C11 179.8(3)

C5-C4-C12-C11 -2.1(5) N2-C11-C12-N10.3(5)

C7-C11-C12-N1 -179.5(3) N2-C11-C12-C4 -179.9(3)
C7-C11-C12-C4 0.4(5) C25-P1-C21-C24 -40.7(4)
C17-P1-C21-C24 77.2(4) Cul-P1-C21-C24 -162.3(3)
€25-P1-C21-C23 82.8(3) C17-P1-C21-C23 -159.2(3)
Cul-P1-C21-C23 -38.7(3)C25-P1-C21-C22 -164.2(3)
C17-P1-C21-C22 -46.3(3)Cu1-P1-C21-C22 74.3(3)
C40-N3-C29-C30 -0.2(5) Cu2-N3-C29-C30 -172.0(3)
N3-C29-C30-C31 0.9(6) N3-C29-C30-C41 -179.9(4)
€29-C30-C31-C32 0.2(5) C41-C30-C31-C32 -179.0(3)
€29-C30-C31-C42 179.0(4) C41-C30-C31-C42 -0.2(6)
C30-C31-C32-C40 -1.7(5) C42-C31-C32-C40 179.5(3)
C30-C31-C32-C33 177.6(3) C42-C31-C32-C33 -1.3(6)
C40-C32-C33-C34 -3.0(5) C31-C32-C33-C34 177.7(4)

C32-C33-C34-C35 0.6(6) C33-C34-C35-C39 2.2(6)



€33-C34-C35-C36 179.9(4) €39-C35-C36-C37 1.1(5)
C34-C35-C36-C37 -176.6(3) C39-C35-C36-C43 179.8(3)
C34-C35-C36-C43 2.1(6) C35-C36-C37-C38 -0.2(5)
C43-C36-C37-C38 -178.9(3) €35-C36-C37-C44 178.5(3)
C43-C36-C37-C44 -0.3(6) C39-N4-C38-C37 1.1(6)
Cu2-N4-C38-C37 171.6(3) C36-C37-C38-N4 -1.0(6)
C44-C37-C38-N4 -179.7(4) C38-N4-C39-C35 0.0(5)
Cu2-N4-C39-C35 -172.1(3) C38-N4-C39-C40 179.4(3)
Cu2-N4-C39-C40 7.2(4) C36-C35-C39-N4 -1.1(5)
C34-C35-C39-N4 176.8(3) €36-C35-C39-C40 179.6(3)
C34-C35-C39-C40 -2.6(5) C29-N3-C40-C32 -1.5(5)
Cu2-N3-C40-C32 171.6(3) €29-N3-C40-C39 179.2(3)
Cu2-N3-C40-C39 -7.7(4) C31-C32-C40-N3 2.5(5)
C33-C32-C40-N3 -176.8(3) C31-C32-C40-C39 -178.2(3)
C33-C32-C40-C39 2.5(5) N4-C39-C40-N3 0.2(5)

C35-C39-C40-N3 179.6(3) N4-C39-C40-C32 -179.1(3)
€35-C39-C40-C32 0.3(5)

Table 8. Anisotropic atomic displacement parameters (A2) for JPD1049.

The anisotropic atomic displacement factor exponent takes the form: -2n2[ h2 a*2 U11 + ... + 2 hk a* b*
u12]

Uil uU22 U333 U233 U13 U12

Cul  0.0263(3) 0.0233(3) 0.0182(3) -0.0019(2) 0.0003(2) -0.0020(2)
Cu2  0.0326(3) 0.0226(3) 0.0221(3) -0.0035(2) -0.0051(2) 0.0009(2)
P1  0.0254(5) 0.0231(5) 0.0160(5) -0.0023(4) -0.0021(4) -0.0026(4)
P2 0.0326(6) 0.0220(5) 0.0196(5) -0.0056(4) -0.0039(4) -0.0006(4)
N1  0.0214(17)  0.0168(15)  0.0252(18)  -0.0047(12)  -0.0024(13)  0.0011(12)
N2  0.0215(17)  0.0170(15)  0.0215(17)  -0.0046(12)  0.0026(12)  -0.0005(12)
N3  0.0249(18)  0.0187(15)  0.0284(18)  -0.0038(13)  -0.0074(13)  0.0027(13)
N4  0.0258(18)  0.0214(16)  0.0255(18)  -0.0023(13)  -0.0045(13)  -0.0005(13)



N5

N6

N7

Cc1

Cc2

C3

Ca

c5

Cé

c7

C8

C9

C10

C11

C12

C13

Ci4

C15

C16

C17

C18

C19

Cc20

Cc21

C22

C23

Cc24

C25

C26

0.035(2)
0.0233(17)
0.046(2)
0.027(2)
0.022(2)
0.022(2)
0.024(2)
0.030(2)
0.031(2)
0.026(2)
0.025(2)
0.023(2)
0.023(2)
0.0204(19)
0.021(2)
0.029(2)
0.028(2)
0.042(3)
0.025(2)
0.039(3)
0.037(3)
0.051(3)
0.060(4)
0.030(2)
0.042(3)
0.042(3)
0.041(3)
0.032(2)

0.039(3)

0.0216(19)
0.030(2)
0.026(2)
0.0199(18)
0.0145(17)
0.0152(17)
0.0148(16)
0.0227(19)
0.027(2)
0.0172(17)
0.0206(18)
0.0169(18)
0.0198(18)
0.0147(17)
0.0134(16)
0.027(2)
0.027(2)
0.039(2)
0.027(2)
0.038(2)
0.058(3)
0.062(3)
0.039(3)
0.029(2)
0.036(2)
0.030(2)
0.038(2)
0.035(2)

0.051(3)

0.062(3)
0.0252(19)
0.053(3)
0.026(2)
0.033(2)
0.031(2)
0.024(2)
0.024(2)
0.0159(19)
0.020(2)
0.025(2)
0.032(2)
0.025(2)
0.021(2)
0.021(2)
0.046(3)
0.039(3)
0.028(2)
0.037(2)
0.026(2)
0.035(3)
0.027(3)
0.047(3)
0.022(2)
0.028(2)
0.036(3)
0.028(2)
0.021(2)

0.029(3)

0.0061(18)
-0.0049(14)
-0.0036(17)
-0.0059(15)
-0.0051(15)
-0.0009(15)
-0.0011(14)
0.0008(16)
-0.0022(15)
-0.0035(14)
-0.0068(15)
-0.0100(16)
-0.0066(15)
-0.0032(14)
-0.0026(14)
-0.0071(19)
0.0008(18)
-0.0125(19)
-0.0115(18)
-0.0084(18)
-0.004(2)
-0.015(2)
-0.012(2)
-0.0017(17)
0.0031(19)
-0.0098(19)
0.0018(19)
-0.0077(17)

-0.013(2)

0.0102(19)
-0.0023(13)
-0.0063(19)
-0.0028(16)
-0.0015(16)
0.0027(16)
0.0010(15)
0.0037(16)
0.0007(15)
-0.0047(15)
-0.0056(15)
-0.0072(16)
-0.0005(15)
0.0006(14)
-0.0002(14)
-0.0064(19)
0.0061(18)
-0.0100(19)
-0.0074(17)
-0.0039(18)
-0.008(2)
-0.006(2)
-0.003(2)
0.0016(16)
-0.0035(19)
0.001(2)
0.0058(19)
-0.0018(16)

0.0005(19)

0.0051(16)
0.0025(14)
0.0090(17)
-0.0003(16)
-0.0002(15)
0.0025(15)
0.0031(14)
0.0014(16)
0.0032(17)
0.0057(15)
0.0084(15)
0.0060(15)
0.0013(15)
0.0044(14)
0.0058(14)
-0.0038(18)
-0.0064(17)
0.002(2)
0.0006(17)
-0.011(2)
-0.019(2)
-0.014(3)
-0.021(2)
-0.0044(17)
0.000(2)
-0.010(2)
-0.009(2)
0.0044(18)

0.011(2)



Cc27

C28

C29

C30

C31

C32

C33

C34

C35

C36

C37

C38

C39

C40

c41

C42

C43

ca4

C45

C46

C47

C48

C49

C50

C51

C52

C53

C54

C55

0.050(3)
0.026(2)
0.025(2)
0.022(2)
0.021(2)
0.022(2)
0.032(2)
0.032(2)
0.024(2)
0.026(2)
0.025(2)
0.029(2)
0.024(2)
0.023(2)
0.026(2)
0.031(2)
0.033(2)
0.032(2)
0.046(3)
0.074(4)
0.034(3)
0.061(4)
0.037(2)
0.049(3)
0.048(3)
0.048(3)
0.047(3)
0.082(4)

0.039(3)

0.041(3)
0.057(3)
0.0220(19)
0.0172(18)
0.0194(18)
0.0149(17)
0.0243(19)
0.0249(19)
0.0156(17)
0.0172(18)
0.0191(18)
0.0194(18)
0.0152(17)
0.0178(17)
0.024(2)
0.028(2)
0.029(2)
0.027(2)
0.032(2)
0.035(3)
0.059(3)
0.047(3)
0.031(2)
0.039(3)
0.057(3)
0.040(3)
0.036(2)
0.038(3)

0.059(3)

0.031(3)
0.037(3)
0.032(2)
0.037(2)
0.031(2)
0.029(2)
0.022(2)
0.023(2)
0.027(2)
0.029(2)
0.029(2)
0.025(2)
0.022(2)
0.025(2)
0.042(3)
0.030(2)
0.034(2)
0.037(3)
0.026(2)
0.035(3)
0.040(3)
0.038(3)
0.029(2)
0.047(3)
0.037(3)
0.037(3)
0.027(2)
0.048(3)

0.039(3)

0.002(2)
-0.014(2)
-0.0047(16)
-0.0025(16)
-0.0015(16)
-0.0024(15)
-0.0016(16)
-0.0040(16)
-0.0036(15)
-0.0044(15)
-0.0015(15)
-0.0003(15)
-0.0032(14)
-0.0038(15)
-0.0034(18)
0.0007(17)
-0.0079(18)
-0.0018(18)
-0.0063(18)
-0.014(2)
-0.008(2)
-0.005(2)
-0.0110(18)
-0.015(2)
-0.021(2)
-0.019(2)
-0.0037(19)
-0.003(2)

-0.009(2)

-0.004(2)
-0.0089(19)
-0.0072(16)
-0.0057(16)
0.0004(16)
-0.0006(15)
-0.0036(16)
-0.0071(16)
-0.0068(15)
-0.0085(16)
-0.0052(16)
-0.0037(16)
-0.0040(15)
-0.0043(15)
-0.0027(18)
0.0024(17)
-0.0126(18)
-0.0062(18)
-0.0070(19)
-0.014(3)
-0.002(2)
-0.017(2)
-0.0022(18)
0.003(2)
-0.010(2)
0.005(2)
-0.0068(19)
-0.022(3)

-0.002(2)

0.013(2)
0.005(2)
-0.0006(16)
0.0050(15)
0.0040(15)
0.0048(14)
0.0027(17)
0.0023(17)
0.0049(15)
0.0055(15)
0.0011(15)
-0.0010(16)
0.0041(14)
0.0037(15)
-0.0018(17)
-0.0005(18)
-0.0001(18)
-0.0055(18)
0.011(2)
0.016(2)
0.011(2)
0.020(3)
-0.0070(18)
-0.015(2)
-0.010(2)
0.001(2)
-0.014(2)
-0.023(3)

-0.017(2)



C56
cil
Cl2
C57
F1

F2
F3

F4

B1
CI3
Cl4
C58
Table 9.
x/a
H1
H5
H6
H10
H13A
H13B
H13C
H14A
H14B
H14C
H15A
H15B
H15C
H16A

H16B

0.061(3) 0.056(3) 0.027(3) 0.003(2) -0.003(2) -0.024(3)
0.0901(13)  0.0419(8) 0.1156(16)  -0.0012(9) 0.0021(11)  0.0027(8)
0.164(2) 0.1010(16)  0.0726(13)  -0.0173(12)  -0.0207(14)  -0.0119(16)
0.104(6) 0.052(4) 0.081(5) -0.013(3) 0.011(4) 0.009(4)
0.0541(19)  0.100(3) 0.0360(17)  -0.0166(17)  0.0001(13)  -0.0318(18)
0.0429(18)  0.086(2) 0.061(2) 0.0007(18)  -0.0176(15)  0.0079(17)
0.0479(18)  0.079(2) 0.0379(16)  -0.0063(15)  0.0001(13)  -0.0336(16)
0.085(3) 0.0406(17)  0.078(2) -0.0121(16)  0.026(2) -0.0007(17)
0.028(3) 0.036(3) 0.031(3) -0.006(2) -0.007(2) -0.003(2)
0.0995(16)  0.0805(13)  0.1112(17)  -0.0195(12)  -0.0125(12)  0.0026(11)
0.202(3) 0.0987(17)  0.0955(17)  -0.0245(13)  -0.0407(18)  0.0035(18)
0.165(10) 0.062(5) 0.084(6) 0.008(4) -0.036(6) -0.040(5)

Hydrogen atomic coordinates and isotropic atomic displacement parameters (A2) for JPD1049.
y/b z/c  Uleq)

0.7331 0.8158 0.6928 0.029
0.7814 0.8489 0.3783 0.033
0.6633 0.7647 0.3479 0.031
0.4047 0.5957 0.6095 0.028
0.9518 0.8927 0.6028 0.051
0.8651 0.9095 0.6738 0.051
0.8724 0.9931 0.5998 0.051
0.8523 0.9760 0.4209 0.05
0.9343 0.8778 0.4289 0.05
0.9290 0.9606 0.4802 0.05
0.5077 0.7307 0.3276 0.053
0.4415 0.6374 0.3553 0.053
0.5652 0.6187 0.3381 0.053
0.3083 0.6178 0.4561 0.043

0.3151 0.5448 0.5343 0.043



H16C

H18A

H18B

H18C

H19A

H198B

H19C

H20A

H20B

H20C

H22A

H22B

H22C

H23A

H23B

H23C

H24A

H24B

H24C

H26A

H26B

H26C

H27A

H278B

H27C

H28A

H28B

H28C

H29

0.3831 0.5145

0.6801 0.6883

0.6617 0.6257

0.6935 0.7373

0.4206 0.7490

0.5311 0.7615

0.5023 0.6523

0.5545 0.8565

0.5862 0.8765

0.4666 0.8808

0.6065 0.4995

0.5409 0.4186

0.5571 0.5196

0.3684 0.5109

0.4280 0.4126

0.4913 0.4873

0.2918 0.5577

0.3649 0.5755

0.3566 0.4640

0.3113 0.8333

0.4590

0.7990

0.8821

0.8680

0.9510

0.9687

0.9673

0.7743

0.8488

0.8429

0.8404

0.8971

0.9228

0.7747

0.8172

0.7527

0.8992

0.9538

0.9425

0.8778

0.043

0.063

0.063

0.063

0.067

0.067

0.067

0.071

0.071

0.071

0.056

0.056

0.056

0.054

0.054

0.054

0.057

0.057

0.057

0.062

0.2677 0.7264 0.9014 0.062

0.2083 0.8165

0.8509

0.062

0.4055 0.8244 0.6864 0.066

0.3921 0.8916

0.2934 0.8765

0.2154 0.7322

0.2561 0.6326

0.3186 0.6648

1.0266 0.3532

0.7501

0.7171

0.7453

0.7978

0.7155

0.6433

0.066

0.066

0.06

0.06

0.06

0.031



H33

H34

H38

H41A

H41B

H41C

H42A

H42B

H42C

H43A

H43B

H43C

H44A

H44B

H44C

H46A

H46B

H46C

H47A

H47B

H47C

H48A

HA48B

H48C

H50A

H50B

H50C

H51A

H51B

0.9155

0.7801

0.6505

1.2084

1.1558

1.1321

1.0697

1.1451

1.0369

0.5860

0.5896

0.6862

0.4851

0.5252

0.5618

0.9645

0.9378

1.0558

1.1473

1.0952

1.0707

0.9646

1.0130

1.0854

1.0165

0.9592

0.9088

1.0195

0.9134

0.2931 0.3752

0.1999 0.4015

0.1057 0.7150

0.3923 0.4973

0.4379 0.5707

0.4947 0.4905

0.3335 0.3598

0.3906 0.3908

0.4477 0.3709

0.1471 0.4543

0.0339 0.4984

0.0689 0.4372

0.0689 0.6135

0.0261 0.6911

-0.03310.6223

0.0686 0.7119

-0.02750.7739

-0.01250.7387

0.0965 0.7733

0.1777 0.8251

0.1904 0.7422

-0.0426 0.9007

0.0417 0.9280

-0.0307 0.8760

0.3181 0.8046

0.4027 0.8519

0.3783 0.7864

0.2071 0.9305

0.1785 0.9828

0.033

0.032

0.03

0.048

0.048

0.048

0.048

0.048

0.048

0.046

0.046

0.046

0.048

0.048

0.048

0.073

0.073

0.073

0.07

0.07

0.07

0.076

0.076

0.076

0.066

0.066

0.066

0.067

0.067



H51C 0.9478 0.2880 0.9753 0.067
H52A 0.7480 0.3512 0.8686 0.063
H52B 0.7968 0.3830 0.9321 0.063
H52C 0.7449 0.2805 0.9487 0.063
H54A 0.7660 0.0158 0.8032 0.08
H54B 0.6983 -0.03020.8803 0.08
H54C 0.8220 -0.04650.8700 0.08
H55A 0.6557 0.1814 0.8237 0.067
H55B 0.6491 0.2183 0.9015 0.067
H55C 0.6007 0.1185 0.8995 0.067
H56A 0.8282 0.0235 0.9800 0.072
H56B 0.7045 0.0328 0.9975 0.072
H56C 0.7631 0.1285 0.9936 0.072
H57A 1.0894 0.4084 0.1918 0.101
H57B 0.9719 0.4151 0.1803 0.101
H58A 0.6114 0.7379 0.1604 0.122
H58B 0.7231 0.7429 0.1789 0.122
Crystal Structure Report for [Cu(Me;bpy)(PrsP)]PFs

A yellow column-like specimen of C25H37CuF6N2P2, approximate dimensions 0.170 mm x 0.243 mm x
0.403 mm, was used for the X-ray crystallographic analysis. The X-ray intensity data were measured on a
Bruker Smart APEX CCD system equipped with a fine-focus sealed tube (Mo-Ka, A = 0.71073 A) and a
graphite monochromator. The total exposure time was 11.66 hours. The frames were integrated with
the Bruker SAINT software package using a narrow-frame algorithm. The integration of the data using a
monoclinic unit cell yielded a total of 53065 reflections to a maximum 6 angle of 29.51° (0.72 A
resolution), of which 7563 were independent (average redundancy 7.016, completeness = 98.7%, Rint =
3.17%, Rsig = 2.34%) and 6236 (82.45%) were greater than 20(F2). The final cell constants of a =
8.9575(5) A, b =17.6041(9) A, ¢ = 17.4749(9) A, B = 96.3330(10)°, volume = 2738.8(3) A3, are based
upon the refinement of the XYZ-centroids of 9906 reflections above 20 o(l) with 5.127° < 26 < 58.84°.
Data were corrected for absorption effects using the multi-scan method (SADABS). The ratio of
minimum to maximum apparent transmission was 0.883. The calculated minimum and maximum
transmission coefficients (based on crystal size) are 0.6950 and 0.8520. The structure was solved and
refined using the Bruker SHELXTL Software Package, using the space group P 1 21/c 1, with Z = 4 for the
formula unit, C25H37CuF6N2P2. The final anisotropic full-matrix least-squares refinement on F2 with
335 variables converged at R1 = 3.90%, for the observed data and wR2 = 11.93% for all data. The



goodness-of-fit was 1.114. The largest peak in the final difference electron density synthesis was 0.886
e-/A3 and the largest hole was -0.488 e-/A3 with an RMS deviation of 0.079 e-/A3. On the basis of the
final model, the calculated density was 1.467 g/cm3 and F(000), 1256 e-.

Table 1. Sample and crystal data for JPD1052.
Identification code JPD1052

Chemical formula C25H37CuF6N2P2

Formula weight 605.04 g/mol

Temperature 150(2) K

Wavelength  0.71073 A

Crystal size 0.170 x 0.243 x 0.403 mm

Crystal habit  yellow column

Crystal system monoclinic

Spacegroup P121/c1

Unit cell dimensions  a=8.9575(5) A a =90°

b =17.6041(9) A B =96.3330(10)°
c=17.4749(9) A y =90°

Volume 2738.8(3) A3

z 4

Density (calculated) 1.467 g/cm3

Absorption coefficient 0.973 mm-1

F(000) 1256

Table 2. Data collection and structure refinement for JPD1052.
Diffractometer Bruker Smart APEX CCD

Radiation source fine-focus sealed tube (Mo-Ka, A = 0.71073 A)
Theta range for data collection 1.65 to 29.51°

Index ranges  -12<=h<=12, -24<=k<=24, -24<=|<=23
Reflections collected 53065

Independent reflections7563 [R(int) = 0.0317]

Coverage of independent reflections  98.7%



Absorption correction multi-scan

Max. and min. transmission 0.8520 and 0.6950
Structure solution technique  direct methods

Structure solution program SHELXT (Sheldrick, 2015a)
Refinement method Full-matrix least-squares on F2
Refinement program  SHELXL-2018/1 (Sheldrick, 2015b)
Function minimized 2 w(Fo2 - Fc2)2

Data / restraints / parameters 7563 /0/335
Goodness-of-fiton F2 1.114

A/omax0.001

Final R indices 6236 data; I>20(l) R1=0.0390, wR2 =0.1154
all data R1 =0.0471, wR2 = 0.1193

Weighting scheme w=1/[02(F02)+(0.0748P)2+0.4451P]
where P=(Fo2+2Fc2)/3

Largest diff. peak and hole 0.886 and -0.488 eA-3

R.M.S. deviation from mean  0.079 eA-3

Table 3. Atomic coordinates and equivalent isotropic atomic displacement parameters (A2) for JPD1052.
U(eq) is defined as one third of the trace of the orthogonalized Uij tensor.
x/a y/b  z/c U(eq)

Cul  0.31872(2) 0.32362(2) 0.47592(2) 0.02434(8)

P1 0.29351(5) 0.20325(2) 0.44974(2) 0.02327(10)

N1 0.22646(15)  0.42811(8) 0.45331(8) 0.0226(3)

N2 0.43475(15)  0.38125(7) 0.56488(8) 0.0229(3)

Cc1 0.11823(18)  0.45018(9) 0.39966(9) 0.0248(3)

C2 0.05745(18)  0.52428(9) 0.39420(10)  0.0257(3)

c3 0.11192(18)  0.57774(9) 0.44822(10)  0.0256(3)

ca 0.22675(18)  0.55547(9) 0.50661(9) 0.0237(3)

C5  0.2891(2) 0.60537(9)  0.56708(11)  0.0296(4)



Cé

c7

C8

9

C10

C11

C12

C13

Ci4

C15

C16

C17

C18

C19

C20

Cc21

C22

C23

C24

C25

P2

F1

F2

F3

F4

F5

F6

Table 4. Bond lengths (A) for JPD1052.

0.3976(2)
0.45427(18)
0.56425(18)
0.60361(18)
0.53597(18)
0.39406(17)
0.28032(17)
0.9350(2)
0.0526(2)
0.6335(2)
0.7165(2)
0.1984(3)
0.2866(4)
0.0381(3)
0.1741(2)
0.1433(3)
0.2394(3)
0.47061(19)
0.4696(3)
0.6051(2)
0.79237(6)
0.7785(3)
0.71362(16)
0.95187(19)
0.6337(2)
0.8078(3)

0.8687(2)

Cul-N1 2.0374(14)

0.58240(10)
0.50594(9)

0.47869(10)
0.40263(10)
0.35666(10)
0.45555(8)

0.48051(8)

0.54079(11)
0.65766(10)
0.53115(12)
0.36637(13)
0.18359(11)
0.21965(16)
0.21418(16)
0.16032(11)
0.07534(12)
0.17802(12)
0.14730(10)
0.07508(11)
0.19767(12)
0.37276(4)

0.40409(13)
0.44772(8)

0.41267(14)
0.33328(11)
0.34325(12)

0.29726(11)

0.62178(10)
0.62386(9)
0.68216(9)
0.68056(9)
0.62051(10)
0.56637(9)
0.50668(9)
0.32998(11)
0.44590(13)
0.74422(11)
0.73949(11)
0.35288(12)
0.29213(13)
0.34701(18)
0.51843(11)
0.50741(17)
0.60068(13)
0.46103(10)
0.41230(14)
0.44885(12)
0.17655(3)
0.09122(11)
0.20411(9)
0.19217(15)
0.15933(14)
0.26170(9)

0.15050(12)

Cul-N2 2.0420(13)

0.0291(4)
0.0239(3)
0.0262(3)
0.0266(3)
0.0260(3)
0.0212(3)
0.0209(3)
0.0346(4)
0.0377(4)
0.0351(4)
0.0372(4)
0.0410(5)
0.0645(8)
0.0664(8)
0.0320(4)
0.0536(6)
0.0427(5)
0.0280(3)
0.0420(5)
0.0365(4)
0.04249(14)
0.1074(8)
0.0553(4)
0.1088(9)
0.0850(6)
0.0941(7)

0.0846(6)



Cul-P1 2.1743(4)

P1-C20 1.8548(19)

N1-C1 1.330(2)
N2-C10 1.327(2)
C1-C2 1.413(2)
C2-C3 1.383(2)
C3-C4 1.422(2)
C4-C12 1.404(2)
C5-C6 1.348(3)
C6-C7 1.438(2)
C7-C11 1.403(2)
C8-C9 1.386(3)

C9-C10 1.408(2)

P1-C17 1.8419(19)

P1-C23 1.8593(18)

N1-C12 1.362(2)
N2-C11 1.359(2)
C1-H1 0.95

C2-C13 1.508(2)
C3-C14 1.503(2)
C4-C5  1.439(2)
C5-H5 0.95

C6-H6 0.95

C7-C8 1.420(2)
C8-C15 1.505(2)

C9-C16 1.503(2)

C10-H10 0.95 Cl1-C12 1.444(2)
C13-H13A 0.98 (C13-H13B 0.98
C13-H13C 0.98 Cl4-H14A 0.98
C14-H148B 0.98 Cl14-H14C 0.98
C15-H15A 0.98 C15-H15B 0.98
C15-H15C 0.98 Clé6-H16A 0.98
Ci16-H1eB 0.98 Clé6-H16C 0.98
C17-C19 1.526(4) C17-C18
C17-H17 1.0 C18-H18A 0.98
C18-H18B 0.98 C18-H18C 0.98
C19-H19A 0.98 C19-H19B 0.98
C19-H19C 0.98 (C20-C22 1.523(3)
C20-C21 1.530(3) C20-H20
C21-H21A 0.98 (C21-H21B 0.98
C21-H21C 0.98 (C22-H22A 0.98
C22-H22B 0.98 (C22-H22C 0.98

1.529(4)

1.0



C23-C25 1.529(3) C23-C24 1.530(3)
C23-H23 1.0 C24-H24A 0.98

C24-H24B 0.98 (C24-H24C 0.98

C25-H25A 0.98 (C25-H25B 0.98

C25-H25C 0.98 P2-F5 1.5678(18)

P2-F4 1.5809(18) P2-F1 1.582(2)

P2-F6 1.5841(17) P2-F3 1.5885(18)

P2-F2 1.5956(15)

Table 5. Bond angles (°) for JPD1052.

N1-Cul-N2 81.98(5) N1-Cul-P1 143.96(4)
N2-Cul-P1 132.59(4) C17-P1-C20 106.07(10)
C17-P1-C23 107.50(9) C20-P1-C23 105.17(8)
C17-P1-Cul 113.78(6) C20-P1-Cul 108.35(6)
C23-P1-Cul 115.24(6) C1-N1-C12 117.42(14)
C1-N1-Cul 130.46(11) C12-N1-Cul  111.92(10)
C10-N2-C11 117.59(14) C10-N2-Cul 130.17(11)
C11-N2-Cul 112.19(10) N1-C1-C2 124.25(15)
N1-C1-H1 117.9 (C2-C1-H1 117.9

C3-Cc2-C1 118.54(15) C3-C2-C13 123.33(16)
C1-C2-C13 118.13(16) C2-C3-C4 118.36(15)
C2-C3-C14 121.43(16) C4-C3-C14 120.21(16)
C12-Cc4-C3 118.68(15) C12-C4-C5 117.92(15)
C3-C4-C5 123.38(15) C6-C5-C4 121.93(15)
C6-C5-H5 119.0 C4-C5-H5 119.0

C5-C6-C7 121.58(15) C5-C6-H6 119.2
C7-C6-H6 119.2 (C11-C7-C8 118.79(15)
C11-C7-C6 117.85(15) C8-C7-C6 123.33(15)
C9-C8-C7 118.02(15) C9-C8-C15 121.47(16)
C7-C8-C15 120.50(16) C8-C9-C10 118.74(15)



C8-C9-C16
N2-C10-C9
C9-C10-H10 117.9
N2-C11-C12
N1-C12-C4
C4-C12-C11
C2-C13-H13B 109.5
C2-C13-H13C 109.5
H13B-C13-H13C109.5
C3-C14-H14B 109.5
C3-C14-H14C 109.5
H14B-C14-H14C109.5
C8-C15-H15B 109.5
C8-C15-H15C 109.5
H15B-C15-H15C109.5
C9-Cl6-H16B 109.5
C9-Cl6-H16C 109.5
H16B-C16-H16C109.5
C19-C17-P1
C19-C17-H17 108.8
P1-C17-H17 108.8
C17-C18-H18B 109.5
C17-C18-H18C 109.5
H18B-C18-H18C109.5
C17-C19-H19B 109.5
C17-C19-H19C 109.5
H19B-C19-H19C109.5
C22-C20-P1

C22-C20-H20 106.7

123.35(16)

124.17(16)

116.64(13)
122.74(15)

120.03(14)

109.38(17)

109.77(13)

C10-C9-C16 117.90(16)

N2-C10-H10  117.9
N2-C11-C7  122.66(15)
C7-C11-C12  120.66(14)
N1-C12-C11  117.20(13)
C2-C13-H13A 109.5
H13A-C13-H13B 109.5
H13A-C13-H13C109.5

C3-C14-H14A 109.5
H14A-C14-H14B 109.5
H14A-C14-H14C109.5
C8-C15-H15A 109.5
H15A-C15-H15B 109.5
H15A-C15-H15C109.5
C9-C16-H16A 109.5
H16A-C16-H16B 109.5
H16A-C16-H16C109.5

C19-C17-C18  111.2(2)
C18-C17-P1  109.75(15)
C18-C17-H17 108.8
C17-C18-H18A 109.5
H18A-C18-H18B 109.5
H18A-C18-H18C109.5
C17-C19-H19A 109.5
H19A-C19-H19B 109.5
H19A-C19-H19C109.5

€22-C20-C21  111.35(19)
C21-C20-P1  115.20(14)

C21-C20-H20 106.7



P1-C20-H20  106.7
C20-C21-H21B 109.5
€20-C21-H21C 109.5
H21B-C21-H21C109.5
C20-C22-H22B 109.5
C20-C22-H22C 109.5
H22B-C22-H22C109.5
C25-C23-P1
C25-C23-H23  106.3
P1-C23-H23  106.3
C23-C24-H24B 109.5
C23-C24-H24C 109.5
H24B-C24-H24C109.5
C23-C25-H25B 109.5
€23-C25-H25C 109.5
H25B-C25-H25C109.5
F5-P2-F1
F5-P2-F6
F1-P2-F6
F4-P2-F3
F6-P2-F3
F4-P2-F2

F6-P2-F2

110.72(13)

178.83(13)
89.95(11)
90.76(13)
178.93(14)
90.69(11)
90.17(10)

178.72(11)

C20-C21-H21A 109.5
H21A-C21-H21B 109.5
H21A-C21-H21C109.5
C20-C22-H22A 109.5
H22A-C22-H22B 109.5
H22A-C22-H22C109.5

C25-C23-C24  111.16(16)
C24-C23-P1  115.37(14)
C24-C23-H23  106.3
C23-C24-H24A 109.5
H24A-C24-H24B 109.5
H24A-C24-H24C109.5
C23-C25-H25A 109.5
H25A-C25-H258B 109.5
H25A-C25-H25C109.5

F5-P2-F4 91.04(14)
F4-P2-F1 89.90(13)
F4-P2-F6 89.07(11)
F5-P2-F3 90.01(15)
F1-P2-F3 89.06(14)
F5-P2-F2 89.03(9)
F1-P2-F2 90.27(11)

F3-P2-F2 90.08(9)

Table 6. Torsion angles (°) for JPD1052.

C12-N1-C1-C2

N1-C1-C2-C3

C1-C2-C3-C4

C1-C2-C3-C14

C2-C3-C4-C12

0.7(2)

0.1(2)
179.95(16)

0.3(2)

Cul-N1-C1-C2 175.15(12)

-0.7(2) N1-C1-C2-C13 179.94(16)

C13-C2-C3-C4 179.46(15)
C13-C2-C3-C14 -0.7(3)

C14-C3-C4-C12 -179.52(15)



C2-C3-C4-C5

C12-C4-C5-Cé

C4-C5-C6-C7

C5-C6-C7-C8

C6-C7-C8-C9

-177.49(16)  C11-C7-C8-C9 -1.9(2)
176.26(15)  C11-C7-C8-C15 179.06(15)
C6-C7-C8-C15 -2.8(2) C7-C8-C9-C10 1.6(2)
C7-C8-C9-C16 -179.00(16)

C15-C8-C9-C10 -179.35(16)
C15-C8-C9-C16 0.1(3)
Cul-N2-C10-C9 -177.43(12)
C16-C9-C10-N2 179.93(16)
Cul-N2-C11-C7 177.59(12)
Cul-N2-C11-C12
C6-C7-C11-N2 -177.03(15)
C6-C7-C11-C12 0.8(2)
Cul-N1-C12-C4 -175.67(12)
Cul-N1-C12-C11
C5-C4-C12-N1 178.33(14)
C5-C4-C12-C11 0.2(2)
C7-C11-C12-N1 -179.44(14)

C7-C11-C12-C4 -1.2(2) C20-P1-C17-C19

C23-pP1-C17-C19

C20-P1-C17-C18

Cul-P1-C17-C18

C23-P1-C20-C22

C17-P1-C20-C21

Cul-P1-C20-C21

C20-P1-C23-C25

C17-P1-C23-C24

Cul-P1-C23-C24

-178.18(15)

C3-C4-C5-C6

C14-C3-C4-C5 2.0(2)

179.76(16)

-1.7(3) C5-C6-C7-C11 0.6(2)

C11-N2-C10-C9 -0.1(2)

-0.34(17)

C8-C9-C10-N2 -0.6(3)
C10-N2-C11-C7 -0.2(2)
C10-N2-C11-C12

C8-C7-C11-N2 1.2(2)

C8-C7-C11-C12 179.03(14)

C1-N1-C12-C4 -0.3(2)

2.47(17)

C1-N1-C12-C11 177.89(14)

C3-C4-C12-N1

C3-C4-C12-C11 -178.37(14)

N2-C11-C12-N1-1.5(2)

167.86(16)
177.96(17)
58.94(19)
69.71(15)
56.80(19)
179.33(16)
-146.54(13)
-26.60(17)

-154.64(12)

N2-C11-C12-C4 176.73(14)

55.75(18)

Cul-P1-C17-C19

C23-P1-C17-C18

C17-P1-C20-C22

Cul-P1-C20-C22

C23-P1-C20-C21

C17-P1-C23-C25

Cul-P1-C23-C25

C20-P1-C23-C24

-0.3(2)

-178.11(14)

-63.27(18)
-69.93(18)
-176.56(14)
-54.03(14)
-56.93(19)
100.73(14)
-27.30(15)

86.12(16)



Table 7. Anisotropic atomic displacement parameters (A2) for JPD1052.

The anisotropic atomic displacement factor exponent takes the form: -2m2[ h2 a*2 U1l +... + 2 h k a* b*
ui12]

uilr  uU22 U333 U23 U13 U112

Cul 0.02769(12)  0.01674(11) 0.02830(13) -0.00387(7) 0.00185(8) -0.00150(7)

P1L  0.0266(2) 0.01665(19)  0.0254(2) -0.00286(14) -0.00267(16) -0.00146(15)
N1  0.0233(6) 0.0202(6) 0.0246(6) -0.0010(5) 0.0041(5) -0.0013(5)
N2  0.0226(6) 0.0204(6) 0.0257(6) -0.0026(5) 0.0028(5) -0.0012(5)
Cl  0.0245(7) 0.0244(8) 0.0257(7) 0.0003(6) 0.0033(6) -0.0029(6)
2 0.0221(7) 0.0264(8) 0.0298(8) 0.0071(6) 0.0085(6) -0.0014(6)
C3  0.0240(7) 0.0212(7) 0.0336(8) 0.0054(6) 0.0117(6) -0.0003(6)
c4  0.0262(7) 0.0178(7) 0.0288(8) 0.0008(6) 0.0104(6) -0.0027(6)
C5  0.0364(9) 0.0178(7) 0.0365(9) -0.0040(6) 0.0125(7) -0.0029(6)
c6  0.0339(9) 0.0223(8) 0.0323(8) -0.0087(6) 0.0095(7) -0.0078(7)
C7  0.0243(7) 0.0235(7) 0.0255(7) -0.0038(6) 0.0102(6) -0.0062(6)
c8  0.0240(7) 0.0325(8) 0.0231(7) -0.0048(6) 0.0071(6) -0.0090(6)
O 0.0207(7) 0.0350(9) 0.0246(8) -0.0011(6) 0.0048(6) -0.0048(6)
C10  0.0248(8) 0.0262(8) 0.0271(8) -0.0009(6) 0.0030(6) -0.0002(6)
Cll1  0.0200(7) 0.0199(7) 0.0250(7) -0.0020(6) 0.0078(6) -0.0035(5)
C12  0.0207(7) 0.0185(7) 0.0244(7) 0.0004(6) 0.0069(6) -0.0026(5)
C13  0.0303(9) 0.0363(10)  0.0368(9) 0.0097(8) 0.0015(7) 0.0022(7)
Cl4  0.0383(10)  0.0235(8) 0.0520(12)  0.0060(8) 0.0082(9) 0.0040(7)
C15  0.0332(9) 0.0407(10)  0.0309(9) -0.0098(7) 0.0017(7) -0.0100(8)
C16  0.0311(9) 0.0503(12)  0.0292(9) 0.0032(8) -0.0011(7) -0.0023(8)
C17  0.0560(13)  0.0292(9) 0.0330(10)  -0.0052(7) -0.0167(9) -0.0045(8)
c18  0.109(2) 0.0515(14)  0.0281(10)  0.0039(9) -0.0138(12)  -0.0139(14)

C19 0.0604(16)  0.0535(15)  0.0740(18)  -0.0056(13)  -0.0430(14)  0.0006(12)
C20  0.0264(8) 0.0258(8) 0.0451(11)  -0.0025(7) 0.0090(8) -0.0030(6)

Cc21 0.0615(14) 0.0285(10) 0.0763(16) -0.0050(10) 0.0323(13) -0.0144(10)



C22
C23
C24
C25
P2

F1

F2

F3

F4

F5

F6
Table 8.
x/a
H1
H5
H6
H10
H13A
H13B
H13C
H14A
H14B
H14C
H15A
H15B
H15C
H16A
H16B

H16C

0.0442(12)
0.0280(38)
0.0484(12)
0.0308(9)
0.0415(3)
0.181(2)
0.0467(7)
0.0460(9)
0.0600(10)
0.1416(19)

0.0943(13)

0.0495(13)
0.0242(8)
0.0254(9)
0.0371(10)
0.0465(3)
0.0922(15)
0.0480(38)
0.1236(17)
0.0708(11)
0.0991(14)

0.0708(11)

0.0367(11)
0.0322(8)
0.0548(12)
0.0427(11)
0.0388(3)
0.0517(10)
0.0698(9)
0.160(2)
0.1220(17)
0.0411(8)

0.0935(14)

0.0039(8)
0.0005(7)
-0.0077(8)
-0.0029(8)
-0.0109(2)
0.0013(10)
-0.0025(7)
-0.0940(16)
-0.0107(11)
0.0059(9)

-0.0441(10)

0.0147(9)
0.0056(7)
0.0163(10)
0.0098(8)
0.0013(2)
0.0241(13)
0.0005(7)
0.0266(11)
0.0010(11)
0.0072(10)

0.0314(11)

-0.0034(9)
0.0026(6)
0.0051(8)
-0.0037(8)
0.0005(2)
-0.0324(15)
0.0115(6)
-0.0163(10)
-0.0246(8)
0.0740(14)

0.0116(10)

Hydrogen atomic coordinates and isotropic atomic displacement parameters (A2) for JPD1052.

y/b  z/c

0.0793 0.4137
0.2527 0.6560
0.4376 0.6176
0.5646 0.3047
-0.1544 0.5594
-0.0900 0.4942
-0.0302 0.5795
0.1343 0.6932
0.0114 0.6690
-0.0267 0.6629
0.7200 0.5062
0.5590 0.5435
0.6665 0.5779
0.6840 0.3728
0.8146 0.3906

0.7244 0.3121

U(eq)

0.3626 0.03
0.5685 0.035
0.6599 0.035
0.6198 0.031
0.3518 0.052
0.3006 0.052
0.2958 0.052
0.4390 0.057
0.4943 0.057
0.4029 0.057
0.7729 0.053
0.7794 0.053
0.7207 0.053
0.7909 0.056
0.7379 0.056

0.7281 0.056



H17

H18A

H18B

H18C

H19A

H198B

H19C

H20

H21A

H21B

H21C

H22A

H22B

H22C

H23

H24A

H24B

H24C

H25A

H25B

H25C

0.1946 0.1274

0.3896 0.2000

0.2886 0.2749

0.2381 0.2071

0.0399 0.2676

-0.0204 0.1846

-0.00820.2100

0.0745 0.1865

0.0681 0.0593

0.2365 0.0469

0.1056 0.0654

0.1665 0.1642

0.2617 0.2324

0.3320 0.1489

0.4856 0.1305

0.3888 0.0415

0.5663 0.0490

0.4529 0.0885

0.6974 0.1675

0.6115 0.2396

0.5924 0.2183

0.3447

0.2980

0.2988

0.2406

0.3629

0.3807

0.2937

0.5101

0.5408

0.5209

0.4535

0.6362

0.6054

0.6133

0.5160

0.4252

0.4229

0.3576

0.4563

0.4860

0.3964

Structure Determination Summary
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0.097

0.097

0.1

0.1

0.1

0.038

0.08

0.08

0.08

0.064

0.064

0.064

0.034

0.063

0.063

0.063

0.055

0.055

0.055

Crystal Data and Structure Refinement for [(Mesphen)Cu(N=C-S)(P'Bus)]

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

JPD1134 Om_a
C29H43CuNsPS
560.23

150(2) K
0.71073 A
monoclinic

P2,
a=8.5199(8) A

a=90°



Volume

Z

Density (calculated)
Absorption coefficient
F(000)

Crystal size

0 range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to 6 = 28.000°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [[>20(I)]

R indices (all data)
Absolute structure parameter
Extinction coefficient
Largest diff. peak and hole

b =19.8526(17) A S = 91.544(3)°
c=33.916(3) A y=90°
5734.6(9) A3

8

1.298 g/cm?®

0.913 mm*

2384

0.286 x 0.284 x 0.110 mm?

0.601 to 29.398°
-11<h<11,-27<k-27,-46 <1<46
249830

31145 [R(int) = 0.0485]

99.8 %

Numerical

0.91 and 0.80

Full-matrix least-squares on F2
31145/700/ 1314

1.042

R1 =0.0723, wR2 =0.2082
R1=0.0924, wR2 = 0.2254
0.484(17)

n/a

1.677 and -1.126 e-A3



Table S1. Atomic coordinates (x 10%) and equivalent isotropic displacement parameters (A? x 10°)
for [(Mesphen)Cu(N=C-S)(P'Bus)]. U(eq) is defined as one third of the trace of the orthogonalized

U" tensor.

Atom X y z U(eq)
Cu(1) 8477(1) 5264(1) 3669(1) 27(1)
S(5) 11696(4) 5602(2) 2582(1) 61(1)
P(1) 7198(2) 4300(2) 3764(1) 20(2)
N(1) 9216(7) 5954(3) 4115(2) 26(1)
N(2) 7368(7) 6154(3) 3475(2) 28(1)
N(3) 10296(11) 5282(4) 3290(2) 53(2)
C(1) 10172(9) 5871(4) 4430(2) 35(2)
C(2) 10663(9) 6366(5) 4695(2) 36(2)
C@3) 10132(9) 7014(5) 4622(3) 38(2)
C(4) 9167(10) 7138(5) 4287(3) 39(2)
C(5) 8617(12) 7804(5) 4179(3) 46(2)
C(6) 7708(12) 7903(5) 3855(3) 47(2)
C(7) 7233(10) 7353(4) 3604(3) 41(2)
C(8) 6220(10) 7449(5) 3261(3) 44(2)
C(9) 5843(11) 6898(5) 3040(3) 47(2)
C(10) 6477(11) 6254(5) 3159(3) 44(2)
C(11) 8728(9) 6598(4) 4039(2) 27(1)
C(12) 7768(8) 6704(4) 3694(2) 26(1)
C(13) 11709(12) 6158(7) 5039(3) 54(3)
C(14) 10572(12) 7593(6) 4899(3) 60(3)
C(15) 5537(14) 8122(6) 3140(4) 69(4)
C(16) 4839(13) 6935(7) 2672(3) 64(3)
Cc@7 5944(9) 4309(4) 4214(2) 33(2)
C(18) 4639(10) 3775(4) 4238(3) 42(2)
C(19) 7079(12) 4256(5) 4603(2) 51(2)
C(20) 5257(10) 5006(4) 4254(3) 40(2)
C(21) 8701(10) 3566(4) 3829(3) 40(2)
C(22) 10047(10) 3808(5) 4073(3) 50(2)
C(23) 8021(11) 2912(4) 3993(3) 43(2)
C(24) 9383(15) 3426(7) 3408(4) 77(4)
C(25) 5924(13) 4082(5) 3316(3) 51(2)
C(26) 5219(13) 3399(5) 3276(3) 46(2)
C(27) 6689(16) 4308(6) 2952(3) 68(3)
C(28) 4390(12) 4616(6) 3359(4) 71(3)
C(29) 10827(10) 5412(4) 2983(3) 38(2)
Cu(2) 8258(1) 4622(1) 6146(1) 25(1)
S(6) 11944(3) 4321(2) 5122(1) 51(1)
P(2) 6910(2) 5561(1) 6244(1) 18(1)
N(4) 9146(7) 3965(4) 6602(2) 29(1)



Table S1. Atomic coordinates (x 10%) and equivalent isotropic displacement parameters (A? x 10°)
for [(Mesphen)Cu(N=C-S)(P'Bus)]. U(eq) is defined as one third of the trace of the orthogonalized
UY tensor.

Atom X y z U(eq)
N(5) 7191(7) 3696(3) 5088(2) 23(1)
N(6) 9967(8) 4615(4) 5743(2) 35(1)
C(30) 10085(9) 4123(4) 6917(2) 32(2)
c(31) 10608(10) 3628(5) 7195(2) 38(2)
C(32) 10123(10) 2069(5) 7150(2) 39(2)
c(33) 9162(9) 2803(4) 6816(2) 30(2)
C(34) 8646(11) 2140(5) 6730(3) 41(2)
C(35) 7719(10) 1990(4) 6417(3) 36(2)
C(36) 7161(9) 2505(4) 6145(2) 27(1)
C(37) 6158(9) 2375(4) 5817(2) 30(2)
C(38) 5724(9) 2005(4) 5583(2) 30(2)
C(39) 6258(8) 3563(3) 5678(2) 25(1)
C(40) 8696(8) 3324(4) 6555(2) 25(1)
C(41) 7665(8) 3175(3) 6225(2) 25(1)
C(42) 11675(11) 3830(7) 7523(3) 52(3)
c(43) 10577(13) 2420(7) 7442(3) 61(3)
C(44) 5641(11) 1673(4) 5739(3) 43(2)
C(45) 4679(11) 2832(5) 5212(3) 43(2)
C(46) 4911(8) 5392(4) 6466(2) 35(2)
C(47) 3862(11) 5048(6) 6125(3) 60(3)
C(48) 5048(12) 4835(5) 6784(3) 56(3)
C(49) 4037(11) 5990(5) 6632(3) 43(2)
C(50) 8035(9) 6148(4) 6588(2) 35(2)
c(51) 7867(11) 5855(5) 7024(2) 45(2)
C(52) 7518(11) 6887(4) 6592(3) 43(2)
C(53) 9736(10) 6098(5) 6507(3) 49(2)
C(54) 6564(9) 6013(4) 5754(2) 31(2)
C(55) 6204(11) 5501(5) 5435(2) 43(2)
C(56) 8156(11) 6335(4) 5637(3) 44(2)
C(57) 5361(13) 6585(5) 5746(3) 45(2)
C(58) 10766(8) 4495(4) 5487(2) 28(1)
cu(d) 8324(2) 4718(1) 1099(1) 46(1)
S(7) 11836(3) 4395(2) 58(1) 59(1)
P(3) 7065(3) 5678(1) 1203(1) 38(1)
N(7) 7199(9) 3830(4) 900(2) 39(2)
N(8) 9082(9) 4007(4) 1526(2) 41(2)
N(9) 10139(11) 4723(5) 709(3) 62(3)
C(59) 6269(11) 3717(5) 580(2) 45(2)

C(60) 5693(11) 3104(5) 453(3) 44(2)



Table S1. Atomic coordinates (x 10%) and equivalent isotropic displacement parameters (A? x 10°)
for [(Mesphen)Cu(N=C-S)(P'Bus)]. U(eq) is defined as one third of the trace of the orthogonalized
UY tensor.

Atom X y z U(eq)
C(61) 6009(10) 2550(5) 680(3) 42(2)
C(62) 6990(9) 2619(4) 1026(2) 34(2)
C(63) 7396(10) 2059(5) 1272(3) 40(2)
C(64) 8349(11) 2161(5) 1598(3) 42(2)
C(65) 8930(9) 2817(5) 1705(2) 36(2)
C(66) 9880(11) 2915(6) 2045(3) 45(2)
C(67) 10415(11) 3570(6) 2120(3) 46(2)
C(68) 9958(11) 4114(5) 1858(3) 43(2)
C(69) 7552(10) 3270(4) 1119(2) 33(2)
C(70) 8551(9) 3376(4) 1459(2) 34(2)
c(71) 4650(14) 3065(7) 84(3) 63(3)
c(72) 5379(13) 1862(6) 577(4) 62(3)
C(73) 10305(13) 2349(7) 2318(3) 61(3)
C(74) 11458(13) 3753(7) 2475(3) 56(3)
C(75) 5037(12) 5038(4) 752(3) 65(3)
c(77) 6883(16) 5753(7) 383(3) 82(4)
C(76) 4500(17) 5461(9) 786(6) 132(7)
c(78) 5336(17) 6670(5) 694(4) 72(4)
C(79) 8520(12) 6370(6) 1337(3) 59(3)
C(80) 7864(14) 7045(6) 1476(4) 65(3)
c(81) 9385(17) 6558(7) 907(4) 90(4)
c(82) 9925(18) 6108(9) 1596(5) 97(5)
C(83) 5648(18) 5603(8) 1603(5) 94(4)
C(84) 7030(20) 5691(10) 2023(4) 116(6)
C(85) 4447(16) 6199(6) 1657(4) 80(4)
C(86) 4900(20) 4934(10) 1649(6) 113(6)
c(87) 10796(10) 4572(5) 444(3) 41(2)
cu(4) 1901(1) 388(1) 1422(1) 20(1)
s(®) -1968(3) 671(2) 2401(1) 49(1)
P(4) 3198(2) -562(1) 1312(1) 21(1)
N(10) 3005(8) 1312(3) 1601(2) 28(1)
N(11) 1084(8) 1058(4) 967(2) 34(2)
N(12) 185(8) 401(4) 1808(2) 36(2)
C(88) 3918(10) 1430(4) 1912(2) 34(2)
C(89) 4463(9) 2072(4) 2026(2) 34(2)
C(90) 4068(10) 2620(4) 1800(3) 37(2)
c(91) 3101(11) 2515(4) 1458(3) 40(2)
C(92) 2571(12) 3036(5) 1188(3) 47(2)

C(93) 1674(11) 2913(5) 870(3) 47(2)



Table S1. Atomic coordinates (x 10%) and equivalent isotropic displacement parameters (A? x 10°)
for [(Mesphen)Cu(N=C-S)(P'Bus)]. U(eq) is defined as one third of the trace of the orthogonalized
UY tensor.

Atom X y z U(eq)
C(94) 1119(10) 2258(5) 777(3) 41(2)
C(95) 137(11) 2084(6) 442(3) 44(2)
C(96) -338(10) 1458(6) 388(2) 43(2)
C(97) 136(11) 963(5) 662(3) 41(2)
C(98) 2579(9) 1851(4) 1373(2) 29(2)
C(99) 1579(9) 1715(4) 1036(2) 33(2)
C(100) 5418(12) 2132(5) 2391(3) 52(2)
C(101) 4659(12) 3323(5) 1882(3) 52(2)
C(102) -322(12) 2640(7) 148(3) 63(3)
C(103) -1348(13) 1211(8) 42(3) 64(3)
C(104) 2090(9) -1105(4) 942(3) 43(2)
C(105) 2520(13) -1865(5) 939(4) 60(3)
C(106) 321(11) -1079(6) 1032(4) 65(3)
C(107) 2242(12) -813(6) 519(3) 61(3)
C(108) 3533(10) -1021(4) 1798(2) 32(2)
C(109) 3965(12) -526(5) 2116(2) 48(2)
C(110) 4779(13) -1592(5) 1786(3) 48(2)
C(111) 1891(15) -1334(6) 1911(4) 76(4)
Cc(112) 5221(8) _409(4) 1097(2) 32(1)
C(113) 6039(9) -1013(5) 921(3) 41(2)
C(114) 4953(13) 112(6) 763(3) 64(3)
C(115) 6339(9) -114(5) 1432(3) 52(2)

C(116) -706(9) 505(5) 2061(2) 33(2)



Table S2. Bond lengths (A) for [(Mesphen)Cu(N=C-S)(P'Bus)]. Symmetry transformations used
to generate equivalent atoms:

Cu(1)-N(@3)
Cu(1)-N(2)
Cu(1)-N(1)
Cu(1)-P(1)
S(5)-C(29)
P(1)-C(17)
P(1)-C(25)
P(1)-C(21)
N(1)-C(1)
N(1)-C(11)
N(2)-C(10)
N(2)-C(12)
N(3)-C(29)
C(1)-C(2)
C(1)-H(1)
C(2)-C(3)
C(2)-C(13)
C(3)-C(4)
C(3)-C(14)
C(4)-C(11)
C(4)-C(5)
C(5)-C(6)
C(5)-H(5)
C(6)-C(7)
C(6)-H(6)
C(7)-C(12)
C(7)-C(8)
C(8)-C(9)
C(8)-C(15)
C(9)-C(10)
C(9)-C(16)
C(10)-H(10)
C(11)-C(12)
C(13)-H(13A)
C(13)-H(13B)
C(13)-H(13C)
C(14)-H(14A)
C(14)-H(14B)
C(14)-H(14C)
C(15)-H(15A)
C(15)-H(15B)
C(15)-H(15C)
C(16)-H(16A)

2.040(7)
2.102(6)
2.124(6)
2.2297(19)
1.611(9)
1.886(7)
1.893(9)
1.949(8)
1.335(10)
1.367(10)
1.311(10)
1.358(10)
1.176(11)
1.389(11)
0.9500
1.382(14)
1.508(13)
1.407(13)
1.525(12)
1.407(11)
1.446(14)
1.342(15)
0.9500
1.436(14)
0.9500
1.397(11)
1.441(14)
1.359(15)
1.510(13)
1.442(13)
1.497(14)
0.9500
1.428(11)
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800

C(16)-H(16B)
C(16)-H(16C)
C(17)-C(20)
C(17)-C(18)
C(17)-C(19)
C(18)-H(18A)
C(18)-H(18B)
C(18)-H(18C)
C(19)-H(19A)
C(19)-H(19B)
C(19)-H(19C)
C(20)-H(20A)
C(20)-H(20B)
C(20)-H(20C)
C(21)-C(22)
C(21)-C(23)
C(21)-C(24)
C(22)-H(22A)
C(22)-H(22B)
C(22)-H(22C)
C(23)-H(23A)
C(23)-H(23B)
C(23)-H(23C)
C(24)-H(24A)
C(24)-H(24B)
C(24)-H(24C)
C(25)-C(27)
C(25)-C(26)
C(25)-C(28)
C(26)-H(26A)
C(26)-H(26B)
C(26)-H(26C)
C(27)-H(27A)
C(27)-H(27B)
C(27)-H(27C)
C(28)-H(28A)
C(28)-H(28B)
C(28)-H(28C)
Cu(2)-N(6)
Cu(2)-N(5)
Cu(2)-N(4)
Cu(2)-P(2)
S(6)-C(58)

0.9800
0.9800
1.509(10)
1.541(11)
1.617(12)
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
1.475(13)
1.534(12)
1.582(14)
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
1.481(14)
1.487(12)
1.693(16)
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
2.025(7)
2.113(6)
2.144(6)
2.2204(18)
1.650(8)



Table S2. Bond lengths (A) for [(Mesphen)Cu(N=C-S)(P'Bus)]. Symmetry transformations used
to generate equivalent atoms:

P(2)-C(50) 1.891(8) C(47)-H(47A) 0.9800
P(2)-C(54) 1.906(7) C(47)-H(47B) 0.9800
P(2)-C(46) 1.909(8) C(47)-H(47C) 0.9800
N(4)-C(40) 1.338(10) C(48)-H(48A) 0.9800
N(4)-C(30) 1.353(10) C(48)-H(48B) 0.9800
N(5)-C(39) 1.327(9) C(48)-H(48C) 0.9800
N(5)-C(41) 1.363(9) C(49)-H(49A) 0.9800
N(6)-C(58) 1.142(10) C(49)-H(49B) 0.9800
C(30)-C(31) 1.424(12) C(49)-H(49C) 0.9800
C(30)-H(30) 0.9500 C(50)-C(53) 1.486(12)
C(31)-C(32) 1.379(15) C(50)-C(52) 1.533(11)
C(31)-C(42) 1.475(13) C(50)-C(51) 1.596(12)
C(32)-C(33) 1.420(12) C(51)-H(51A) 0.9800
C(32)-C(43) 1.517(12) C(51)-H(51B) 0.9800
C(33)-C(40) 1.412(10) C(51)-H(51C) 0.9800
C(33)-C(34) 1.415(13) C(52)-H(52A) 0.9800
C(34)-C(35) 1.339(14) C(52)-H(52B) 0.9800
C(34)-H(34) 0.9500 C(52)-H(52C) 0.9800
C(35)-C(36) 1.448(10) C(53)-H(53A) 0.9800
C(35)-H(35) 0.9500 C(53)-H(53B) 0.9800
C(36)-C(37) 1.409(11) C(53)-H(53C) 0.9800
C(36)-C(41) 1.422(10) C(54)-C(55) 1.510(11)
C(37)-C(38) 1.364(11) C(54)-C(57) 1.530(11)
C(37)-C(44) 1.484(11) C(54)-C(56) 1.559(12)
C(38)-C(39) 1.418(10) C(55)-H(55A) 0.9800
C(38)-C(45) 1.528(11) C(55)-H(55B) 0.9800
C(39)-H(39) 0.9500 C(55)-H(55C) 0.9800
C(40)-C(41) 1.435(10) C(56)-H(56A) 0.9800
C(42)-H(42A) 0.9800 C(56)-H(56B) 0.9800
C(42)-H(42B) 0.9800 C(56)-H(56C) 0.9800
C(42)-H(42C) 0.9800 C(57)-H(57A) 0.9800
C(43)-H(43A) 0.9800 C(57)-H(57B) 0.9800
C(43)-H(43B) 0.9800 C(57)-H(57C) 0.9800
C(43)-H(43C) 0.9800 Cu(3)-N(9) 2.063(8)
C(44)-H(44A) 0.9800 Cu(3)-N(7) 2.109(8)
C(44)-H(44B) 0.9800 Cu(3)-N(8) 2.112(7)
C(44)-H(44C) 0.9800 Cu(3)-P(3) 2.219(2)
C(45)-H(45A) 0.9800 S(7)-C(87) 1.640(10)
C(45)-H(45B) 0.9800 P(3)-C(83) 1.847(13)
C(45)-H(45C) 0.9800 P(3)-C(75) 1.859(10)
C(46)-C(49) 1.518(12) P(3)-C(79) 1.898(11)
C(46)-C(48) 1.548(12) N(7)-C(59) 1.345(12)

C(46)-C(47) 1.504(12) N(7)-C(69) 1.367(9)



Table S2. Bond lengths (A) for [(Mesphen)Cu(N=C-S)(P'Bus)]. Symmetry transformations used
to generate equivalent atoms:

N(8)-C(70) 1.349(13) C(76)-H(76C) 0.9800
N(8)-C(68) 1.351(11) C(78)-H(78A) 0.9800
N(9)-C(87) 1.111(12) C(78)-H(78B) 0.9800
C(59)-C(60) 1.378(14) C(78)-H(78C) 0.9800
C(59)-H(59) 0.9500 C(79)-C(80) 1.532(15)
C(60)-C(61) 1.365(13) C(79)-C(82) 1.554(17)
C(60)-C(71) 1.518(14) C(79)-C(81) 1.694(16)
C(61)-C(62) 1.429(13) C(80)-H(80A) 0.9800
C(61)-C(72) 1.505(15) C(80)-H(80B) 0.9800
C(62)-C(69) 1.412(12) C(80)-H(80C) 0.9800
C(62)-C(63) 1.427(11) C(81)-H(81A) 0.9800
C(63)-C(64) 1.368(13) C(81)-H(81B) 0.9800
C(63)-H(63) 0.9500 C(81)-H(81C) 0.9800
C(64)-C(65) 1.438(14) C(82)-H(82A) 0.9800
C(64)-H(64) 0.9500 C(82)-H(82B) 0.9800
C(65)-C(66) 1.404(13) C(82)-H(82C) 0.9800
C(65)-C(70) 1.420(11) C(83)-C(86) 1.48(2)
C(66)-C(67) 1.399(16) C(83)-C(85) 1.578(18)
C(66)-C(73) 1.494(13) C(83)-C(84) 1.83(2)
C(67)-C(68) 1.444(14) C(84)-H(84A) 0.9800
C(67)-C(74) 1.522(14) C(84)-H(84B) 0.9800
C(68)-H(68) 0.9500 C(84)-H(84C) 0.9800
C(69)-C(70) 1.429(12) C(85)-H(85A) 0.9800
C(71)-H(71A) 0.9800 C(85)-H(85B) 0.9800
C(71)-H(71B) 0.9800 C(85)-H(85C) 0.9800
C(71)-H(71C) 0.9800 C(86)-H(86A) 0.9800
C(72)-H(72A) 0.9800 C(86)-H(86B) 0.9800
C(72)-H(72B) 0.9800 C(86)-H(86C) 0.9800
C(72)-H(72C) 0.9800 Cu(4)-N(12) 1.988(6)
C(73)-H(73A) 0.9800 Cu(4)-N(11) 2.139(7)
C(73)-H(73B) 0.9800 Cu(4)-N(10) 2.142(6)
C(73)-H(73C) 0.9800 Cu(4)-P(4) 2.2226(19)
C(74)-H(74A) 0.9800 S(8)-C(116) 1.630(9)
C(74)-H(74B) 0.9800 P(4)-C(104) 1.888(8)
C(74)-H(74C) 0.9800 P(4)-C(108) 1.897(7)
C(75)-C(77) 1.549(3) P(4)-C(112) 1.915(7)
C(75)-C(78) 1.551(3) N(10)-C(88) 1.315(10)
C(75)-C(76) 1.555(3) N(10)-C(98) 1.363(9)
C(77)-H(77A) 0.9800 N(11)-C(97) 1.311(11)
C(77)-H(77B) 0.9800 N(11)-C(99) 1.388(12)
C(77)-H(77C) 0.9800 N(12)-C(116) 1.180(10)
C(76)-H(76A) 0.9800 C(88)-C(89) 1.407(11)

C(76)-H(76B) 0.9800 C(88)-H(88) 0.9500



Table S2. Bond lengths (A) for [(Mesphen)Cu(N=C-S)(P'Bus)]. Symmetry transformations used
to generate equivalent atoms:

C(89)-C(90) 1.367(12) C(108)-C(110) 1.555(11)
C(89)-C(100) 1.469(13) C(108)-C(111) 1.588(14)
C(90)-C(91) 1.420(13) C(109)-H(10V) 0.9800
C(90)-C(101) 1.506(12) C(109)-H(10W) 0.9800
C(91)-C(98) 1.418(12) C(109)-H(10X) 0.9800
C(91)-C(92) 1.447(12) C(110)-H(11A) 0.9800
C(92)-C(93) 1.327(15) C(110)-H(11B) 0.9800
C(92)-H(92) 0.9500 C(110)-H(11C) 0.9800
C(93)-C(94) 1.417(15) C(111)-H(11D) 0.9800
C(93)-H(93) 0.9500 C(111)-H(11E) 0.9800
C(94)-C(95) 1.436(14) C(111)-H(11F) 0.9800
C(94)-C(99) 1.438(11) C(112)-C(113) 1.516(11)
C(95)-C(96) 1.319(16) C(112)-C(114) 1.546(12)
C(95)-C(102) 1.531(13) C(112)-C(115) 1.575(12)
C(96)-C(97) 1.403(13) C(113)-H(11G) 0.9800
C(96)-C(103) 1.518(14) C(113)-H(11H) 0.9800
C(97)-H(97) 0.9500 C(113)-H(111) 0.9800
C(98)-C(99) 1.433(12) C(114)-H(11J) 0.9800
C(100)-H(10A) 0.9800 C(114)-H(11K) 0.9800
C(100)-H(10B) 0.9800 C(114)-H(11L) 0.9800
C(100)-H(10C) 0.9800 C(115)-H(11M) 0.9800
C(101)-H(10D) 0.9800 C(115)-H(11N) 0.9800
C(101)-H(10E) 0.9800 C(115)-H(110) 0.9800
C(101)-H(10F) 0.9800
C(102)-H(10G) 0.9800
C(102)-H(10H) 0.9800
C(102)-H(101) 0.9800
C(103)-H(10J) 0.9800
C(103)-H(10K) 0.9800
C(103)-H(10L) 0.9800
C(104)-C(106) 1.547(13)
C(104)-C(105) 1.553(13)
C(104)-C(107) 1.557(15)
C(105)-H(10M) 0.9800
C(105)-H(10N) 0.9800
C(105)-H(100) 0.9800
C(106)-H(10P) 0.9800
C(106)-H(10Q) 0.9800
C(106)-H(10R) 0.9800
C(107)-H(108) 0.9800
C(107)-H(10T) 0.9800
C(107)-H(10U) 0.9800

C(108)-C(109) 1.498(12)



Table S3. Bond angles (deg.) for [(Mesphen)Cu(N=C-S)(P'Bus)]. Symmetry transformations used

to generate equivalent atoms:

N(3)-Cu(1)-N(2)
N(3)-Cu(1)-N(1)
N(2)-Cu(1)-N(1)
N(3)-Cu(1)-P(1)
N(2)-Cu(1)-P(1)
N(1)-Cu(1)-P(1)
C(17)-P(1)-C(25)
C(17)-P(1)-C(21)
C(25)-P(1)-C(21)
C(17)-P(1)-Cu(1)
C(25)-P(1)-Cu(1)
C(21)-P(1)-Cu(1)
C(1)-N(1)-C(11)
C(1)-N(1)-Cu(1)
C(11)-N(1)-Cu(1)
C(10)-N(2)-C(12)
C(10)-N(2)-Cu(1)
C(12)-N(2)-Cu(1)
C(29)-N(3)-Cu(1)
N(1)-C(1)-C(2)
N(1)-C(1)-H(1)
C(2)-C(1)-H(1)
C(3)-C(2)-C(1)
C(3)-C(2)-C(13)
C(1)-C(2)-C(13)
C(2)-C(3)-C(4)
C(2)-C(3)-C(14)
C(4)-C(3)-C(14)
C(11)-C(4)-C(3)
C(11)-C(4)-C(5)
C(3)-C(4)-C(5)
C(6)-C(5)-C(4)
C(6)-C(5)-H(5)
C(4)-C(5)-H(5)
C(5)-C(6)-C(7)
C(5)-C(6)-H(6)
C(7)-C(6)-H(6)
C(12)-C(7)-C(6)
C(12)-C(7)-C(8)
C(6)-C(7)-C(8)
C(9)-C(8)-C(7)
C(9)-C(8)-C(15)
C(7)-C(8)-C(15)

97.4(3)
102.8(3)
78.6(2)
119.3(2)

123.36(18)
125.97(18)

109.1(4)
107.5(3)
106.3(4)
113.4(2)
110.6(3)
109.6(3)
116.2(7)
130.8(5)
112.7(5)
117.1(7)
129.0(6)
113.6(5)
151.6(9)
126.6(8)
116.7
116.7
116.8(8)
125.3(8)
117.9(9)
119.3(8)
121.1(9)
119.6(9)
119.2(8)
117.9(9)
122.9(8)
121.1(9)
1195
1195
121.5(9)
119.2
119.2
119.1(9)
118.9(8)
122.1(8)
117.8(8)
118.6(10)
123.7(10)

C(8)-C(9)-C(10)
C(8)-C(9)-C(16)
C(10)-C(9)-C(16)
N(2)-C(10)-C(9)
N(2)-C(10)-H(10)
C(9)-C(10)-H(10)
N(1)-C(11)-C(4)
N(1)-C(11)-C(12)
C(4)-C(11)-C(12)
N(2)-C(12)-C(7)
N(2)-C(12)-C(11)
C(7)-C(12)-C(11)
C(2)-C(13)-H(13A)
C(2)-C(13)-H(13B)
H(13A)-C(13)-H(13B)
C(2)-C(13)-H(13C)
H(13A)-C(13)-H(13C)
H(13B)-C(13)-H(13C)
C(3)-C(14)-H(14A)
C(3)-C(14)-H(14B)
H(14A)-C(14)-H(14B)
C(3)-C(14)-H(14C)
H(14A)-C(14)-H(14C)
H(14B)-C(14)-H(14C)
C(8)-C(15)-H(15A)
C(8)-C(15)-H(15B)
H(15A)-C(15)-H(15B)
C(8)-C(15)-H(15C)
H(15A)-C(15)-H(15C)
H(15B)-C(15)-H(15C)
C(9)-C(16)-H(16A)
C(9)-C(16)-H(16B)
H(16A)-C(16)-H(16B)
C(9)-C(16)-H(16C)
H(16A)-C(16)-H(16C)
H(16B)-C(16)-H(16C)
C(20)-C(17)-C(18)
C(20)-C(17)-C(19)
C(18)-C(17)-C(19)
C(20)-C(17)-P(1)
C(18)-C(17)-P(1)
C(19)-C(17)-P(1)
C(17)-C(18)-H(18A)

118.5(9)
122.9(9)
118.6(10)
124.6(10)
117.7
117.7
121.8(8)
117.2(6)
121.0(8)
123.1(8)
117.4(6)
119.5(8)
109.5
109.5
1095
109.5
1095
109.5
1095
109.5
1095
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
1095
109.5
110.1(7)
102.3(7)
109.2(7)
108.1(5)
117.4(5)
108.6(5)
109.5



Table S3. Bond angles (deg.) for [(Mesphen)Cu(N=C-S)(P'Bus)]. Symmetry transformations used

to generate equivalent atoms:

C(17)-C(18)-H(18B)
H(18A)-C(18)-H(18B)
C(17)-C(18)-H(18C)
H(18A)-C(18)-H(18C)
H(18B)-C(18)-H(18C)
C(17)-C(19)-H(19A)
C(17)-C(19)-H(19B)
H(19A)-C(19)-H(19B)
C(17)-C(19)-H(19C)
H(19A)-C(19)-H(19C)
H(19B)-C(19)-H(19C)
C(17)-C(20)-H(20A)
C(17)-C(20)-H(20B)
H(20A)-C(20)-H(20B)
C(17)-C(20)-H(20C)
H(20A)-C(20)-H(20C)
H(20B)-C(20)-H(20C)
C(22)-C(21)-C(23)
C(22)-C(21)-C(24)
C(23)-C(21)-C(24)
C(22)-C(21)-P(1)
C(23)-C(21)-P(1)
C(24)-C(21)-P(1)
C(21)-C(22)-H(22A)
C(21)-C(22)-H(22B)
H(22A)-C(22)-H(22B)
C(21)-C(22)-H(22C)
H(22A)-C(22)-H(22C)
H(22B)-C(22)-H(22C)
C(21)-C(23)-H(23A)
C(21)-C(23)-H(23B)
H(23A)-C(23)-H(23B)
C(21)-C(23)-H(23C)
H(23A)-C(23)-H(23C)
H(23B)-C(23)-H(23C)
C(21)-C(24)-H(24A)
C(21)-C(24)-H(24B)
H(24A)-C(24)-H(24B)
C(21)-C(24)-H(24C)
H(24A)-C(24)-H(24C)
H(24B)-C(24)-H(24C)
C(27)-C(25)-C(26)
C(27)-C(25)-C(28)

109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5

111.6(8)

105.3(9)

109.4(8)

108.6(6)

114.9(6)

106.6(6)
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5

112.7(9)

103.8(9)

C(26)-C(25)-C(28)
C(27)-C(25)-P(1)
C(26)-C(25)-P(1)
C(28)-C(25)-P(1)
C(25)-C(26)-H(26A)
C(25)-C(26)-H(26B)
H(26A)-C(26)-H(26B)
C(25)-C(26)-H(26C)
H(26A)-C(26)-H(26C)
H(26B)-C(26)-H(26C)
C(25)-C(27)-H(27A)
C(25)-C(27)-H(27B)
H(27A)-C(27)-H(27B)
C(25)-C(27)-H(27C)
H(27A)-C(27)-H(27C)
H(27B)-C(27)-H(27C)
C(25)-C(28)-H(28A)
C(25)-C(28)-H(28B)
H(28A)-C(28)-H(28B)
C(25)-C(28)-H(28C)
H(28A)-C(28)-H(28C)
H(28B)-C(28)-H(28C)
N(3)-C(29)-S(5)
N(6)-Cu(2)-N(5)
N(6)-Cu(2)-N(4)
N(5)-Cu(2)-N(4)
N(6)-Cu(2)-P(2)
N(5)-Cu(2)-P(2)
N(4)-Cu(2)-P(2)
C(50)-P(2)-C(54)
C(50)-P(2)-C(46)
C(54)-P(2)-C(46)
C(50)-P(2)-Cu(2)
C(54)-P(2)-Cu(2)
C(46)-P(2)-Cu(2)
C(40)-N(4)-C(30)
C(40)-N(4)-Cu(2)
C(30)-N(4)-Cu(2)
C(39)-N(5)-C(41)
C(39)-N(5)-Cu(2)
C(41)-N(5)-Cu(2)
C(58)-N(6)-Cu(2)
N(4)-C(30)-C(31)

105.6(9)
110.1(7)
120.2(7)
102.5(7)
109.5
109.5
109.5
109.5
109.5
109.5
1095
109.5
1095
109.5
1095
109.5
1095
109.5
1095
109.5
1095
109.5
175.1(9)
97.8(3)
103.7(3)
78.2(3)
119.4(2)

123.20(17)
125.19(19)

108.2(4)
108.0(4)
107.9(4)
110.8(2)
109.5(2)
112.4(3)
118.4(7)
113.4(5)
128.1(6)
118.5(6)
128.2(5)
113.1(5)
165.7(7)
122.0(8)



Table S3. Bond angles (deg.) for [(Mesphen)Cu(N=C-S)(P'Bus)]. Symmetry transformations used
to generate equivalent atoms:

N(4)-C(30)-H(30) 119.0 H(43A)-C(43)-H(43B) 109.5
C(31)-C(30)-H(30) 119.0 C(32)-C(43)-H(43C) 109.5
C(32)-C(31)-C(30) 119.7(8) H(43A)-C(43)-H(43C) 109.5
C(32)-C(31)-C(42) 121.2(9) H(43B)-C(43)-H(43C) 109.5
C(30)-C(31)-C(42) 119.1(9) C(37)-C(44)-H(44A) 109.5
C(31)-C(32)-C(33) 118.2(7) C(37)-C(44)-H(44B) 109.5
C(31)-C(32)-C(43) 122.7(9) H(44A)-C(44)-H(44B) 109.5
C(33)-C(32)-C(43) 119.1(10) C(37)-C(44)-H(44C) 109.5
C(40)-C(33)-C(34) 118.2(8) H(44A)-C(44)-H(44C) 109.5
C(40)-C(33)-C(32) 118.5(8) H(44B)-C(44)-H(44C) 109.5
C(34)-C(33)-C(32) 123.3(8) C(38)-C(45)-H(45A) 1095
C(35)-C(34)-C(33) 122.8(7) C(38)-C(45)-H(45B) 109.5
C(35)-C(34)-H(34) 118.6 H(45A)-C(45)-H(45B) 1095
C(33)-C(34)-H(34) 118.6 C(38)-C(45)-H(45C) 109.5
C(34)-C(35)-C(36) 121.7(8) H(45A)-C(45)-H(45C) 1095
C(34)-C(35)-H(35) 119.2 H(45B)-C(45)-H(45C) 109.5
C(36)-C(35)-H(35) 119.2 C(49)-C(46)-C(48) 109.1(7)
C(37)-C(36)-C(41) 119.6(7) C(49)-C(46)-C(47) 109.5(7)
C(37)-C(36)-C(35) 123.8(7) C(48)-C(46)-C(47) 103.2(8)
C(41)-C(36)-C(35) 116.6(7) C(49)-C(46)-P(2) 117.4(6)
C(38)-C(37)-C(36) 117.9(7) C(48)-C(46)-P(2) 110.4(6)
C(38)-C(37)-C(44) 123.2(8) C(47)-C(46)-P(2) 106.2(5)
C(36)-C(37)-C(44) 118.9(7) C(46)-C(47)-H(47A) 109.5
C(37)-C(38)-C(39) 119.8(7) C(46)-C(47)-H(47B) 109.5
C(37)-C(38)-C(45) 123.3(7) H(47A)-C(47)-H(47B) 109.5
C(39)-C(38)-C(45) 116.9(7) C(46)-C(47)-H(47C) 109.5
N(5)-C(39)-C(38) 123.1(7) H(47A)-C(47)-H(47C) 109.5
N(5)-C(39)-H(39) 118.4 H(47B)-C(47)-H(47C) 109.5
C(38)-C(39)-H(39) 118.4 C(46)-C(48)-H(48A) 109.5
N(4)-C(40)-C(33) 123.2(7) C(46)-C(48)-H(48B) 109.5
N(4)-C(40)-C(41) 117.2(6) H(48A)-C(48)-H(48B) 109.5
C(33)-C(40)-C(41) 119.6(7) C(46)-C(48)-H(48C) 109.5
N(5)-C(41)-C(36) 121.1(7) H(48A)-C(48)-H(48C) 109.5
N(5)-C(41)-C(40) 118.0(6) H(48B)-C(48)-H(48C) 109.5
C(36)-C(41)-C(40) 121.0(6) C(46)-C(49)-H(49A) 1095
C(31)-C(42)-H(42A) 109.5 C(46)-C(49)-H(49B) 109.5
C(31)-C(42)-H(42B) 109.5 H(49A)-C(49)-H(49B) 1095
H(42A)-C(42)-H(42B) 109.5 C(46)-C(49)-H(49C) 109.5
C(31)-C(42)-H(42C) 109.5 H(49A)-C(49)-H(49C) 1095
H(42A)-C(42)-H(42C) 109.5 H(49B)-C(49)-H(49C) 109.5
H(42B)-C(42)-H(42C) 109.5 C(53)-C(50)-C(52) 110.4(8)
C(32)-C(43)-H(43A) 109.5 C(53)-C(50)-C(51) 105.1(7)

C(32)-C(43)-H(43B) 109.5 C(52)-C(50)-C(51) 107.9(7)



Table S3. Bond angles (deg.) for [(Mesphen)Cu(N=C-S)(P'Bus)]. Symmetry transformations used
to generate equivalent atoms:

C(53)-C(50)-P(2) 108.9(6) H(57A)-C(57)-H(57C) 109.5
C(52)-C(50)-P(2) 117.0(5) H(57B)-C(57)-H(57C) 109.5
C(51)-C(50)-P(2) 106.8(6) N(6)-C(58)-S(6) 179.1(7)
C(50)-C(51)-H(51A) 109.5 N(9)-Cu(3)-N(7) 98.1(4)
C(50)-C(51)-H(51B) 109.5 N(9)-Cu(3)-N(8) 102.9(3)
H(51A)-C(51)-H(51B) 109.5 N(7)-Cu(3)-N(8) 77.8(3)
C(50)-C(51)-H(51C) 109.5 N(9)-Cu(3)-P(3) 118.1(3)
H(51A)-C(51)-H(51C) 109.5 N(7)-Cu(3)-P(3) 123.4(2)
H(51B)-C(51)-H(51C) 109.5 N(8)-Cu(3)-P(3) 127.2(2)
C(50)-C(52)-H(52A) 109.5 C(83)-P(3)-C(75) 107.1(6)
C(50)-C(52)-H(52B) 109.5 C(83)-P(3)-C(79) 108.5(7)
H(52A)-C(52)-H(52B) 109.5 C(75)-P(3)-C(79) 108.4(5)
C(50)-C(52)-H(52C) 109.5 C(83)-P(3)-Cu(3) 112.1(5)
H(52A)-C(52)-H(52C) 109.5 C(75)-P(3)-Cu(3) 110.5(3)
H(52B)-C(52)-H(52C) 109.5 C(79)-P(3)-Cu(3) 110.1(3)
C(50)-C(53)-H(53A) 109.5 C(59)-N(7)-C(69) 114.9(8)
C(50)-C(53)-H(53B) 109.5 C(59)-N(7)-Cu(3) 130.5(6)
H(53A)-C(53)-H(53B) 109.5 C(69)-N(7)-Cu(3) 114.5(6)
C(50)-C(53)-H(53C) 109.5 C(70)-N(8)-C(68) 117.6(8)
H(53A)-C(53)-H(53C) 109.5 C(70)-N(8)-Cu(3) 114.2(5)
H(53B)-C(53)-H(53C) 109.5 C(68)-N(8)-Cu(3) 128.2(7)
C(55)-C(54)-C(57) 111.3(7) C(87)-N(9)-Cu(3) 156.9(10)
C(55)-C(54)-C(56) 104.8(7) N(7)-C(59)-C(60) 126.6(8)
C(57)-C(54)-C(56) 106.2(7) N(7)-C(59)-H(59) 116.7
C(55)-C(54)-P(2) 109.3(6) C(60)-C(59)-H(59) 116.7
C(57)-C(54)-P(2) 117.0(5) C(61)-C(60)-C(59) 118.2(9)
C(56)-C(54)-P(2) 107.4(5) C(61)-C(60)-C(71) 121.8(10)
C(54)-C(55)-H(55A) 109.5 C(59)-C(60)-C(71) 119.9(9)
C(54)-C(55)-H(55B) 109.5 C(60)-C(61)-C(62) 119.3(9)
H(55A)-C(55)-H(55B) 109.5 C(60)-C(61)-C(72) 122.5(9)
C(54)-C(55)-H(55C) 109.5 C(62)-C(61)-C(72) 118.2(9)
H(55A)-C(55)-H(55C) 109.5 C(69)-C(62)-C(63) 120.4(8)
H(55B)-C(55)-H(55C) 109.5 C(69)-C(62)-C(61) 117.3(7)
C(54)-C(56)-H(56A) 109.5 C(63)-C(62)-C(61) 122.3(8)
C(54)-C(56)-H(56B) 109.5 C(64)-C(63)-C(62) 119.1(9)
H(56A)-C(56)-H(56B) 109.5 C(64)-C(63)-H(63) 120.4
C(54)-C(56)-H(56C) 109.5 C(62)-C(63)-H(63) 120.4
H(56A)-C(56)-H(56C) 109.5 C(63)-C(64)-C(65) 122.1(8)
H(56B)-C(56)-H(56C) 109.5 C(63)-C(64)-H(64) 119.0
C(54)-C(57)-H(57A) 109.5 C(65)-C(64)-H(64) 119.0
C(54)-C(57)-H(57B) 109.5 C(66)-C(65)-C(70) 119.5(9)
H(57A)-C(57)-H(57B) 109.5 C(66)-C(65)-C(64) 121.4(8)

C(54)-C(57)-H(57C) 109.5 C(70)-C(65)-C(64) 119.2(8)



Table S3. Bond angles (deg.) for [(Mesphen)Cu(N=C-S)(P'Bus)]. Symmetry transformations used
to generate equivalent atoms:

C(67)-C(66)-C(65) 117.1(8) C(78)-C(75)-P(3) 121.7(7)
C(67)-C(66)-C(73) 121.0(10) C(76)-C(75)-P(3) 99.1(9)
C(65)-C(66)-C(73) 121.9(10) C(75)-C(77)-H(77A) 109.5
C(66)-C(67)-C(68) 120.2(9) C(75)-C(77)-H(77B) 109.5
C(66)-C(67)-C(74) 123.0(9) H(77A)-C(77)-H(77B) 109.5
C(68)-C(67)-C(74) 116.8(10) C(75)-C(77)-H(77C) 109.5
N(8)-C(68)-C(67) 121.8(10) H(77A)-C(77)-H(77C) 109.5
N(8)-C(68)-H(68) 119.1 H(77B)-C(77)-H(77C) 109.5
C(67)-C(68)-H(68) 119.1 C(75)-C(76)-H(76A) 109.5
N(7)-C(69)-C(62) 123.7(8) C(75)-C(76)-H(76B) 109.5
N(7)-C(69)-C(70) 115.9(8) H(76A)-C(76)-H(76B) 1095
C(62)-C(69)-C(70) 120.4(7) C(75)-C(76)-H(76C) 109.5
N(8)-C(70)-C(65) 123.7(8) H(76A)-C(76)-H(76C) 1095
N(8)-C(70)-C(69) 117.5(7) H(76B)-C(76)-H(76C) 109.5
C(65)-C(70)-C(69) 118.7(8) C(75)-C(78)-H(78A) 1095
C(60)-C(71)-H(71A) 109.5 C(75)-C(78)-H(78B) 109.5
C(60)-C(71)-H(71B) 109.5 H(78A)-C(78)-H(78B) 1095
H(71A)-C(71)-H(71B) 109.5 C(75)-C(78)-H(78C) 109.5
C(60)-C(71)-H(71C) 109.5 H(78A)-C(78)-H(78C) 1095
H(71A)-C(71)-H(71C) 109.5 H(78B)-C(78)-H(78C) 109.5
H(71B)-C(71)-H(71C) 109.5 C(80)-C(79)-C(82) 113.5(10)
C(61)-C(72)-H(72A) 109.5 C(80)-C(79)-C(81) 104.1(10)
C(61)-C(72)-H(72B) 109.5 C(82)-C(79)-C(81) 102.3(11)
H(72A)-C(72)-H(72B) 109.5 C(80)-C(79)-P(3) 117.8(8)
C(61)-C(72)-H(72C) 109.5 C(82)-C(79)-P(3) 112.4(10)
H(72A)-C(72)-H(72C) 109.5 C(81)-C(79)-P(3) 104.5(7)
H(72B)-C(72)-H(72C) 109.5 C(79)-C(80)-H(80A) 109.5
C(66)-C(73)-H(73A) 109.5 C(79)-C(80)-H(80B) 109.5
C(66)-C(73)-H(73B) 109.5 H(80A)-C(80)-H(80B) 109.5
H(73A)-C(73)-H(73B) 109.5 C(79)-C(80)-H(80C) 109.5
C(66)-C(73)-H(73C) 109.5 H(80A)-C(80)-H(80C) 109.5
H(73A)-C(73)-H(73C) 109.5 H(80B)-C(80)-H(80C) 109.5
H(73B)-C(73)-H(73C) 109.5 C(79)-C(81)-H(81A) 109.5
C(67)-C(74)-H(74A) 109.5 C(79)-C(81)-H(81B) 109.5
C(67)-C(74)-H(74B) 109.5 H(81A)-C(81)-H(81B) 1095
H(74A)-C(74)-H(74B) 109.5 C(79)-C(81)-H(81C) 109.5
C(67)-C(74)-H(74C) 109.5 H(81A)-C(81)-H(81C) 1095
H(74A)-C(74)-H(74C) 109.5 H(81B)-C(81)-H(81C) 109.5
H(74B)-C(74)-H(74C) 109.5 C(79)-C(82)-H(82A) 1095
C(77)-C(75)-C(78) 107.4(9) C(79)-C(82)-H(82B) 109.5
C(77)-C(75)-C(76) 110.1(11) H(82A)-C(82)-H(82B) 1095
C(78)-C(75)-C(76) 108.8(11) C(79)-C(82)-H(82C) 109.5

C(77)-C(75)-P(3) 109.2(6) H(82A)-C(82)-H(82C) 109.5



Table S3. Bond angles (deg.) for [(Mesphen)Cu(N=C-S)(P'Bus)]. Symmetry transformations used
to generate equivalent atoms:

H(82B)-C(82)-H(82C) 109.5 C(99)-N(11)-Cu(4) 111.8(5)
C(86)-C(83)-C(85) 112.2(12) C(116)-N(12)-Cu(4) 168.7(7)
C(86)-C(83)-C(84) 105.8(14) N(10)-C(88)-C(89) 124.4(8)
C(85)-C(83)-C(84) 104.1(13) N(10)-C(88)-H(88) 117.8
C(86)-C(83)-P(3) 116.1(12) C(89)-C(88)-H(88) 117.8
C(85)-C(83)-P(3) 117.6(10) C(90)-C(89)-C(88) 119.6(8)
C(84)-C(83)-P(3) 98.4(9) C(90)-C(89)-C(100) 122.0(8)
C(83)-C(84)-H(84A) 109.5 C(88)-C(89)-C(100) 118.4(8)
C(83)-C(84)-H(84B) 109.5 C(89)-C(90)-C(91) 117.9(8)
H(84A)-C(84)-H(84B) 109.5 C(89)-C(90)-C(101) 124.0(9)
C(83)-C(84)-H(84C) 109.5 C(91)-C(90)-C(101) 118.1(9)
H(84A)-C(84)-H(84C) 109.5 C(98)-C(91)-C(90) 118.4(8)
H(84B)-C(84)-H(84C) 109.5 C(98)-C(91)-C(92) 116.4(9)
C(83)-C(85)-H(85A) 109.5 C(90)-C(91)-C(92) 125.2(9)
C(83)-C(85)-H(85B) 109.5 C(93)-C(92)-C(91) 123.2(9)
H(85A)-C(85)-H(85B) 109.5 C(93)-C(92)-H(92) 118.4
C(83)-C(85)-H(85C) 109.5 C(91)-C(92)-H(92) 118.4
H(85A)-C(85)-H(85C) 109.5 C(92)-C(93)-C(94) 122.0(8)
H(85B)-C(85)-H(85C) 109.5 C(92)-C(93)-H(93) 119.0
C(83)-C(86)-H(86A) 109.5 C(94)-C(93)-H(93) 119.0
C(83)-C(86)-H(86B) 109.5 C(93)-C(94)-C(95) 125.5(8)
H(86A)-C(86)-H(86B) 109.5 C(93)-C(94)-C(99) 118.0(9)
C(83)-C(86)-H(86C) 109.5 C(95)-C(94)-C(99) 116.5(9)
H(86A)-C(86)-H(86C) 109.5 C(96)-C(95)-C(94) 120.4(8)
H(86B)-C(86)-H(86C) 109.5 C(96)-C(95)-C(102) 121.2(10)
N(9)-C(87)-S(7) 176.2(11) C(94)-C(95)-C(102) 118.4(10)
N(12)-Cu(4)-N(11) 103.6(3) C(95)-C(96)-C(97) 119.2(9)
N(12)-Cu(4)-N(10) 97.3(3) C(95)-C(96)-C(103) 125.2(9)
N(11)-Cu(4)-N(10) 78.7(3) C(97)-C(96)-C(103) 115.6(11)
N(12)-Cu(4)-P(4) 120.0(2) N(11)-C(97)-C(96) 125.5(10)
N(11)-Cu(4)-P(4) 124.11(19) N(11)-C(97)-H(97) 117.2
N(10)-Cu(4)-P(4) 123.89(18) C(96)-C(97)-H(97) 117.2
C(104)-P(4)-C(108) 111.4(4) N(10)-C(98)-C(91) 122.4(8)
C(104)-P(4)-C(112) 106.0(4) N(10)-C(98)-C(99) 116.6(7)
C(108)-P(4)-C(112) 106.9(3) C(91)-C(98)-C(99) 121.0(7)
C(104)-P(4)-Cu(4) 110.7(3) N(11)-C(99)-C(98) 118.9(7)
C(108)-P(4)-Cu(4) 109.0(2) N(11)-C(99)-C(94) 121.7(8)
C(112)-P(4)-Cu(4) 112.7(2) C(98)-C(99)-C(94) 119.4(8)
C(88)-N(10)-C(98) 117.3(7) C(89)-C(100)-H(10A) 109.5
C(88)-N(10)-Cu(4) 128.7(5) C(89)-C(100)-H(10B) 109.5
C(98)-N(10)-Cu(4) 113.8(5) H(10A)-C(100)-H(10B) 1095
C(97)-N(11)-C(99) 116.6(7) C(89)-C(100)-H(10C) 109.5

C(97)-N(11)-Cu(4) 131.4(7) H(10A)-C(100)-H(10C) 109.5



Table S3. Bond angles (deg.) for [(Mesphen)Cu(N=C-S)(P'Bus)]. Symmetry transformations used
to generate equivalent atoms:

H(10B)-C(100)-H(10C) 109.5 C(109)-C(108)-C(110) 110.0(8)
C(90)-C(101)-H(10D) 109.5 C(109)-C(108)-C(111) 106.5(8)
C(90)-C(101)-H(10E) 109.5 C(110)-C(108)-C(111) 109.1(8)
H(10D)-C(101)-H(10E) 109.5 C(109)-C(108)-P(4) 109.9(6)
C(90)-C(101)-H(10F) 109.5 C(110)-C(108)-P(4) 114.5(6)
H(10D)-C(101)-H(10F) 109.5 C(111)-C(108)-P(4) 106.5(7)
H(10E)-C(101)-H(10F) 109.5 C(108)-C(109)-H(10V) 109.5
C(95)-C(102)-H(10G) 109.5 C(108)-C(109)-H(10W) 109.5
C(95)-C(102)-H(10H) 109.5 H(10V)-C(109)-H(10W) 109.5
H(10G)-C(102)-H(10H) 109.5 C(108)-C(109)-H(10X) 109.5
C(95)-C(102)-H(10) 109.5 H(10V)-C(109)-H(10X) 1095
H(10G)-C(102)-H(101) 109.5 H(10W)-C(109)-H(10X) 109.5
H(10H)-C(102)-H(101) 109.5 C(108)-C(110)-H(11A) 1095
C(96)-C(103)-H(10J) 109.5 C(108)-C(110)-H(11B) 109.5
C(96)-C(103)-H(10K) 109.5 H(11A)-C(110)-H(11B) 1095
H(10J)-C(103)-H(10K) 109.5 C(108)-C(110)-H(11C) 109.5
C(96)-C(103)-H(10L) 109.5 H(11A)-C(110)-H(11C) 1095
H(10J)-C(103)-H(10L) 109.5 H(11B)-C(110)-H(11C) 109.5
H(10K)-C(103)-H(10L) 109.5 C(108)-C(111)-H(11D) 1095
C(106)-C(104)-C(105) 105.4(8) C(108)-C(111)-H(11E) 109.5
C(106)-C(104)-C(107) 106.0(8) H(11D)-C(111)-H(11E) 1095
C(105)-C(104)-C(107) 109.4(9) C(108)-C(111)-H(11F) 109.5
C(106)-C(104)-P(4) 108.7(7) H(11D)-C(111)-H(11F) 109.5
C(105)-C(104)-P(4) 116.4(6) H(11E)-C(111)-H(11F) 109.5
C(107)-C(104)-P(4) 110.4(7) C(113)-C(112)-C(114) 107.5(7)
C(104)-C(105)-H(10M) 109.5 C(113)-C(112)-C(115) 107.6(6)
C(104)-C(105)-H(10N) 109.5 C(114)-C(112)-C(115) 110.7(9)
H(10M)-C(105)-H(10N) 109.5 C(113)-C(112)-P(4) 116.9(6)
C(104)-C(105)-H(100) 109.5 C(114)-C(112)-P(4) 105.6(5)
H(10M)-C(105)-H(100) 109.5 C(115)-C(112)-P(4) 108.5(5)
H(10N)-C(105)-H(100) 109.5 C(112)-C(113)-H(11G) 109.5
C(104)-C(106)-H(10P) 109.5 C(112)-C(113)-H(L11H) 109.5
C(104)-C(106)-H(10Q) 109.5 H(11G)-C(113)-H(11H) 109.5
H(10P)-C(106)-H(10Q) 109.5 C(112)-C(113)-H(11l) 109.5
C(104)-C(106)-H(10R) 109.5 H(11G)-C(113)-H(11l) 1095
H(10P)-C(106)-H(10R) 109.5 H(11H)-C(113)-H(11l) 109.5
H(10Q)-C(106)-H(10R) 109.5 C(112)-C(114)-H(11J) 1095
C(104)-C(107)-H(108S) 109.5 C(112)-C(114)-H(11K) 109.5
C(104)-C(107)-H(10T) 109.5 H(11J)-C(114)-H(11K) 1095
H(10S)-C(107)-H(10T) 109.5 C(112)-C(114)-H(11L) 109.5
C(104)-C(107)-H(10U) 109.5 H(11J)-C(114)-H(11L) 1095
H(10S)-C(107)-H(10U) 109.5 H(11K)-C(114)-H(11L) 109.5

H(10T)-C(107)-H(10U) 109.5 C(112)-C(115)-H(11M) 109.5



Table S3. Bond angles (deg.) for [(Mesphen)Cu(N=C-S)(P'Bus)]. Symmetry transformations used
to generate equivalent atoms:

C(112)-C(115)-H(11N) 109.5
H(11M)-C(115)-H(11N) 109.5
C(112)-C(115)-H(110) 109.5
H(11M)-C(115)-H(110) 109.5
H(11N)-C(115)-H(110) 109.5

N(12)-C(116)-S(8) 177.8(8)



Table S4. Anisotropic displacement parameters (A% x 10%) for [(Mesphen)Cu(N=C-S)(P'Bus)].
The anisotropic displacement factor exponent takes the form: -2n?[h?a*2U + ... + 2hka*b*U*?].

Atom Ull U22 U33 U23 U13 U12
Cul)  28(1) 19(1) 33(1) 1(1) 1(1) -1(1)
S(5) 91(2) 49(2) 44(1) 1(1) 16(1) -18(1)
P(1) 24(1) 16(1) 19(1) -2(1) 1(1) 1(1)
N@L)  26(3) 19(3) 33(3) 1(2) 1(2) -6(2)
N@2)  28(3) 24(3) 33(3) 4(2) 3(2) -2(2)
N@E)  92(6) 27(3) 42(4) 7(3) 44(4) -20(4)
cl)  31(3) 35(3) 38(4) -2(3) -4(3) -10(3)
c2)  27(3) 46(4) 34(3) -4(3) 3(3) -18(3)
c@3)  29(3) 44(4) 42(4) -14(3) 16(3) -18(3)
C(4)  37(4) 36(4) 44(4) -12(3) 19(3) -8(3)
CG)  52(4) 34(4) 56(4) 7(3) 32(4) -3(3)
c(6)  52(4) 28(4) 62(5) 5(3) 30(4) 8(3)
Cc(7)  35(4) 34(4) 56(4) 7(3) 24(3) 5(3)
c(8)  35(4) 40(4) 60(4) 20(3) 26(3) 13(3)
CO)  41(4) 54(5) 45(4) 21(4) 10(3) 5(4)
C(10)  42(4) 46(4) 42(4) 18(3) -5(3) 3(3)
Cc(1l)  28(3) 22(3) 32(3) -3(2) 11(3) -8(2)
C(12) 18(3) 24(3) 35(3) 4(2) 13(2) 2(2)
C(13)  44(5) 84(7) 34(4) 0(5) -1(4) -21(5)
C(14)  44(5) 68(6) 68(6) -40(5) 20(4) -25(4)
C(15)  59(6) 60(6) 89(7) 38(6) 38(5) 21(5)
c(16)  51(5) 81(7) 60(6) 36(5) 0(5) 9(5)
c7)  37(3) 24(3) 38(3) -6(3) 13(3) 5(3)
c(18)  41(4) 29(4) 56(5) -1(3) 22(4) -12(3)
C(19)  73(6) 53(5) 29(4) -7(4) 11(4) -8(5)
C(20)  43(4) 19(3) 58(5) -3(3) 28(4) 14(3)
c2l)  41(4) 35(3) 44(4) 7(3) 3(3) 20(3)
C(22)  32(4) 43(5) 76(6) 5(4) 3(4) 15(4)
C(23)  50(5) 25(4) 54(5) 11(3) 4(4) 9(3)
Cc(24)  82(7) 63(6) 88(8) 6(6) 41(6) 29(6)
C(25)  67(5) 42(4) 45(4) 8(3) -20(4) -18(4)
C(26)  71(6) 34(4) 34(4) 7(3) -14(4) -17(4)
C(27) 118(9) 65(6) 21(4) 3(4) -2(5) -20(6)
C(28)  56(5) 65(6) 89(7) 34(6) -35(5) -10(5)
C(29)  41(4) 27(3) 44(4) 2(3) 2(3) -1(3)
Cu@2  25(1) 18(1) 32(1) 2(1) 3(1) 4(1)
S(6) 58(1) 57(2) 39(1) 0(1) 24(1) 9(1)
P2)  21(1) 16(1) 18(1) 3(1) 1(1) 3(1)

N@)  23(3) 31(3) 32(3) 5(3) -2(2) 12(2)
Table S4. Anisotropic displacement parameters (A% x 10%) for [(Mesphen)Cu(N=C-S)(P'Bus)].



The anisotropic displacement factor exponent takes the form: -2n?[h?a*?U + ... + 2hka*b*U*?].

Atom Ull U22 U33 U23 Ul3 U12
NG)  24(3) 20(3) 25(3) 1(2) 5(2) 1(2)
N@B)  29(3) 31(3) 45(4) -3(3) 9(3) 3(3)
C(30)  24(3) 38(4) 33(3) -4(3) 4(3) 10(3)
C(3l)  29(3) 54(4) 30(3) 1(3) 6(3) 15(3)
C(32)  33(4) 56(4) 27(3) 12(3) 11(3) 19(3)
Cc@33) 27(3) 33(3) 32(3) 10(3) 12(3) 12(3)
C(34)  45(4) 34(4) 45(4) 17(3) 15(3) 14(3)
C(35)  46(4) 19(3) 45(4) 13(3) 21(3) 8(3)
c(36)  27(3) 18(3) 36(3) 2(2) 19(3) 3(2)
Cc@37)  30(3) 23(3) 38(3) -4(3) 16(3) -2(2)
C(38)  24(3) 31(3) 35(3) -10(3) 4(3) 2(3)
C(39)  28(3) 19(3) 29(3) 1(2) 7(2) 3(2)
C(40)  19(3) 24(3) 31(3) 7(2) 9(2) 6(2)
C(4l)  24(3) 18(3) 32(3) 3(2) 8(2) 4(2)
C(42)  32(4) 87(7) 36(4) 10(4) 5(3) 20(4)
C(43)  63(6) 78(7) 43(5) 30(5) 6(4) 29(5)
C(44)  40(4) 30(4) 60(5) -9(4) 20(4) 7(3)
C(45)  39(4) 45(5) 43(4) -15(4) 4(3) -6(4)
c@6)  27(3) 42(4) 37(3) 3(3) 5(3) 2(3)
C(47)  32(4) 66(6) 82(7) -4(5) -2(4) -17(4)
C(48)  56(5) 48(5) 65(6) 30(4) 29(5) -8(4)
C(49)  40(4) 49(5) 40(4) -1(4) 12(3) 9(4)
C(50)  30(3) 34(3) 41(4) -10(3) -13(3) 7(3)
C(5l)  47(5) 61(5) 27(3) 7(3) -11(3) 19(4)
C(52)  48(5) 28(4) 52(5) -18(3) -14(4) 1(3)
C(53)  24(4) 48(5) 76(6) -18(4) -5(4) -6(3)
C(54)  41(4) 33(3) 19(3) 3(2) 0(3) 8(3)
C(55)  61(5) 43(4) 25(3) -4(3) -13(3) 10(4)
C(56)  54(5) 35(4) 42(4) 13(3) 21(4) -5(4)
C(57)  64(6) 38(4) 30(4) 8(3) -8(4) 20(4)
C(58)  24(3) 28(3) 31(3) 4(3) 0(2) 1(3)
cu@3)  61(1) 35(1) 43(1) 11(1) 19(1) 26(1)
s(7) 42() 89(2) 46(1) -18(1) 11(1) -6(1)
P(3) 48(1) 28(1) 38(1) 11(1) 18(1) 17(1)
N(7)  59(4) 37(4) 22(3) 10(3) 10(3) 24(3)
N@B)  43(4) 53(5) 27(3) 0(3) 3(3) 22(3)
N@©)  75(6) 49(5) 66(5) 16(4) 49(5) 18(4)
C(59)  53(4) 49(4) 32(4) 3(3) 6(3) 23(4)

C(60) 43(4) 54(4) 34(4) -2(3) 10(3) 10(3)
Table S4. Anisotropic displacement parameters (A2 x 10%) for [(Mesphen)Cu(N=C-S)(P'Bus)].
The anisotropic displacement factor exponent takes the form: -2n?[h?a*?U + ... + 2hka*b*U*?].



Atom Ull U22 U33 U23 U13 U12

C(61)  36(4) 50(4) 42(4) -4(3) 16(3) 4(3)
C(62)  34(3) 34(3) 34(3) 7(3) 20(3) 12(3)
C(63)  36(4) 38(4) 48(4) 12(3) 17(3) 9(3)
C(64)  41(4) 39(4) 46(4) 19(3) 15(3) 11(3)
C(65)  29(3) 42(4) 39(4) 13(3) 17(3) 10(3)
C(66)  39(4) 56(5) 41(4) 19(4) 13(3) 19(3)
C(67)  41(4) 64(5) 35(4) 0(4) 9(3) 18(4)
C(68)  40(4) 52(4) 38(4) -2(3) 6(3) 16(3)
C(69)  37(4) 34(3) 28(3) 8(3) 8(3) 14(3)
C(70)  30(3) 36(4) 35(3) 6(3) 10(3) 14(3)
C(71)  61(6) 91(8) 37(5) -4(5) 3(4) 19(6)
C(72)  45(5) 69(7) 75(7) 1(5) 32(5) -12(5)
C(73)  51(5) 71(7) 59(6) 37(5) -6(4) 9(5)
C(74)  63(6) 75(7) 32(4) 1(4) 9(4) 12(5)
C(75)  69(5) 54(5) 71(5) -18(4) -29(4) 12(4)
c(77)  127(9) 75(7) 44(5) -3(5) -13(6) 39(7)
C(76) 126(8) 127(8) 142(8) -9(5) -9(5) 4(5)
C(78) 106(9) 48(6) 62(6) 10(5) -5(6) 38(6)
C(79)  52(5) 61(5) 62(5) -18(4) -15(4) 10(4)
C(80)  59(6) 52(6) 85(7) -26(5) 2(5) 5(5)
C(8l)  96(8) 73(7) 102(9) -23(7) 59(7) -34(7)
C(82)  81(8) 98(10) 110(10) -23(8) -33(7) 20(7)
C(83)  95(6) 85(6) 105(7) 24(5) 51(5) 17(5)
C(84) 156(12) 127(11) 65(7) 22(8) -14(8) 56(9)
C(85)  85(8) 62(6) 96(8) 16(6) 60(7) 31(6)
c(86) 117(7) 102(7) 122(7) -4(5) 22(5) -2(5)
c(87)  37(4) 44(4) 43(4) 4(3) -1(3) 8(3)
Cud)  28(1) 27(1) 31(1) 1(1) 4(2) 10(1)
S(8) 40(1) 71(2) 37(1) -13(1) 7(1) 5(1)
P(4) 15(1) 24(1) 24(1) -2(1) “1(1) 2(1)
N(10)  36(3) 17(3) 30(3) 1(2) 7(2) 8(2)
N(11)  29(3) 41(4) 30(3) 3(3) 8(3) 18(3)
N(12)  31(3) 37(4) 42(4) -1(3) 14(3) 5(3)
c(88)  37(4) 36(4) 29(3) -3(3) 2(3) 2(3)
C(89)  34(3) 29(3) 40(4) -8(3) 17(3) 0(3)
C(90)  35(4) 30(3) 47(4) -6(3) 24(3) 3(3)
C(O1)  40(4) 30(3) 51(4) 8(3) 23(3) 9(3)
C(92)  51(4) 32(4) 60(5) 12(3) 21(4) 9(3)

C(93) 43(4) 42(4) 56(4) 23(4) 19(4) 17(3)
Table S4. Anisotropic displacement parameters (A% x 10%) for [(Mesphen)Cu(N=C-S)(P'Bus)].
The anisotropic displacement factor exponent takes the form: -2n?[h?a*?U + ... + 2hka*b*U*?].




Atom Ull U22 U33 U23 UlS U12
C(94) 35(4) 47(4) 40(4) 16(3) 16(3) 19(3)
C(95) 35(4) 60(5) 37(4) 15(3) 12(3) 23(4)
C(96) 33(4) 69(5) 29(3) 9(3) 7(3) 22(4)
C(97) 43(4) 41(4) 39(4) -3(3) 8(3) 12(3)
C(98) 28(3) 27(3) 33(3) 5(3) 15(3) 12(3)
C(99) 30(3) 33(3) 37(3) 8(3) 17(3) 15(3)
C(100)  54(5) 47(5) 54(5) -16(4) 7(4) -2(4)
C(101) 45(5) 35(4) 78(6) -11(4) 20(5) -8(4)
C(102) 44(5) 83(7) 61(6) 42(5) 18(4) 25(5)
C(103) 49(5) 109(9) 34(4) 6(5) 0(4) 27(6)
C(104) 28(3) 41(4) 59(4) -16(3) -13(3) 4(3)
C(105) 52(5) 43(5) 85(7) -27(5) -18(5) 4(4)
C(106) 26(4) 69(7) 98(8) -19(6) -19(5) 7(4)
C(107)  54(5) 71(6) 56(5) -16(5) -24(4) 22(5)
C(108) 44(4) 23(3) 31(3) 8(3) 10(3) 5(3)
C(109) 68(6) 53(5) 23(3) 0(3) 0(3) 15(4)
C(110) 67(6) 36(4) 40(4) 10(4) -1(4) 19(4)
C(111) 88(8) 63(7) 78(7) 20(6) 41(6) -3(6)
C(112) 25(3) 34(3) 37(3) 4(3) 13(2) 5(3)
C(113) 22(3) 59(5) 42(4) -5(4) 10(3) 13(3)
C(114) 66(6) 69(6) 60(6) 25(5) 45(5) 31(5)
C(115) 26(4) 53(5) 79(6) -29(5) 7(4) -7(4)
C(116) 31(3) 37(4) 31(3) -3(3) -4(3) 7(3)



Table S5. Hydrogen coordinates (x 10 and isotropic displacement parameters (A% x 10%) for
[(Mesphen)Cu(N=C-S)(P'Bus)].

H atom X y z U(eq)
H(1) 10556 5428 4478 42
H(5) 8904 8178 4340 56
H(6) 7370 8346 3790 56
H(10) 6232 5876 2998 52
H(13A) 11847 5668 5036 81
H(13B) 11225 6292 5286 81
H(13C) 12734 6377 5019 81
H(14A) 11286 7901 4767 90
H(14B) 11092 7413 5138 90
H(14C) 9620 7836 4971 90
H(15A) 6222 8337 2950 103
H(15B) 5454 8410 3373 103
H(15C) 4492 8055 3019 103
H(16A) 5404 7177 2468 96
H(16B) 3862 7174 2727 96
H(16C) 4594 6478 2580 96
H(18A) 3841 3858 4031 63
H(18B) 4156 3800 4497 63
H(18C) 5092 3326 4202 63
H(19A) 7784 3869 4577 77
H(19B) 6440 4197 4836 77
H(19C) 7701 4669 4631 77
H(20A) 6093 5342 4234 59
H(20B) 4764 5047 4511 59
H(20C) 4467 5080 4043 59
H(22A) 10556 4183 3938 75
H(22B) 10802 3441 4113 75
H(22C) 9676 3962 4329 75
H(23A) 7271 2719 3800 64
H(23B) 7484 3008 4239 64
H(23C) 8873 2589 4046 64
H(24A) 8532 3448 3208 115
H(24B) 9864 2978 3405 115
H(24C) 10177 3767 3350 115
H(26A) 4285 3422 3102 70
H(26B) 4923 3235 3536 70
H(26C) 5986 3091 3164 70
H(27A) 7500 3982 2882 102
H(27B) 7172 4750 2998 102

H(27C) 5902 4340 2737 102



Table S5. Hydrogen coordinates (x 10 and isotropic displacement parameters (A% x 10°%) for
[(Mesphen)Cu(N=C-S)(P'Bus)].

H atom X y z U(eq)
H(28A) 3656 4554 3134 106
H(28B) 4774 5081 3362 106
H(28C) 3851 4522 3604 106
H(30) 10405 4577 6954 38
H(34) 8972 1785 6902 49
H(35) 7421 1535 6372 43
H(39) 5934 3926 5512 30
H(42A) 11084 3861 7766 78
H(42B) 12138 4270 7465 78
H(42C) 12511 3495 7556 78
H(43A) 11667 2487 7534 92
H(43B) 10477 1979 7314 92
H(43C) 9883 2438 7668 92
H(44A) 6561 1377 5732 64
H(44B) 5069 1652 5485 64
H(44C) 4951 1524 5949 64
H(45A) 3838 2509 5262 64
H(45B) 5309 2670 4994 64
H(45C) 4220 3270 5143 64
H(47A) 4408 4651 6025 90
H(47B) 3681 5370 5910 90
H(47C) 2853 4910 6232 90
H(48A) 5662 5004 7011 84
H(48B) 5572 4440 6674 84
H(48C) 3996 4707 6867 84
H(49A) 3008 5842 6721 64
H(49B) 3896 6334 6427 64
H(49C) 4644 6179 6855 64
H(51A) 8570 6101 7206 68
H(51B) 8146 5376 7026 68
H(51C) 6780 5908 7106 68
H(52A) 8114 7130 6798 65
H(52B) 6395 6913 6645 65
H(52C) 7714 7092 6335 65
H(53A) 10349 6293 6727 74
H(53B) 9957 6344 6264 74
H(53C) 10024 5623 6475 74
H(55A) 7083 5185 5418 65
H(55B) 6046 5732 5182 65

H(55C) 5249 5253 5499 65



Table S5. Hydrogen coordinates (x 10 and isotropic displacement parameters (A% x 10%) for
[(Mesphen)Cu(N=C-S)(P'Bus)].

H atom X y z U(eq)
H(56A) 8464 6679 5832 66
H(56B) 8037 6543 5376 66
H(56C) 8966 5985 5631 66
H(57A) 4365 6421 5848 67
H(57B) 5194 6742 5474 67
H(57C) 5751 6958 5910 67
H(59) 5980 4100 426 53
H(63) 7009 1622 1211 49
H(64) 8636 1785 1758 50
H(68) 10283 4560 1921 52
H(71A) 5203 2824 -123 95
H(71B) 4393 3522 -7 95
H(71C) 3680 2824 143 95
H(72A) 4854 1876 317 94
H(72B) 4626 1723 775 94
H(72C) 6247 1539 573 94
H(73A) 10485 1940 2164 91
H(73B) 9446 2272 2499 91
H(73C) 11263 2465 2469 91
H(74A) 12239 3397 2521 85
H(74B) 10813 3799 2709 85
H(74C) 11995 4180 2425 85
H(77A) 6156 5652 162 123
H(77B) 7536 5357 442 123
H(77C) 7556 6132 313 123
H(76A) 3535 5710 720 198
H(76B) 4454 5290 1057 198
H(76C) 4606 5083 603 198
H(78A) 6232 6973 661 108
H(78B) 4754 6808 926 108
H(78C) 4644 6692 459 108
H(80A) 8718 7375 1499 98
H(80B) 7390 6986 1734 98
H(80C) 7067 7206 1285 98
H(81A) 10089 6190 835 134
H(81B) 9990 6975 938 134
H(81C) 8577 6617 699 134
H(82A) 10791 6432 1587 146
H(82B) 10273 5672 1495 146

H(82C) 9595 6056 1869 146



Table S5. Hydrogen coordinates (x 10 and isotropic displacement parameters (A% x 10%) for
[(Mesphen)Cu(N=C-S)(P'Bus)].

H atom X y z U(eq)
H(84A) 7848 5347 2007 175
H(84B) 6464 5632 2269 175
H(84C) 7505 6139 2019 175
H(85A) 5020 6609 1733 120
H(85B) 3713 6082 1864 120
H(85C) 3862 6276 1409 120
H(86A) 4268 4829 1411 170
H(86B) 4224 4941 1878 170
H(86C) 5715 4590 1688 170
H(88) 4230 1056 2071 41
H(92) 2880 3487 1241 57
H(93) 1396 3276 700 56
H(97) -265 520 622 49
H(10A) 5518 1688 2517 77
H(10B) 4911 2445 2571 77
H(10C) 6463 2302 2329 77
H(10D) 5689 3382 1765 78
H(10E) 4752 3394 2168 78
H(10F) 3919 3651 1767 78
H(10G) 590 2927 102 94
H(10H) -1169 2913 255 94
H(101) -682 2436 -102 94
H(10J) -714 1192 -195 96
H(10K) -2228 1522 -3 96
H(10L) -1752 761 100 96
H(10M) 1950 -2089 721 91
H(10N) 2228 -2070 1190 91
H(100) 3652 -1916 905 91
H(10P) -286 -1283 814 97
H(10Q) -4 -609 1064 97
H(10R) 131 -1327 1276 97
H(10S) 1507 -1046 338 92
H(10T) 3317 -879 430 92
H(10U) 1997 -331 521 92
H(10V) 4980 -320 2060 72
H(10W) 4040 -760 2371 72
H(10X) 3159 -175 2127 72
H(11A) 4547 -1887 1561 71
H(11B) 4751 -1854 2031 71

H(11C) 5825 -1394 1760 71



Table S5. Hydrogen coordinates (x 10 and isotropic displacement parameters (A% x 10%) for
[(Mesphen)Cu(N=C-S)(P'Bus)].

H atom X y z U(eq)
H(11D) 1107 -974 1927 113
H(11E) 1996 -1560 2167 113
H(11F) 1555 -1661 1709 113
H(11G) 5339 -1227 724 61
H(11H) 6305 -1337 1130 61
H(11l1) 7001 -865 795 61
H(11J) 5961 224 646 96
H(11K) 4487 521 872 96
H(11L) 4243 =77 560 96
H(11M) 7397 -57 1330 79
H(11N) 6378 -425 1656 79
H(110) 5937 323 1517 79

Structure Determination Summary

Crystal Data and Structure Refinement for [(4,4'-Me2-bipy)Cu(S(CH2)4)(P'Bus)][PFe]

Identification code

jpd1162 4 a sq

Empirical formula C28H47CuFsN2P2S

Formula weight 683.21

Temperature 150(2) K

Wavelength 0.71073 A

Crystal system trigonal

Space group R32

Unit cell dimensions a=18.9515(8) A a=90°
b =18.9515(8) A p=90°
c=50.949(3) A y=120°

Volume 15847.1(16) A3

Z 18

Density (calculated) 1.289 g/cm?®

Absorption coefficient 0.821 mm*

F(000) 6444

Crystal size 0.280 x 0.269 x 0.194 mm?

0 range for data collection 1.476 to 26.425°

Index ranges

Reflections collected
Independent reflections
Completeness to 6 = 25.242°
Absorption correction

Max. and min. transmission

-23<h<23,-23<k<23,-63<1<63
14442

7241 [R(int) = 0.0144]

99.8 %

Semi-empirical from equivalents

0.86 and 0.76



Refinement method

Data / restraints / parameters
Goodness-of-fit on F?

Final R indices [[>206(I)]

R indices (all data)

Absolute structure parameter
Extinction coefficient
Largest diff. peak and hole

Full-matrix least-squares on F2
72411381359

1.053

R1=0.0620, wR2 = 0.1833
R1 =0.0656, wR2 = 0.1870
0.03(2)

n/a

2.077 and -1.074 e-A®



Table S1. Atomic coordinates (x 10%) and equivalent isotropic displacement parameters (A? x 10°)
for [(4,4'-Mez-bipy)Cu(S(CH2)4)(P'Bus)][PFe]. U(eq) is defined as one third of the trace of the
orthogonalized U" tensor.

Atom X y z U(eq)
cu(l) 6780(1) 7123(1) 4165(1) 33(1)
s(1) 7470(2) 7271(2) 4568(1) 64(1)
P(1) 6224(1) 7907(1) 4107(1) 28(1)
N(1) 7505(3) 6994(3) 3880(1) 35(1)
N(2) 6135(3) 5861(3) 4107(1) 34(1)
c() 8175(4) 7587(4) 3770(1) 37(1)
c2) 8579(3) 7461(4) 3566(1) 34(1)
cE) 8271(4) 6668(4) 3469(1) 34(1)
C(4) 7570(4) 6055(4) 3585(1) 34(1)
c5) 7204(4) 6229(3) 3791(1) 30(1)
C(6) 6468(3) 5586(3) 3931(1) 31(1)
c(7) 6162(4) 4765(4) 3884(1) 37(1)
() 5469(4) 4193(4) 4026(1) 40(1)
c(9) 5148(4) 4490(4) 4209(1) 39(1)
C(10) 5491(4) 5322(4) 4243(1) 39(1)
c(11) 8689(5) 6501(5) 3245(2) 54(2)
c(12) 5103(6) 3294(4) 3972(2) 66(3)
c(13) 5638(4) 7892(5) 4414(1) 39(1)
C(14) 5208(5) 7010(5) 4520(2) 49(2)
C(15) 6240(6) 8414(6) 4633(2) 54(2)
C(16) 5015(5) 8173(6) 4378(2) 53(2)
c(17) 7031(4) 9015(4) 4030(1) 37(1)
c(18) 6775(5) 9649(4) 4066(2) 49(2)
C(19) 7761(4) 9215(4) 4212(2) 49(2)
C(20) 7356(4) 9071(4) 3749(1) 43(2)
c(21) 5481(4) 7510(4) 3820(1) 31(1)
C(22) 5243(4) 8111(5) 3705(1) 43(2)
c(23) 5863(4) 7247(4) 3602(1) 41(1)
C(24) 4694(4) 6722(5) 3900(1) 46(2)
C(25A) 7273(9) 6261(8) 4677(4) 72(4)
C(26A) 8122(10) 6354(9) 4614(4) 7103)
C27A) 8825(9) 7275(10) 4655(4) 88(5)
C(28A) 8574(8) 7904(9) 4568(5) 98(6)
C(25B) 7001(12) 6336(10) 4750(4) 72(4)
C(26B) 7521(13) 5979(11) 4637(5) 71(3)
C(27B) 8428(13) 6653(15) 4571(6) 88(5)
C(28B) 8505(10) 7470(14) 4477(7) 98(6)
P(2) 10000 10000 3667(1) 46(1)

F(1) 9785(4) 9232(3) 3846(1) 79(2)



Table S1. Atomic coordinates (x 10%) and equivalent isotropic displacement parameters (A? x 10°)
for [(4,4'-Mez-bipy)Cu(S(CH2)4)(P'Bus)][PFe]. U(eq) is defined as one third of the trace of the
orthogonalized U" tensor.

Atom X y z U(eq)
F2) 10201(4) 10766(4) 3490(1) 89(2)
P(3) 4528(2) 4528(2) 5000 72(1)
F@3) 4070(5) 4450(6) 4733(1) 102(4)
F(4) 4655(5) 3797(4) 4915(2) 109(5)
F(5) 5366(3) 5150(5) 4867(2) 157(8)
F(6) 4986(5) 4604(6) 5267(1) 157(8)
F(7) 3691(3) 3905(5) 5133(2) 143(7)
F(8) 4401(6) 5258(4) 5085(2) 220(13)
P(4) 6667 3333 3333 33(1)
F(9) 6667 3333 3023(1) 44(2)
F(10) 7501(1) 4168(1) 3333 158(9)

F(11) 6188(1) 3819(2) 3332(1) 77(4)




Table S2. Bond lengths (A) for [(4,4'-Me2-bipy)Cu(S(CH2)4)(P'Bus)][PFs]. Symmetry
transformations used to generate equivalent atoms: #1 -y+2, X-y+1, z; #2 -x+y+1, -x+2, z; #3 y, X,
-Z+1; #4 -x+y+1, -x+1, z; #5 -y+1, X-y, z; #6 y+'5, X-V5,-2+%; #7 X-y+V5,-y+%5,-2+%5; #8 -x+1Y4, -
X+y+%s, -z+%.

Cu(1)-N(2) 2.091(5) C(14)-H(14A) 0.9800
Cu(1)-N(1) 2.095(5) C(14)-H(14B) 0.9800
Cu(1)-P(1) 2.2314(16) C(14)-H(14C) 0.9800
Cu(1)-S(1) 2.373(2) C(15)-H(15A) 0.9800
S(1)-C(25B) 1.793(12) C(15)-H(15B) 0.9800
S(1)-C(28A) 1.819(12) C(15)-H(15C) 0.9800
S(1)-C(25A) 1.843(11) C(16)-H(16A) 0.9800
S(1)-C(28B) 1.862(13) C(16)-H(16B) 0.9800
P(1)-C(21) 1.903(6) C(16)-H(16C) 0.9800
P(1)-C(13) 1.912(6) C(17)-C(18) 1.514(10)
P(1)-C(17) 1.921(7) C(17)-C(20) 1.543(10)
N(1)-C(1) 1.326(8) C(17)-C(19) 1.544(9)
N(1)-C(5) 1.344(8) C(18)-H(18A) 0.9800
N(2)-C(10) 1.329(8) C(18)-H(18B) 0.9800
N(2)-C(6) 1.345(8) C(18)-H(18C) 0.9800
C(1)-C(2) 1.381(9) C(19)-H(19A) 0.9800
C(1)-H(1) 0.9500 C(19)-H(19B) 0.9800
C(2)-C(3) 1.403(9) C(19)-H(19C) 0.9800
C(2)-H(2) 0.9500 C(20)-H(20A) 0.9800
C(3)-C(4) 1.387(8) C(20)-H(20B) 0.9800
C(3)-C(11) 1.512(9) C(20)-H(20C) 0.9800
C(4)-C(5) 1.386(8) C(21)-C(22) 1.537(9)
C(4)-H(4) 0.9500 C(21)-C(24) 1.546(9)
C(5)-C(6) 1.496(8) C(21)-C(23) 1.541(9)
C(6)-C(7) 1.383(8) C(22)-H(22A) 0.9800
C(7)-C(8) 1.415(9) C(22)-H(22B) 0.9800
C(7)-H() 0.9500 C(22)-H(22C) 0.9800
C(8)-C(9) 1.376(10) C(23)-H(23A) 0.9800
C(8)-C(12) 1.510(10) C(23)-H(23B) 0.9800
C(9)-C(10) 1.383(9) C(23)-H(23C) 0.9800
C(9)-H(9) 0.9500 C(24)-H(24A) 0.9800
C(10)-H(10) 0.9500 C(24)-H(24B) 0.9800
C(11)-H(11A) 0.9800 C(24)-H(24C) 0.9800
C(11)-H(11B) 0.9800 C(25A)-C(26A) 1.562(12)
C(11)-H(11C) 0.9800 C(25A)-H(25A) 0.9900
C(12)-H(12A) 0.9800 C(25A)-H(25B) 0.9900
C(12)-H(12B) 0.9800 C(26A)-C(27A) 1.594(12)
C(12)-H(12C) 0.9800 C(26A)-H(26A) 0.9900
C(13)-C(16) 1.529(9) C(26A)-H(26B) 0.9900
C(13)-C(15) 1.547(10) C(27A)-C(28A) 1.554(13)

C(13)-C(14) 1.546(11) C(27A)-H(27A) 0.9900



Table S2. Bond lengths (A) for [(4,4'-Me2-bipy)Cu(S(CH2)4)(P'Bus)][PFs]. Symmetry
transformations used to generate equivalent atoms: #1 -y+2, X-y+1, z; #2 -x+y+1, -x+2, z; #3 y, X,
-Z+1; #4 -x+y+1, -x+1, z; #5 -y+1, X-y, z; #6 y+'5, X-V5,-2+%; #7 X-y+V5,-y+%5,-2+%5; #8 -x+1Y4, -

X+y+%s, -z+%.

C(27A)-H(27B) 0.9900 P(4)-F(10) 1.5814(12)
C(28A)-H(28A) 0.9900 P(4)-F(10)#5 1.5814(12)
C(28A)-H(28B) 0.9900 P(4)-F(9) 1.5818(12)
C(25B)-C(26B) 1.558(13) P(4)-F(9)#6 1.5816(12)
C(25B)-H(25C) 0.9900 P(4)-F(11)#4 1.5829(14)
C(25B)-H(25D) 0.9900 P(4)-F(11)#5 1.5829(14)
C(26B)-C(27B) 1.583(12) P(4)-F(11)#6 1.5830(14)
C(26B)-H(26C) 0.9900 P(4)-F(11)#7 1.5829(14)
C(26B)-H(26D) 0.9900 P(4)-F(11)#8 1.5829(14)
C(27B)-C(28B) 1.556(13) P(4)-F(11) 1.5829(14)
C(27B)-H(27C) 0.9900 F(10)-F(11)#8 0.825(3)
C(27B)-H(27D) 0.9900 F(10)-F(11)#4 0.825(3)
C(28B)-H(28C) 0.9900 F(11)-F(11)#8 1.573(4)
C(28B)-H(28D) 0.9900 F(11)-F(11)#7 1.593(6)
P(2)-F(2) 1.587(6)
P(2)-F(2)#1 1.587(6)
P(2)-F(2)#2 1.587(6)
P(2)-F(1)#1 1.588(6)
P(2)-F(L)#2 1.588(6)
P(2)-F(1) 1.589(6)
P(3)-F(7)#3 1.5798(12)
P(3)-F(7) 1.5798(12)
P(3)-F(8) 1.5797(12)
P(3)-F(8)#3 1.5797(12)
P(3)-F(3) 1.5801(12)
P(3)-F(3)#3 1.5802(12)
P(3)-F(6)#3 1.5807(12)
P(3)-F(6) 1.5807(12)
P(3)-F(5) 1.5810(12)
P(3)-F(5)#3 1.5811(12)
P(3)-F(4)#3 1.5815(12)
P(3)-F(4) 1.5815(12)
F(3)-F(6)#3 1.014(16)
F(3)-F(7)#3 1.479(13)
F(4)-F(8)#3 1.144(16)
F(4)-F(7)#3 1.355(14)
F(5)-F(8)#3 1.351(14)
F(5)-F(6)#3 1.482(13)
F(5)-F(5)#3 1.530(16)
F(7)-F(7)#3 1.528(16)
P(4)-F(10)#4 1.5814(12)



Table S3. Bond angles (deg.) for [(4,4'-Mez-bipy)Cu(S(CH2)s)(P'Bus)][PFs]. Symmetry
transformations used to generate equivalent atoms: #1 -y+2, X-y+1, z; #2 -x+y+1, -x+2, z; #3 y, X,
-Z+1; #4 -x+y+1, -x+1, z; #5 -y+1, X-y, z; #6 y+'5, X-V5,-2+%; #7 X-y+V5,-y+%5,-2+%5; #8 -x+1Y4, -
X+y+%s, -z+%.

N(2)-Cu(1)-N(1) 79.2(2) C(7)-C(6)-C(5) 122.1(5)
N(2)-Cu(1)-P(1) 122.80(16) C(6)-C(7)-C(8) 118.7(6)
N(1)-Cu(1)-P(1) 122.77(17) C(6)-C(7)-H(7) 120.7
N(2)-Cu(1)-S(1) 103.29(16) C(8)-C(7)-H(7) 120.7
N(1)-Cu(1)-S(1) 105.02(17) C(9)-C(8)-C(7) 117.6(6)
P(1)-Cu(1)-S(1) 116.84(7) C(9)-C(8)-C(12) 122.6(6)
C(28A)-S(1)-C(25A) 104.7(7) C(7)-C(8)-C(12) 119.8(6)
C(25B)-S(1)-C(28B) 106.3(9) C(8)-C(9)-C(10) 120.0(6)
C(25B)-S(1)-Cu(1) 111.0(8) C(8)-C(9)-H(9) 120.0
C(28A)-S(1)-Cu(1) 117.6(8) C(10)-C(9)-H(9) 120.0
C(25A)-S(1)-Cu(1) 108.8(6) N(2)-C(10)-C(9) 122.6(6)
C(28B)-S(1)-Cu(1) 105.6(11) N(2)-C(10)-H(10) 118.7
C(21)-P(1)-C(13) 108.3(3) C(9)-C(10)-H(10) 118.7
C(21)-P(1)-C(17) 107.7(3) C(3)-C(11)-H(11A) 109.5
C(13)-P(1)-C(17) 108.8(3) C(3)-C(11)-H(11B) 1095
C(21)-P(1)-Cu(1) 109.9(2) H(11A)-C(11)-H(11B) 109.5
C(13)-P(1)-Cu(1) 110.2(2) C(3)-C(11)-H(11C) 1095
C(17)-P(1)-Cu(1) 111.8(2) H(11A)-C(11)-H(11C) 109.5
C(1)-N(1)-C(5) 118.8(5) H(11B)-C(11)-H(11C) 1095
C(1)-N(1)-Cu(1) 126.8(4) C(8)-C(12)-H(12A) 109.5
C(5)-N(1)-Cu(1) 114.1(4) C(8)-C(12)-H(12B) 109.5
C(10)-N(2)-C(6) 118.5(5) H(12A)-C(12)-H(12B) 109.5
C(10)-N(2)-Cu(1) 126.4(4) C(8)-C(12)-H(12C) 109.5
C(6)-N(2)-Cu(1) 114.7(4) H(12A)-C(12)-H(12C) 109.5
N(1)-C(1)-C(2) 123.4(6) H(12B)-C(12)-H(12C) 109.5
N(1)-C(1)-H(1) 118.3 C(16)-C(13)-C(15) 108.3(6)
C(2)-C(1)-H(1) 118.3 C(16)-C(13)-C(14) 109.7(6)
C(1)-C(2)-C(3) 118.7(5) C(15)-C(13)-C(14) 105.2(6)
C(1)-C(2)-H(2) 120.6 C(16)-C(13)-P(1) 116.1(5)
C(3)-C(2)-H(2) 120.6 C(15)-C(13)-P(1) 110.1(5)
C(4)-C(3)-C(2) 117.4(5) C(14)-C(13)-P(1) 106.8(4)
C(4)-C(3)-C(11) 121.9(6) C(13)-C(14)-H(14A) 109.5
C(2)-C(3)-C(11) 120.7(6) C(13)-C(14)-H(14B) 1095
C(5)-C(4)-C(3) 120.4(6) H(14A)-C(14)-H(14B) 109.5
C(5)-C(4)-H(4) 119.8 C(13)-C(14)-H(14C) 1095
C(3)-C(4)-H(4) 119.8 H(14A)-C(14)-H(14C) 109.5
N(1)-C(5)-C(4) 121.3(6) H(14B)-C(14)-H(14C) 1095
N(1)-C(5)-C(6) 116.1(5) C(13)-C(15)-H(15A) 109.5
C(4)-C(5)-C(6) 122.6(5) C(13)-C(15)-H(15B) 1095
N(2)-C(6)-C(7) 122.6(5) H(15A)-C(15)-H(15B) 109.5

N(2)-C(6)-C(5) 115.3(5) C(13)-C(15)-H(15C) 109.5



Table S3. Bond angles (deg.) for [(4,4'-Mez-bipy)Cu(S(CH2)s)(P'Bus)][PFs]. Symmetry
transformations used to generate equivalent atoms: #1 -y+2, X-y+1, z; #2 -x+y+1, -x+2, z; #3 y, X,
-Z+1; #4 -x+y+1, -x+1, z; #5 -y+1, X-y, z; #6 y+'5, X-V5,-2+%; #7 X-y+V5,-y+%5,-2+%5; #8 -x+1Y4, -
X+y+%s, -z+%.

H(15A)-C(15)-H(15C) 109.5 C(21)-C(22)-H(22C) 109.5
H(15B)-C(15)-H(15C) 109.5 H(22A)-C(22)-H(22C) 109.5
C(13)-C(16)-H(16A) 109.5 H(22B)-C(22)-H(22C) 109.5
C(13)-C(16)-H(16B) 109.5 C(21)-C(23)-H(23A) 109.5
H(16A)-C(16)-H(16B) 109.5 C(21)-C(23)-H(23B) 109.5
C(13)-C(16)-H(16C) 109.5 H(23A)-C(23)-H(23B) 109.5
H(16A)-C(16)-H(16C) 109.5 C(21)-C(23)-H(23C) 109.5
H(16B)-C(16)-H(16C) 109.5 H(23A)-C(23)-H(23C) 109.5
C(18)-C(17)-C(20) 109.3(6) H(23B)-C(23)-H(23C) 1095
C(18)-C(17)-C(19) 109.7(6) C(21)-C(24)-H(24A) 109.5
C(20)-C(17)-C(19) 105.1(6) C(21)-C(24)-H(24B) 1095
C(18)-C(17)-P(1) 116.6(5) H(24A)-C(24)-H(24B) 109.5
C(20)-C(17)-P(1) 109.6(4) C(21)-C(24)-H(24C) 1095
C(19)-C(17)-P(1) 105.9(5) H(24A)-C(24)-H(24C) 109.5
C(17)-C(18)-H(18A) 109.5 H(24B)-C(24)-H(24C) 1095
C(17)-C(18)-H(18B) 109.5 C(26A)-C(25A)-S(1) 99.2(8)
H(18A)-C(18)-H(18B) 109.5 C(26A)-C(25A)-H(25A) 111.9
C(17)-C(18)-H(18C) 109.5 S(1)-C(25A)-H(25A) 111.9
H(18A)-C(18)-H(18C) 109.5 C(26A)-C(25A)-H(25B) 111.9
H(18B)-C(18)-H(18C) 109.5 S(1)-C(25A)-H(25B) 111.9
C(17)-C(19)-H(19A) 109.5 H(25A)-C(25A)-H(25B) 109.6
C(17)-C(19)-H(19B) 109.5 C(25A)-C(26A)-C(27A) 110.3(9)
H(19A)-C(19)-H(19B) 109.5 C(25A)-C(26A)-H(26A) 109.6
C(17)-C(19)-H(19C) 109.5 C(27A)-C(26A)-H(26A) 109.6
H(19A)-C(19)-H(19C) 109.5 C(25A)-C(26A)-H(26B) 109.6
H(19B)-C(19)-H(19C) 109.5 C(27A)-C(26A)-H(26B) 109.6
C(17)-C(20)-H(20A) 109.5 H(26A)-C(26A)-H(26B) 108.1
C(17)-C(20)-H(20B) 109.5 C(28A)-C(27A)-C(26A) 113.2(10)
H(20A)-C(20)-H(20B) 109.5 C(28A)-C(27A)-H(27A) 108.9
C(17)-C(20)-H(20C) 109.5 C(26A)-C(27A)-H(27A) 108.9
H(20A)-C(20)-H(20C) 109.5 C(28A)-C(27A)-H(27B) 108.9
H(20B)-C(20)-H(20C) 109.5 C(26A)-C(27A)-H(27B) 108.9
C(22)-C(21)-C(24) 108.5(6) H(27A)-C(27A)-H(27B) 107.8
C(22)-C(21)-C(23) 108.8(5) C(27A)-C(28A)-S(1) 100.8(9)
C(24)-C(21)-C(23) 105.1(5) C(27A)-C(28A)-H(28A) 111.6
C(22)-C(21)-P(1) 115.7(4) S(1)-C(28A)-H(28A) 111.6
C(24)-C(21)-P(1) 110.2(4) C(27A)-C(28A)-H(28B) 111.6
C(23)-C(21)-P(1) 108.0(4) S(1)-C(28A)-H(28B) 111.6
C(21)-C(22)-H(22A) 109.5 H(28A)-C(28A)-H(28B) 109.4
C(21)-C(22)-H(22B) 109.5 C(26B)-C(25B)-S(1) 97.5(10)

H(22A)-C(22)-H(22B) 109.5 C(26B)-C(25B)-H(25C) 112.3



Table S3. Bond angles (deg.) for [(4,4'-Mez-bipy)Cu(S(CH2)s)(P'Bus)][PFs]. Symmetry
transformations used to generate equivalent atoms: #1 -y+2, X-y+1, z; #2 -x+y+1, -x+2, z; #3 y, X,
-Z+1; #4 -x+y+1, -x+1, z; #5 -y+1, X-y, z; #6 y+'5, X-V5,-2+%; #7 X-y+V5,-y+%5,-2+%5; #8 -x+1Y4, -

X+y+%s, -z+%.

S(1)-C(25B)-H(25C) 112.3 F(7)-P(3)-F(8)#3 129.3(6)
C(26B)-C(25B)-H(25D) 112.3 F(8)-P(3)-F(8)#3 137.5(7)
S(1)-C(25B)-H(25D) 112.3 F(7)#3-P(3)-F(3) 55.8(5)
H(25C)-C(25B)-H(25D) 109.9 F(7)-P(3)-F(3) 90.06(8)
C(25B)-C(26B)-C(27B) 113.3(10) F(8)-P(3)-F(3) 90.07(8)
C(25B)-C(26B)-H(26C) 108.9 F(8)#3-P(3)-F(3) 103.4(3)
C(27B)-C(26B)-H(26C) 108.9 F(7)#3-P(3)-F(3)#3 90.06(8)
C(25B)-C(26B)-H(26D) 108.9 F(7)-P(3)-F(3)#3 55.8(5)
C(27B)-C(26B)-H(26D) 108.9 F(8)-P(3)-F(3)#3 103.4(3)
H(26C)-C(26B)-H(26D) 107.7 F(8)#3-P(3)-F(3)#3 90.07(8)
C(28B)-C(27B)-C(26B) 113.1(11) F(3)-P(3)-F(3)#3 142.6(6)
C(28B)-C(27B)-H(27C) 109.0 F(7)#3-P(3)-F(6)#3 90.01(8)
C(26B)-C(27B)-H(27C) 109.0 F(7)-P(3)-F(6)#3 124.2(5)
C(28B)-C(27B)-H(27D) 109.0 F(8)-P(3)-F(6)#3 76.5(3)
C(26B)-C(27B)-H(27D) 109.0 F(8)#3-P(3)-F(6)#3 90.03(8)
H(27C)-C(27B)-H(27D) 107.8 F(3)-P(3)-F(6)#3 37.4(6)
C(27B)-C(28B)-S(1) 99.0(10) F(3)#3-P(3)-F(6)#3 179.88(11)
C(27B)-C(28B)-H(28C) 112.0 F(7)#3-P(3)-F(6) 124.2(5)
S(1)-C(28B)-H(28C) 112.0 F(7)-P(3)-F(6) 90.01(8)
C(27B)-C(28B)-H(28D) 112.0 F(8)-P(3)-F(6) 90.03(8)
S(1)-C(28B)-H(28D) 112.0 F(8)#3-P(3)-F(6) 76.5(3)
H(28C)-C(28B)-H(28D) 109.6 F(3)-P(3)-F(6) 179.88(11)
F(2)-P(2)-F(2)#1 90.6(4) F(3)#3-P(3)-F(6) 37.4(6)
F(2)-P(2)-F(2)#2 90.7(4) F(6)#3-P(3)-F(6) 142.6(6)
F(2)#1-P(2)-F(2)#2 90.6(4) F(7)#3-P(3)-F(5) 122.1(7)
F(2)-P(2)-F(L)#1 90.2(4) F(7)-P(3)-F(5) 179.92(13)
F(2)#1-P(2)-F(1)#1 179.0(4) F(8)-P(3)-F(5) 90.02(8)
F(2)#2-P(2)-F(1)#1 88.9(3) F(8)#3-P(3)-F(5) 50.6(6)
F(2)-P(2)-F(L)#2 88.9(3) F(3)-P(3)-F(5) 89.95(8)
F(2)#1-P(2)-F(1)#2 90.2(4) F(3)#3-P(3)-F(5) 124.1(6)
F(2)#2-P(2)-F(1)#2 179.0(4) F(6)#3-P(3)-F(5) 55.9(6)
F(L)#1-P(2)-F(1)#2 90.3(4) F(6)-P(3)-F(5) 89.95(8)
F(2)-P(2)-F(1) 179.0(4) F(7)#3-P(3)-F(5)#3 179.92(13)
F(2)#1-P(2)-F(1) 88.9(3) F(7)-P(3)-F(5)#3 122.1(7)
F(2)#2-P(2)-F(1) 90.2(4) F(8)-P(3)-F(5)#3 50.6(6)
F(L)#1-P(2)-F(1) 90.3(4) F(8)#3-P(3)-F(5)#3 90.02(8)
F(1)#2-P(2)-F(1) 90.3(4) F(3)-P(3)-F(5)#3 124.1(5)
F(7)#3-P(3)-F(7) 57.8(7) F(3)#3-P(3)-F(5)#3 89.97(8)
F(7)#3-P(3)-F(8) 129.3(6) F(6)#3-P(3)-F(5)#3 89.96(8)
F(7)-P(3)-F(8) 90.05(8) F(6)-P(3)-F(5)#3 55.9(6)
F(7)#3-P(3)-F(8)#3 90.05(8) F(5)-P(3)-F(5)#3 57.9(7)



Table S3. Bond angles (deg.) for [(4,4'-Mez-bipy)Cu(S(CH2)s)(P'Bus)][PFs]. Symmetry
transformations used to generate equivalent atoms: #1 -y+2, X-y+1, z; #2 -x+y+1, -x+2, z; #3 y, X,
-Z+1; #4 -x+y+1, -x+1, z; #5 -y+1, X-y, z; #6 y+'5, X-V5,-2+%; #7 X-y+V5,-y+%5,-2+%5; #8 -x+1Y4, -

X+y+%s, -z+%.

F(7)#3-P(3)-F(4)#3 90.00(8) F(7)#3-F(7)-P(3) 61.1(3)
F(7)-P(3)-F(4)#3 50.8(6) F(4)#3-F(8)-F(5)#3 127.0(3)
F(8)-P(3)-F(4)#3 42.4(6) F(4)#3-F(8)-P(3) 68.9(3)
F(8)#3-P(3)-F(4)#3 179.94(14) F(5)#3-F(8)-P(3) 64.7(3)
F(3)-P(3)-F(4)#3 76.6(3) F(10)#4-P(4)-F(10) 120.0
F(3)#3-P(3)-F(4)#3 89.97(8) F(10)#4-P(4)-F(10)#5 120.000(1)
F(6)#3-P(3)-F(4)#3 89.94(8) F(10)-P(4)-F(10)#5 120.001(1)
F(6)-P(3)-F(4)#3 103.5(3) F(10)#4-P(4)-F(9) 90.0
F(5)-P(3)-F(4)#3 129.3(6) F(10)-P(4)-F(9) 90.0
F(5)#3-P(3)-F(4)#3 89.93(8) F(10)#5-P(4)-F(9) 90.0
F(7)#3-P(3)-F(4) 50.7(6) F(10)#4-P(4)-F(9)#6 90.0
F(7)-P(3)-F(4) 90.00(8) F(10)-P(4)-F(9)#6 90.000(1)
F(8)-P(3)-F(4) 179.94(14) F(10)#5-P(4)-F(9)#6 90.004(1)
F(8)#3-P(3)-F(4) 42.4(6) F(9)-P(4)-F(9)#6 180.0
F(3)-P(3)-F(4) 89.96(8) F(10)#4-P(4)-F(11)#4 89.78(10)
F(3)#3-P(3)-F(4) 76.6(3) F(10)-P(4)-F(11)#4 30.21(10)
F(6)#3-P(3)-F(4) 103.5(3) F(10)#5-P(4)-F(11)#4 150.22(10)
F(6)-P(3)-F(4) 89.94(8) F(9)-P(4)-F(11)#4 89.84(10)
F(5)-P(3)-F(4) 89.93(8) F(9)#6-P(4)-F(11)#4 90.16(10)
F(5)#3-P(3)-F(4) 129.3(6) F(L0)#4-P(4)-F(11)#5 30.22(10)
F(4)#3-P(3)-F(4) 137.6(7) F(10)-P(4)-F(11)#5 150.21(10)
F(6)#3-F(3)-F(7)#3 126.5(3) F(L0)#5-P(4)-F(11)#5 89.78(10)
F(6)#3-F(3)-P(3) 71.3(3) F(9)-P(4)-F(11)#5 89.84(10)
F(7)#3-F(3)-P(3) 62.1(3) F(9)#6-P(4)-F(11)#5 90.16(10)
F(8)#3-F(4)-F(7)#3 126.7(3) F(11)#4-P(4)-F(11)#5 119.999(1)
F(8)#3-F(4)-P(3) 68.7(3) F(10)#4-P(4)-F(11)#6 30.21(10)
F(7)#3-F(4)-P(3) 64.6(3) F(10)-P(4)-F(11)#6 89.79(10)
F(8)#3-F(5)-F(6)#3 104.1(8) F(LOY#5-P(4)-F(11)#6 150.21(10)
F(8)#3-F(5)-F(5)#3 101.6(7) F(9)-P(4)-F(11)#6 90.15(10)
F(6)#3-F(5)-F(5)#3 95.8(6) F(9)#6-P(4)-F(11)#6 89.85(10)
F(8)#3-F(5)-P(3) 64.6(3) F(11)#4-P(4)-F(11)#6 59.6(2)
F(6)#3-F(5)-P(3) 62.0(3) F(L1)#5-P(4)-F(11)#6 60.4(2)
F(5)#3-F(5)-P(3) 61.1(3) F(10)#4-P(4)-F(11)#7 89.78(10)
F(3)#3-F(6)-F(5)#3 126.2(3) F(10)-P(4)-F(11)#7 150.22(10)
F(3)#3-F(6)-P(3) 71.3(3) F(10)#5-P(4)-F(11)#7 30.22(10)
F(5)#3-F(6)-P(3) 62.1(3) F(9)-P(4)-F(11)#7 90.15(10)
F(4)#3-F(7)-F(3)#3 104.1(8) F(9)#6-P(4)-F(11)#7 89.85(10)
F(4)#3-F(7)-F(7)#3 101.5(7) F(L1)#4-P(4)-F(11)#7 179.6(2)
F(3)#3-F(7)-F(7)#3 96.1(6) F(LL)#5-P(4)-F(11)#7 59.6(2)
F(4)#3-F(7)-P(3) 64.7(3) F(11)#6-P(4)-F(11)#7 119.997(1)
F(3)#3-F(7)-P(3) 62.1(3) F(10)#4-P(4)-F(11)#8 150.21(10)



Table S3. Bond angles (deg.) for [(4,4'-Mez-bipy)Cu(S(CH2)s)(P'Bus)][PFs]. Symmetry
transformations used to generate equivalent atoms: #1 -y+2, X-y+1, z; #2 -x+y+1, -x+2, z; #3 y, X,
-Z+1; #4 -x+y+1, -x+1, z; #5 -y+1, X-y, z; #6 y+'5, X-V5,-2+%; #7 X-y+V5,-y+%5,-2+%5; #8 -x+1Y4, -
X+y+%s, -z+%.

F(10)-P(4)-F(11)#8 30.21(10)
F(L0)#5-P(4)-F(11)#8 89.79(10)
F(9)-P(4)-F(11)#8 90.15(10)
F(9)#6-P(4)-F(11)#8 89.85(10)
F(11)#4-P(4)-F(11)#8 60.4(2)
F(11)#5-P(4)-F(11)#8 179.6(2)
F(11)#6-P(4)-F(11)#8 119.997(2)
F(L1)#7-P(4)-F(11)#8 120.005(1)
F(10)#4-P(4)-F(11) 150.21(10)
F(10)-P(4)-F(11) 89.79(10)
F(L0)#5-P(4)-F(11) 30.21(10)
F(9)-P(4)-F(11) 89.84(10)
F(9)#6-P(4)-F(11) 90.16(10)
F(11)#4-P(4)-F(11) 120.001(3)
F(11)#5-P(4)-F(11) 119.998(2)
F(11)#6-P(4)-F(11) 179.6(2)
F(L1)#7-P(4)-F(11) 60.4(2)
F(11)#8-P(4)-F(11) 59.6(2)
F(11)#8-F(10)-F(11)#4 150.0(3)
F(11)#8-F(10)-P(4) 74.99(13)
F(11)#4-F(10)-P(4) 74.99(13)
F(10)#5-F(11)-F(11)#8 135.00(13)
F(L0)#5-F(11)-P(4) 74.79(14)
F(11)#8-F(11)-P(4) 60.21(10)
F(L0)#5-F(11)-F(11)#7 15.01(13)
F(11)#8-F(11)-F(11)#7 119.994(5)

P(4)-F(11)-F(11)#7 59.78(10)



Table S4. Anisotropic  displacement parameters (A2 x 10%) for [(4,4'-Me;-
bipy)Cu(S(CH2)4)(P'Bus)][PFs]. The anisotropic displacement factor exponent takes the form: -
2n?[h?a*?Ut + ... + 2hka*b*U*?].

Atom Ull U22 U33 U23 Ul3 U12
Cull) 28(1) 27(1) 45(1) 2(1) 3(1) 15(1)
S(1) 70(2) 69(1) 69(1) -10(1) -26(1) 48(1)
P(1)  24(1) 27(1) 32(1) -5(1) “1(1) 14(1)
N@L)  23(2) 27(2) 57(3) -5(2) 3(2) 13(2)
NQ2)  32(3) 24(2) 43(3) 0(2) 6(2) 13(2)
C)  29(3) 25(3) 56(4) -4(3) 3(3) 12(2)
c2) 2202 28(3) 48(3) 4(2) 4(2) 10(2)
c@3)  26(3) 33(3) 43(3) 0(2) 4(2) 14(2)
c(4)  28(3) 26(3) 49(3) 2(2) 7(2) 13(2)
cG)  25(3) 20(2) 45(3) 3(2) 3(2) 13(2)
c)  17(2) 24(3) 49(3) 2(2) 1(2) 9(2)
c(?)  31(3) 27(3) 52(4) 3(2) 7(3) 16(3)
c(8)  323) 28(3) 60(4) 8(3) 9(3) 14(3)
c@  28Q3) 28(3) 55(4) 11(3) 10(3) 9(3)
C(10)  37(3) 37(3) 42(3) -4(3) 7(3) 18(3)
C(1l)  43(4) 41(4) 66(5) -12(3) 22(3) 12(3)
C(12)  60(5) 25(3) 105(7) 7(4) 32(5) 15(3)
C(13)  38(3) 56(4) 38(3) 7(3) 2(3) 35(3)
C(14)  44(4) 64(5) 41(3) 7(3) 12(3) 29(4)
C(15)  68(5) 77(6) 38(3) -22(4) -15(3) 51(5)
C(16)  54(4) 81(6) 51(4) 7(4) 3(3) 54(4)
cl7)  30(3) 29(3) 50(4) 7(3) -7(3) 13(3)
C(18)  44(4) 36(4) 70(5) -4(3) -10(3) 22(3)
C(19)  36(4) 35(3) 70(5) -16(3) -16(3) 14(3)
C(20)  28(3) 33(3) 59(4) 14(3) 8(3) 8(3)
c(2l)  25(3) 31(3) 33(3) -3(2) -3(2) 10(2)
C(22)  38(3) 54(4) 42(3) 1(3) -8(3) 26(3)
C(23)  41(3) 39(3) 33(3) -5(2) 3(3) 12(3)
C(24)  29(3) 44(4) 45(4) -4(3) -3(3) 3(3)
P(2) 28(1) 28(1) 82(2) 0 0 14(1)
F(1)  70(4) 45(3) 120(5) 8(3) -30(3) 28(3)

F(2) 94(5) 57(3) 116(5) 36(3) 48(4) 39(3)



Table S5. Hydrogen coordinates (x 10 and isotropic displacement parameters (A% x 10%) for
[(4,4'-Me2-bipy)Cu(S(CH2)4)(P'Bus)][PFs].

H atom X y z U(eq)
H(1) 8388 8125 3836 45
H(2) 9056 7904 3493 41
H(4) 7338 5511 3523 41
H(7) 6412 4588 3759 44
H(9) 4690 4124 4311 47
H(10) 5257 5515 4369 47
H(11A) 8448 5911 3223 81
H(11B) 9271 6744 3284 81
H(11C) 8618 6738 3083 81
H(12A) 4882 3174 3794 99
H(12B) 4665 2982 4098 99
H(12C) 5525 3142 3990 99
H(14A) 5618 6865 4571 73
H(14B) 4857 6636 4383 73
H(14C) 4876 6968 4673 73
H(15A) 5939 8347 4796 82
H(15B) 6521 8989 4581 82
H(15C) 6640 8238 4661 82
H(16A) 4554 7767 4275 80
H(16B) 5271 8697 4287 80
H(16C) 4820 8233 4550 80
H(18A) 6565 9613 4244 74
H(18B) 6348 9551 3938 74
H(18C) 7246 10193 4037 74
H(19A) 8202 9771 4176 73
H(19B) 7952 8830 4178 73
H(19C) 7590 9172 4395 73
H(20A) 7817 9620 3719 64
H(20B) 6922 8957 3623 64
H(20C) 7536 8671 3727 64
H(22A) 5732 8597 3641 65
H(22B) 4983 8268 3841 65
H(22C) 4862 7852 3559 65
H(23A) 5497 7053 3450 62
H(23B) 5948 6808 3666 62
H(23C) 6388 7713 3550 62
H(24A) 4364 6861 4014 69
H(24B) 4837 6361 3995 69
H(24C) 4382 6446 3742 69

H(25A) 7142 6172 4866 87



Table S5. Hydrogen coordinates (x 10 and isotropic displacement parameters (A% x 10%) for
[(4,4'-Me2-bipy)Cu(S(CH2)4)(P'Bus)][PFs].

H atom X y z U(eq)
H(25B) 6831 5815 4574 87
H(26A) 8130 6187 4431 86
H(26B) 8218 5993 4731 86
H(27A) 8978 7362 4843 105
H(27B) 9312 7371 4554 105
H(28A) 8786 8125 4392 118
H(28B) 8761 8359 4695 118
H(25C) 7074 6429 4942 87
H(25D) 6415 5992 4708 87
H(26C) 7257 5668 4476 86
H(26D) 7531 5594 4767 86
H(27C) 8769 6758 4729 105
H(27D) 8641 6444 4432 105
H(28C) 8602 7551 4285 118
H(28D) 8939 7944 4572 118

Structure Determination Summary

Crystal Data and Structure Refinement for [(4,4'-Mez-bipy)Cu(S=C(NH2)2)(P'Bus)][BFa].

Identification code JPD1053 Om_a

Empirical formula C2sH43BCuF4N4PS

Formula weight 613.01

Temperature 150(2) K

Wavelength 0.71073 A

Crystal system Monoclinic

Space group P21/n

Unit cell dimensions a=8.513(2) A a=90°
b =21.959(5) A B =103.105(4)°
c=16.595(4) A y=90°

Volume 3021.2(13) A3

Z 4

Density (calculated) 1.348 g/cm?®

Absorption coefficient 0.891 mm*

F(000) 1288

Crystal size 0.373 x 0.214 x 0.201 mm?®

0 range for data collection 1.564 to 29.586°

Index ranges -11<h<11,-30<k<30,-22<1<23

Reflections collected 58481

Independent reflections 8379 [R(int) = 0.0409]



Completeness to 6 = 25.242°
Absorption correction
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [[>206(])]

R indices (all data)
Extinction coefficient
Largest diff. peak and hole

100.0 %

Semi-empirical from equivalents
Full-matrix least-squares on F2
8379/36/315

1.049

R1 =0.0575, wR2 = 0.1463
R1=0.0693, wR2 = 0.1560

n/a

1.332and -1.183 e-A*®



Table S1. Atomic coordinates (x 10%) and equivalent isotropic displacement parameters (A? x 10°)
for [(4,4'-Mez-bipy)Cu(S=C(NH2)2)(P'Bus)][BF:]. U(eq) is defined as one third of the trace of the
orthogonalized U" tensor.

Atom X y z U(eq)
cu(l) 2804(1) 4580(1) 7087(1) 21(1)
P(1) 1942(1) 5426(1) 7606(1) 22(1)
s(1) 3864(1) 4716(1) 5948(1) 34(1)
F(1) 5246(2) 2336(1) 5721(1) 37(1)
F(2) 5397(3) 1745(1) 4614(1) 43(1)
F3) 7673(3) 2092(1) 5468(2) 63(1)
F(4) 6016(3) 2750(1) 4621(1) 55(1)
N(1) 4161(3) 3935(1) 7888(1) 25(1)
N(2) 1235(3) 3799(1) 6938(1) 24(1)
N(3) 3942(3) 3509(1) 5916(2) 32(1)
N(4) 5143(3) 3993(1) 4998(2) 35(1)
c() 5711(3) 3983(1) 8287(2) 34(1)
c2) 6459(4) 3580(2) 8893(2) 37(1)
cE) 5577(4) 3008(1) 9111(2) 32(1)
C(4) 3969(3) 3043(1) 8692(2) 27(1)
c5) 3304(3) 3463(1) 8080(2) 22(1)
C(6) 1616(3) 3416(1) 7588(2) 20(1)
c(7) 505(3) 3006(1) 7777(2) 23(1)
() -1049(3) 2075(1) 7286(2) 25(1)
c(9) -1411(3) 3357(1) 6600(2) 31(1)
C(10) -254(3) 3756(1) 6451(2) 31(1)
c(11) 6312(5) 2641(2) 9764(2) 47(1)
c(12) -2265(4) 2541(2) 7487(2) 34(1)
C(13A) 861(2) 5257(1) 8506(1) 20(1)
C(14A) -765(2) 4987(1) 8070(2) 47(1)
C(15A) 1933(3) 4782(1) 9041(2) 43(1)
C(16A) 650(4) 5824(1) 9007(2) 36(1)
C(13B) 1297(2) 5247(1) 8664(2) 20(1)
C(14B) 362(3) 4647(1) 8527(3) 47(1)
C(15B) 2874(2) 5182(2) 9317(3) 43(1)
C(16B) 260(3) 5766(1) 8873(3) 36(1)
C(17A) 3814(2) 5978(1) 8054(1) 34(1)
C(18A) 4665(4) 5720(1) 8896(1) 52(1)
C(19A) 4887(3) 5944(2) 7431(1) 51(1)
C(20A) 3204(4) 6626(1) 8131(2) 44(1)
C(17B) 3621(3) 6030(1) 7791(1) 34(1)
C(18B) 5121(3) 5647(1) 8140(2) 52(1)
C(19B) 3597(6) 6257(2) 6917(1) 51(1)

C(20B) 3449(5) 6556(1) 8370(1) 44(1)



Table S1. Atomic coordinates (x 10%) and equivalent isotropic displacement parameters (A? x 10°)
for [(4,4'-Mez-bipy)Cu(S=C(NH2)2)(P'Bus)][BF:]. U(eq) is defined as one third of the trace of the
orthogonalized U" tensor.

Atom X y z U(eq)
C(21A) 453(2) 5863(1) 6696(1) 39(1)
C(22A) 571(3) 5349(1) 6224(2) 54(1)
C(23A) 1503(3) 6165(1) 6174(2) 53(1)
C(24A) -586(3) 6330(1) 7020(2) 51(1)
C(21B) 51(2) 5703(2) 6826(3) 39(1)
C(22B) -1445(2) 5344(1) 6904(2) 54(1)
C(23B) 332(4) 5676(2) 5953(2) 53(1)
C(24B) -303(6) 6411(1) 7008(2) 51(1)
C(25) 4348(3) 4023(1) 5595(2) 24(1)

B(1) 6094(4) 2217(2) 5105(2) 31(1)



Table S2. Bond lengths (A) for [(4,4'-Me2-bipy)Cu(S=C(NH2)2)(P'Bus)][BF4]. Symmetry
transformations used to generate equivalent atoms:

Cu(1)-N(1) 2.098(2) C(11)-H(11B) 0.9800
Cu(1)-N(2) 2.153(2) C(11)-H(11C) 0.9800
Cu(1)-P(1) 2.2412(8) C(12)-H(12A) 0.9800
Cu(1)-S(1) 2.2918(9) C(12)-H(12B) 0.9800
P(1)-C(17B) 1.923(2) C(12)-H(12C) 0.9800
P(1)-C(21B) 1.922(4) C(13A)-C(15A) 1.5291(3)
P(1)-C(13A) 1.960(2) C(13A)-C(14A) 1.5290(3)
P(1)-C(21A) 1.9851(17) C(13A)-C(16A) 1.5290(3)
P(1)-C(13B) 1.994(3) C(14A)-H(14A) 0.9800
P(1)-C(17A) 2.0058(19) C(14A)-H(14B) 0.9800
S(1)-C(25) 1.714(3) C(14A)-H(14C) 0.9800
F(1)-B(1) 1.402(4) C(15A)-H(15A) 0.9800
F(2)-B(1) 1.368(4) C(15A)-H(15B) 0.9800
F(3)-B(1) 1.370(4) C(15A)-H(15C) 0.9800
F(4)-B(1) 1.413(4) C(16A)-H(16A) 0.9800
N(1)-C(1) 1.339(4) C(16A)-H(16B) 0.9800
N(1)-C(5) 1.347(3) C(16A)-H(16C) 0.9800
N(2)-C(10) 1.343(3) C(13B)-C(15B) 1.5290(3)
N(2)-C(6) 1.347(3) C(13B)-C(14B) 1.5290(3)
N(3)-C(25) 1.327(3) C(13B)-C(16B) 1.5290(3)
N(3)-H(3A) 0.8800 C(14B)-H(14D) 0.9800
N(3)-H(3B) 0.8800 C(14B)-H(14E) 0.9800
N(4)-C(25) 1.323(3) C(14B)-H(14F) 0.9800
N(4)-H(4A) 0.8800 C(15B)-H(15D) 0.9800
N(4)-H(4B) 0.8800 C(15B)-H(15E) 0.9800
C(1)-C(2) 1.382(5) C(15B)-H(15F) 0.9800
C(1)-H(1) 0.9500 C(16B)-H(16D) 0.9800
C(2)-C(3) 1.392(5) C(16B)-H(16E) 0.9800
C(2)-H(2) 0.9500 C(16B)-H(16F) 0.9800
C(3)-C(4) 1.392(4) C(17A)-C(20A) 1.5290(3)
C(3)-C(11) 1.506(4) C(17A)-C(18A) 1.5290(3)
C(4)-C(5) 1.393(4) C(17A)-C(19A) 1.5290(3)
C(4)-H(4) 0.9500 C(18A)-H(18A) 0.9800
C(5)-C(6) 1.487(3) C(18A)-H(18B) 0.9800
C(6)-C(7) 1.393(3) C(18A)-H(18C) 0.9800
C(7)-C(8) 1.389(4) C(19A)-H(19A) 0.9800
C(7)-H() 0.9500 C(19A)-H(19B) 0.9800
C(8)-C(9) 1.390(4) C(19A)-H(19C) 0.9800
C(8)-C(12) 1.500(4) C(20A)-H(20A) 0.9800
C(9)-C(10) 1.382(4) C(20A)-H(20B) 0.9800
C(9)-H(9) 0.9500 C(20A)-H(20C) 0.9800
C(10)-H(10) 0.9500 C(17B)-C(18B) 1.5290(3)

C(11)-H(11A) 0.9800 C(17B)-C(20B) 1.5290(3)



Table S2. Bond lengths (A) for [(4,4'-Me2-bipy)Cu(S=C(NH2)2)(P'Bus)][BF4]. Symmetry
transformations used to generate equivalent atoms:

C(17B)-C(19B) 1.5290(4)
C(18B)-H(18D) 0.9800
C(18B)-H(18E) 0.9800
C(18B)-H(18F) 0.9800
C(19B)-H(19D) 0.9800
C(19B)-H(19E) 0.9800
C(19B)-H(19F) 0.9800
C(20B)-H(20D) 0.9800
C(20B)-H(20E) 0.9800
C(20B)-H(20F) 0.9800
C(21A)-C(23A) 1.5290(3)
C(21A)-C(22A) 1.5290(3)
C(21A)-C(24A) 1.5290(3)
C(22A)-H(22A) 0.9800
C(22A)-H(22B) 0.9800
C(22A)-H(22C) 0.9800
C(23A)-H(23A) 0.9800
C(23A)-H(23B) 0.9800
C(23A)-H(23C) 0.9800
C(24A)-H(24A) 0.9800
C(24A)-H(24B) 0.9800
C(24A)-H(24C) 0.9800
C(21B)-C(23B) 1.522(5)
C(21B)-C(22B) 1.5290(3)
C(21B)-C(24B) 1.625(5)
C(22B)-H(22D) 0.9800
C(22B)-H(22E) 0.9800
C(22B)-H(22F) 0.9800
C(23B)-H(23D) 0.9800
C(23B)-H(23E) 0.9800
C(23B)-H(23F) 0.9800
C(24B)-H(24D) 0.9800
C(24B)-H(24E) 0.9800

C(24B)-H(24F) 0.9800



Table S3. Bond angles (deg.) for [(4,4'-Mez-bipy)Cu(S=C(NH2)2)(P'Bus)][BFs]. Symmetry
transformations used to generate equivalent atoms:

N(1)-Cu(1)-N(2) 76.95(9) N(1)-C(5)-C(4) 122.0(2)
N(1)-Cu(1)-P(1) 119.83(7) N(1)-C(5)-C(6) 115.5(2)
N(2)-Cu(1)-P(1) 117.11(7) C(4)-C(5)-C(6) 122.5(2)
N(1)-Cu(1)-S(1) 110.33(7) N(2)-C(6)-C(7) 122.1(2)
N(2)-Cu(1)-S(1) 111.07(6) N(2)-C(6)-C(5) 115.1(2)
P(1)-Cu(1)-S(1) 115.64(3) C(7)-C(6)-C(5) 122.8(2)
C(17B)-P(1)-C(21B) 111.60(10) C(8)-C(7)-C(6) 120.3(2)
C(13A)-P(1)-C(21A) 110.03(8) C(8)-C(7)-H(7) 119.8
C(17B)-P(1)-C(13B) 109.76(9) C(6)-C(7)-H(7) 119.8
C(21B)-P(1)-C(13B) 107.43(14) C(7)-C(8)-C(9) 117.1(2)
C(13A)-P(1)-C(17A) 107.62(8) C(7)-C(8)-C(12) 121.0(3)
C(21A)-P(1)-C(17A) 107.87(8) C(9)-C(8)-C(12) 121.9(3)
C(17B)-P(1)-Cu(1) 109.73(7) C(10)-C(9)-C(8) 119.6(2)
C(21B)-P(1)-Cu(1) 107.54(15) C(10)-C(9)-H(9) 120.2
C(13A)-P(1)-Cu(1) 112.74(6) C(8)-C(9)-H(9) 120.2
C(21A)-P(1)-Cu(1) 108.51(6) N(2)-C(10)-C(9) 123.4(3)
C(13B)-P(1)-Cu(1) 110.74(6) N(2)-C(10)-H(10) 118.3
C(17A)-P(1)-Cu(1) 109.98(6) C(9)-C(10)-H(10) 118.3
C(25)-S(1)-Cu(1) 109.62(9) C(3)-C(11)-H(11A) 1095
C(1)-N(1)-C(5) 117.9(2) C(3)-C(11)-H(11B) 109.5
C(1)-N(1)-Cu() 126.9(2) H(11A)-C(11)-H(11B) 1095
C(5)-N(1)-Cu(1) 114.77(17) C(3)-C(11)-H(11C) 109.5
C(10)-N(2)-C(6) 117.5(2) H(11A)-C(11)-H(11C) 109.5
C(10)-N(2)-Cu(1) 127.00(19) H(11B)-C(11)-H(11C) 109.5
C(6)-N(2)-Cu(1) 111.97(16) C(8)-C(12)-H(12A) 109.5
C(25)-N(3)-H(3A) 120.0 C(8)-C(12)-H(12B) 109.5
C(25)-N(3)-H(3B) 120.0 H(12A)-C(12)-H(12B) 109.5
H(3A)-N(3)-H(3B) 120.0 C(8)-C(12)-H(12C) 109.5
C(25)-N(4)-H(4A) 120.0 H(12A)-C(12)-H(12C) 109.5
C(25)-N(4)-H(4B) 120.0 H(12B)-C(12)-H(12C) 109.5
H(4A)-N(4)-H(4B) 120.0 C(15A)-C(13A)-C(14A)  111.578(18)
N(1)-C(1)-C(2) 123.4(3) C(15A)-C(13A)-C(16A)  111.578(19)
N(1)-C(1)-H(1) 118.3 C(14A)-C(13A)-C(16A)  111.579(16)
C(2)-C(1)-H(1) 118.3 C(15A)-C(13A)-P(1) 104.48(15)
C(1)-C(2)-C(3) 119.3(3) C(14A)-C(13A)-P(1) 104.10(15)
C(1)-C(2)-H(2) 120.4 C(16A)-C(13A)-P(1) 113.11(15)
C(3)-C(2)-H(2) 120.4 C(13A)-C(14A)-H(14A) 109.5
C(2)-C(3)-C(4) 117.6(3) C(13A)-C(14A)-H(14B) 109.5
C(2)-C(3)-C(11) 122.2(3) H(14A)-C(14A)-H(14B) 1095
C(4)-C(3)-C(11) 120.2(3) C(13A)-C(14A)-H(14C) 109.5
C(3)-C(4)-C(5) 119.8(3) H(14A)-C(14A)-H(14C) 1095
C(3)-C(4)-H(4) 120.1 H(14B)-C(14A)-H(14C) 109.5
C(5)-C(4)-H(4) 120.1 C(13A)-C(15A)-H(15A) 109.5



Table S3. Bond angles (deg.) for [(4,4'-Mex-bipy)Cu(S=C(NH2)2)(P'Bus)][BFs]. Symmetry
transformations used to generate equivalent atoms:

C(13A)-C(15A)-H(15B) 109.5 H(18A)-C(18A)-H(18B) 109.5
H(15A)-C(15A)-H(15B) 109.5 C(17A)-C(18A)-H(18C) 109.5
C(13A)-C(15A)-H(15C) 109.5 H(18A)-C(18A)-H(18C) 109.5
H(15A)-C(15A)-H(15C) 109.5 H(18B)-C(18A)-H(18C) 109.5
H(15B)-C(15A)-H(15C) 109.5 C(17A)-C(19A)-H(19A) 109.5
C(13A)-C(16A)-H(16A) 109.5 C(17A)-C(19A)-H(19B) 109.5
C(13A)-C(16A)-H(16B) 109.5 H(19A)-C(19A)-H(19B) 109.5
H(16A)-C(16A)-H(16B) 109.5 C(17A)-C(19A)-H(19C) 109.5
C(13A)-C(16A)-H(16C) 109.5 H(19A)-C(19A)-H(19C) 109.5
H(16A)-C(16A)-H(16C) 109.5 H(19B)-C(19A)-H(19C) 109.5
H(16B)-C(16A)-H(16C) 109.5 C(17A)-C(20A)-H(20A) 109.5
C(15B)-C(13B)-C(14B)  111.583(14) C(17A)-C(20A)-H(20B) 109.5
C(15B)-C(13B)-C(16B)  111.584(16) H(20A)-C(20A)-H(20B) 109.5
C(14B)-C(13B)-C(16B) 111.58(2) C(17A)-C(20A)-H(20C) 109.5
C(15B)-C(13B)-P(1) 105.7(2) H(20A)-C(20A)-H(20C) 109.5
C(14B)-C(13B)-P(1) 106.1(2) H(20B)-C(20A)-H(20C) 109.5
C(16B)-C(13B)-P(1) 110.0(2) C(18B)-C(17B)-C(20B)  111.581(15)
C(13B)-C(14B)-H(14D) 109.5 C(18B)-C(17B)-C(19B)  111.582(13)
C(13B)-C(14B)-H(14E) 109.5 C(20B)-C(17B)-C(19B)  111.582(19)
H(14D)-C(14B)-H(14E) 109.5 C(18B)-C(17B)-P(1) 101.99(15)
C(13B)-C(14B)-H(14F) 109.5 C(20B)-C(17B)-P(1) 116.60(17)
H(14D)-C(14B)-H(14F) 109.5 C(19B)-C(17B)-P(1) 102.90(19)
H(14E)-C(14B)-H(14F) 109.5 C(17B)-C(18B)-H(18D) 109.5
C(13B)-C(15B)-H(15D) 109.5 C(17B)-C(18B)-H(18E) 109.5
C(13B)-C(15B)-H(15E) 109.5 H(18D)-C(18B)-H(18E) 109.5
H(15D)-C(15B)-H(15E) 109.5 C(17B)-C(18B)-H(18F) 109.5
C(13B)-C(15B)-H(15F) 109.5 H(18D)-C(18B)-H(18F) 109.5
H(15D)-C(15B)-H(15F) 109.5 H(18E)-C(18B)-H(18F) 109.5
H(15E)-C(15B)-H(15F) 109.5 C(17B)-C(19B)-H(19D) 109.5
C(13B)-C(16B)-H(16D) 109.5 C(17B)-C(19B)-H(19E) 109.5
C(13B)-C(16B)-H(16E) 109.5 H(19D)-C(19B)-H(19E) 109.5
H(16D)-C(16B)-H(16E) 109.5 C(17B)-C(19B)-H(19F) 109.5
C(13B)-C(16B)-H(16F) 109.5 H(19D)-C(19B)-H(19F) 109.5
H(16D)-C(16B)-H(16F) 109.5 H(19E)-C(19B)-H(19F) 109.5
H(16E)-C(16B)-H(16F) 109.5 C(17B)-C(20B)-H(20D) 109.5
C(20A)-C(17A)-C(18A)  111.582(14) C(17B)-C(20B)-H(20E) 109.5
C(20A)-C(17A)-C(19A)  111.581(12) H(20D)-C(20B)-H(20E) 109.5
C(18A)-C(17A)-C(19A)  111.581(19) C(17B)-C(20B)-H(20F) 109.5
C(20A)-C(17A)-P(1) 109.67(13) H(20D)-C(20B)-H(20F) 109.5
C(18A)-C(17A)-P(1) 106.70(14) H(20E)-C(20B)-H(20F) 109.5
C(19A)-C(17A)-P(1) 105.41(13) C(23A)-C(21A)-C(22A)  111.581(18)
C(17A)-C(18A)-H(18A) 109.5 C(23A)-C(21A)-C(24A)  111.582(19)

C(17A)-C(18A)-H(18B) 109.5 C(22A)-C(21A)-C(24A) 111.58(2)



Table S3. Bond angles (deg.) for [(4,4'-Mez-bipy)Cu(S=C(NH2)2)(P'Bus)][BFs]. Symmetry
transformations used to generate equivalent atoms:

C(23A)-C(21A)-P(1) 106.59(13) H(24D)-C(24B)-H(24F) 109.5
C(22A)-C(21A)-P(1) 102.94(14) H(24E)-C(24B)-H(24F) 109.5
C(24A)-C(21A)-P(1) 112.16(13) N(4)-C(25)-N(3) 118.8(2)
C(21A)-C(22A)-H(22A) 109.5 N(4)-C(25)-S(1) 120.3(2)
C(21A)-C(22A)-H(22B) 109.5 N(3)-C(25)-S(1) 120.9(2)
H(22A)-C(22A)-H(22B) 109.5 F(2)-B(1)-F(3) 111.1(3)
C(21A)-C(22A)-H(22C) 109.5 F(2)-B(1)-F(1) 110.5(3)
H(22A)-C(22A)-H(22C) 109.5 F(3)-B(1)-F(1) 109.4(3)
H(22B)-C(22A)-H(22C) 109.5 F(2)-B(1)-F(4) 109.3(3)
C(21A)-C(23A)-H(23A) 109.5 F(3)-B(1)-F(4) 109.3(3)
C(21A)-C(23A)-H(23B) 109.5 F(1)-B(1)-F(4) 107.1(2)
H(23A)-C(23A)-H(23B) 109.5
C(21A)-C(23A)-H(23C) 109.5
H(23A)-C(23A)-H(23C) 109.5
H(23B)-C(23A)-H(23C) 109.5
C(21A)-C(24A)-H(24A) 109.5
C(21A)-C(24A)-H(24B) 109.5
H(24A)-C(24A)-H(24B) 109.5
C(21A)-C(24A)-H(24C) 109.5
H(24A)-C(24A)-H(24C) 109.5
H(24B)-C(24A)-H(24C) 109.5
C(23B)-C(21B)-C(22B) 112.0(3)
C(23B)-C(21B)-C(24B) 106.9(2)
C(22B)-C(21B)-C(24B) 106.6(2)
C(23B)-C(21B)-P(1) 109.9(2)
C(22B)-C(21B)-P(1) 111.4(2)
C(24B)-C(21B)-P(1) 109.9(3)
C(21B)-C(22B)-H(22D) 109.5
C(21B)-C(22B)-H(22E) 109.5
H(22D)-C(22B)-H(22E) 109.5
C(21B)-C(22B)-H(22F) 109.5
H(22D)-C(22B)-H(22F) 109.5
H(22E)-C(22B)-H(22F) 109.5
C(21B)-C(23B)-H(23D) 109.5
C(21B)-C(23B)-H(23E) 109.5
H(23D)-C(23B)-H(23E) 109.5
C(21B)-C(23B)-H(23F) 109.5
H(23D)-C(23B)-H(23F) 109.5
H(23E)-C(23B)-H(23F) 109.5
C(21B)-C(24B)-H(24D) 109.5
C(21B)-C(24B)-H(24E) 109.5
H(24D)-C(24B)-H(24E) 109.5

C(21B)-C(24B)-H(24F) 109.5



Table S4. Anisotropic  displacement parameters (A? x 10%) for [(4,4'-Me;-
bipy)Cu(S=C(NH2).)(P'Bus)][BFa4]. The anisotropic displacement factor exponent takes the form:
-2m?[h? a*2Ut + ... + 2hka*b*U'?).

Atom Ull U22 U33 U23 Ul3 U12
Cu(l) 23(1) 17(1) 24(1) -1(1) 10(1) 0(1)
P 27(1) 19(1) 25(1) -1(1) 14(1) 2(1)
S(1)  53(1) 18(1) 39(1) 1(1) 32(1) 3(1)
F(1)  42(1) 39(1) 33(1) -4(1) 13(1) 9(1)
FQ) 620 32(1) 37(1) -10(1) 15(1) -11(1)
F(3)  36(1) 88(2) 63(1) -20(1) 8(1) 14(1)
F(4)  100(2) 25(1) 49(1) -2(1) 34(1) 1(1)
N@L)  21(1) 23(1) 31(1) -1(1) 4(1) 0(1)
NQ2) 241 24(1) 24(1) 4(1) 3(1) 5(1)
N@E)  44(1) 19(1) 40(1) -6(1) 25(1) -3(1)
N@4)  55(2) 23(1) 36(1) 1(1) 29(1) 6(1)
c@)  22(1) 29(1) 51(2) -3(1) 4(1) -2(1)
c(2)  23(1) 37(2) 45(2) -9(1) -4(1) 4(1)
C@3)  33(1) 31(1) 27(1) -5(1) -2(1) 8(1)
c(d)  30(1) 25(1) 26(1) 0(1) 4(1) 2(1)
cG)  21(1) 21(1) 24(1) 2(1) 4(1) 1(1)
c)  21(1) 20(1) 21(1) -1(1) 5(1) 0(1)
c)  27(1) 20(1) 21(1) 1(1) 6(1) -4(1)
c(8)  24(1) 23(1) 29(1) -4(1) 9(1) -6(1)
CcO)  25(1) 31(1) 32(1) 0(1) -1(1) -7(1)
C(10)  31(1) 31(1) 26(1) 7(1) -2(1) 5(1)
C(1l) 47(2) 47(2) 37(2) 1(1) -11(1) 14(2)
c(12)  30(1) 36(2) 39(2) -1(1) 12(1) -12(1)
C(25) 29(1) 22(1) 25(1) -1(1) 11(1) 2(1)

B(1)  35(2) 26(2) 31(2) -5(1) 9(1) 0(1)



Table S5. Hydrogen coordinates (x 10 and isotropic displacement parameters (A% x 10%) for
[(4,4'-Me2-bipy)Cu(S=C(NH2)2)(P'Bus)][BFa].

H atom X y z U(eq)
H(3A) 4202 3156 5731 38
H(3B) 3413 3521 6314 38
H(4A) 5393 3636 4820 42
H(4B) 5421 4329 4778 42
H(1) 6327 4310 8147 41
H(2) 7564 3631 9158 44
H(4) 3327 2720 8823 33
H(7) 810 2747 8245 27
H(9) -2448 3343 6237 37
H(10) -526 4012 5979 37
H(11A) 6587 2270 9498 70
H(11B) 5537 2542 10100 70
H(11C) 7290 2813 10119 70
H(12A) -2443 2207 7085 52
H(12B) -3284 2756 7462 52
H(12C) -1864 2377 8045 52
H(14A) -1421 5302 7734 71
H(14B) -590 4650 7713 71
H(14C) -1328 4835 8484 71
H(15A) 2963 4970 9311 64
H(15B) 1393 4629 9463 64
H(15C) 2131 4444 8692 64
H(16A) -41 6118 8647 54
H(16B) 150 5709 9461 54
H(16C) 1707 6008 9233 54
H(14D) -639 4705 8106 71
H(14E) 1022 4335 8341 71
H(14F) 105 4517 9047 71
H(15D) 3441 5574 9389 64
H(15E) 2637 5057 9843 64
H(15F) 3555 4874 9137 64
H(16D) -738 5795 8444 54
H(16E) -2 5685 9409 54
H(16F) 856 6150 8902 54
H(18A) 5040 5306 8825 79
H(18B) 5591 5978 9140 79
H(18C) 3911 5711 9263 79
H(19A) 5256 5524 7397 77
H(19B) 4271 6074 6886 77

H(19C) 5822 6212 7611 77



Table S5. Hydrogen coordinates (x 10 and isotropic displacement parameters (A% x 10%) for
[(4,4'-Me2-bipy)Cu(S=C(NH2)2)(P'Bus)][BFa].

H atom X y z U(eq)
H(20A) 2667 6777 7582 66
H(20B) 2438 6624 8491 66
H(20C) 4118 6891 8368 66
H(18D) 5194 5316 7755 79
H(18E) 6084 5904 8213 79
H(18F) 5046 5476 8675 79
H(19D) 2623 6500 6713 77
H(19E) 4553 6508 6928 77
H(19F) 3601 5907 6550 77
H(20D) 2479 6791 8129 66
H(20E) 3360 6392 8907 66
H(20F) 4398 6820 8445 66
H(22A) -1227 5166 6575 81
H(22B) -1278 5513 5721 81
H(22C) 137 5038 6073 81
H(23A) 2141 6491 6494 79
H(23B) 2228 5860 6022 79
H(23C) 812 6335 5671 79
H(24A) -1241 6123 7351 76
H(24B) 113 6630 7364 76
H(24C) -1294 6537 6552 76
H(22D) -1584 5373 7473 81
H(22E) -2397 5512 6524 81
H(22F) -1312 4916 6766 81
H(23D) 1298 5911 5928 79
H(23E) 482 5251 5805 79
H(23F) -603 5847 5563 79
H(24D) -492 6449 7567 76
H(24E) 628 6661 6963 76
H(24F) -1260 6552 6603 76

Structure Determination Summary

Crystal Data and Structure Refinement for [(Mesphen)CuCI(P'Bus)]-CH2Cl.

Identification code JPD1153 Om_b
Empirical formula C29H45CI3CuN2P
Formula weight 622.53
Temperature 150(2) K

Wavelength 0.71073 A



Crystal system
Space group
Unit cell dimensions

Volume

VA

Density (calculated)
Absorption coefficient
F(000)

Crystal size

0 range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to 6 = 25.242°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [[>206(])]

R indices (all data)
Extinction coefficient
Largest diff. peak and hole

orthorhombic

Pbca

a=17.5756(9) A a=90°
b = 14.4820(8) A B =90°
c = 24.3504(13) A y=90°
6197.9(6) A3

8

1.334 g/cm?®

1.036 mm*

2624

0.274 x 0.250 x 0.160 mm?®

1.673 to 30.540°
-25<h<25,-20<k<20,-34<1<34
211726

9479 [R(int) = 0.0436]

99.8%

Semi-empirical from equivalents
0.85and 0.76

Full-matrix least-squares on F2
9479/18/ 446

1.127

R1=0.0822, wR2 = 0.2220
R1=0.0991, wR2 = 0.2334

n/a

0.889 and -1.747 e-A3



Table S1. Atomic coordinates (x 10%) and equivalent isotropic displacement parameters (A? x 10°)
for [(Mesphen)CuCI(P'Bus)]-CH2Cl2. U(eq) is defined as one third of the trace of the
orthogonalized U" tensor.

Atom X y z U(eq)
cu(1) 4136(1) 6518(1) 3541(1) 36(1)
i) 3313(1) 7111(1) 4210(1) 49(1)
P(1) 3702(1) 6797(1) 2685(1) 32(1)
N(1) 4420(2) 5223(3) 3879(1) 36(1)
N(2) 5235(2) 6788(3) 3852(1) 36(1)
c() 3999(2) 4458(4) 3914(2) 42(1)
c2) 4238(2) 3640(3) 4179(2) 39(1)
cE) 4949(2) 3609(3) 4420(2) 39(1)
C(4) 5402(2) 4418(3) 4394(2) 37(1)
c5) 6146(2) 4482(4) 4642(2) 43(1)
C(6) 6562(2) 5262(4) 4608(2) 45(1)
c(7) 6291(2) 6074(3) 4337(2) 37(1)
() 6704(2) 6912(4) 4314(2) 42(1)
c(9) 6354(2) 7685(3) 4084(2) 41(1)
C(10) 5622(3) 7572(3) 3857(2) 41(1)
c(11) 5555(2) 6045(3) 4098(1) 34(1)
c(12) 5120(2) 5204(3) 4119(2) 34(1)
c(13) 3693(3) 2826(4) 4188(2) 52(1)
C(14) 5233(3) 2758(4) 4708(2) 49(1)
C(15) 7506(3) 6982(4) 4530(2) 55(1)
C(16) 6723(3) 8622(4) 4074(2) 56(1)
C(17A) 2720(4) 6657(5) 2603(3) 42(2)
C(18A) 2515(11) 5850(11) 2087(7) 40(3)
C(19A) 2406(11) 6496(12) 2020(4) 57(4)
C(20A) 2311(6) 7512(6) 2837(4) 50(2)
C(21A) 4068(4) 7998(6) 2425(3) 48(2)
C(22A) 3664(7) 8374(8) 1910(4) 61(3)
C(23A) 4934(5) 8056(9) 2335(6) 58(3)
C(24A) 3909(15) 8607(17) 2930(9) 62(6)
C(25A) 4280(5) 5928(6) 2199(3) 54(2)
C(26A) 3935(8) 4961(6) 2283(6) 67(3)
C27A) 4263(9) 6140(10) 1581(3) 67(3)
C(28A) 5110(9) 5848(16) 2395(14) 80(9)
C(17B) 3059(6) 5934(7) 2453(4) 47(3)
C(18B) 2452(15) 5734(19) 2892(10) 56(8)
C(19B) 2596(14) 6163(15) 1935(7) 63(5)
C(20B) 3464(9) 5009(7) 2341(5) 58(4)
C(21B) 3341(5) 8003(7) 2667(4) 44(2)

C(22B) 2529(6) 7986(11) 2904(6) 55(3)



Table S1. Atomic coordinates (x 10%) and equivalent isotropic displacement parameters (A? x 10°)
for [(Mesphen)CuCI(P'Bus)]-CH2Cl2. U(eq) is defined as one third of the trace of the
orthogonalized U" tensor.

Atom X y z U(eq)
C(23B) 3285(9) 8464(9) 2098(4) 55(3)
C(24B) 3796(17) 8690(20) 3019(14) 58(6)
C(25B) 4637(6) 6795(6) 2212(3) 41(2)
C(26B) 5140(12) 5055(13) 2347(13) 45(5)
C(27B) 4448(8) 6743(11) 1595(3) 57(3)
C(28B) 5127(8) 7659(7) 2317(7) 48(3)
cl2) 6833(1) 5193(2) 608(1) 87(1)
CI(3A) 5273(3) 4925(5) 807(3) 85(2)
CI(3B) 5187(3) 4581(6) 627(3) 102(2)

C(29) 6102(5) 4418(6) 437(4) 84(2)



Table S2. Bond lengths (A) for [(Mesphen)CuCI(P'Bus)]-CH2Clz. Symmetry transformations used

to generate equivalent atoms:

Cu(1)-N(1)
Cu(1)-N(2)
Cu(1)-P(1)
Cu(1)-Cl(1)
P(1)-C(25B)
P(1)-C(17B)
P(1)-C(17A)
P(1)-C(21A)
P(1)-C(21B)
P(1)-C(25A)
N(1)-C(1)
N(1)-C(12)
N(2)-C(10)
N(2)-C(11)
C(1)-C(2)
C(1)-H(L)
C(2)-C(3)
C(2)-C(13)
C(3)-C(4)
C(3)-C(14)
C(4)-C(12)
C(4)-C(5)
C(5)-C(6)
C(5)-H(5)
C(6)-C(7)
C(6)-H(6)
C(7)-C(8)
C(7)-C(11)
C(8)-C(9)
C(8)-C(15)
C(9)-C(10)
C(9)-C(16)
C(10)-H(10)
C(11)-C(12)
C(13)-H(13A)
C(13)-H(13B)
C(13)-H(13C)
C(14)-H(14A)
C(14)-H(14B)
C(14)-H(14C)
C(15)-H(15A)
C(15)-H(15B)
C(15)-H(15C)

2.108(4)
2.111(3)
2.2071(11)
2.3405(12)
1.881(10)
1.881(10)
1.906(7)
1.915(8)
1.918(10)
1.930(9)
1.336(6)
1.364(5)
1.324(6)
1.355(5)
1.413(6)
0.9500
1.381(6)
1.519(7)
1.419(7)
1.503(6)
1.410(6)
1.444(6)
1.349(7)
0.9500
1.430(7)
0.9500
1.415(7)
1.418(5)
1.394(7)
1.509(6)
1.410(6)
1.505(7)
0.9500
1.438(6)
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800

C(16)-H(16A)

C(16)-H(16B)

C(16)-H(16C)

C(17A)-C(18A)
C(17A)-C(19A)
C(17A)-C(20A)
C(18A)-H(18A)
C(18A)-H(18B)
C(18A)-H(18C)
C(19A)-H(19A)
C(19A)-H(19B)
C(19A)-H(19C)
C(20A)-H(20A)
C(20A)-H(20B)
C(20A)-H(20C)
C(21A)-C(23A)
C(21A)-C(24A)
C(21A)-C(22A)
C(22A)-H(22A)
C(22A)-H(22B)
C(22A)-H(22C)
C(23A)-H(23A)
C(23A)-H(23B)
C(23A)-H(23C)
C(24A)-H(24A)
C(24A)-H(24B)
C(24A)-H(24C)
C(25A)-C(27A)
C(25A)-C(26A)
C(25A)-C(28A)
C(26A)-H(26A)
C(26A)-H(26B)
C(26A)-H(26C)
C(27A)-H(27A)
C(27A)-H(27B)
C(27A)-H(27C)
C(28A)-H(28A)
C(28A)-H(28B)
C(28A)-H(28C)
C(17B)-C(18B)
C(17B)-C(19B)
C(17B)-C(20B)
C(18B)-H(18D)

0.9800
0.9800
0.9800

1.540(5)

1.540(5)

1.541(5)
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800

1.540(5)

1.539(5)

1.541(5)
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800

1.537(5)

1.539(5)

1.539(5)
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800

1.539(5)

1.539(5)

1.541(5)
0.9800



Table S2. Bond lengths (A) for [(Mesphen)CuCI(P'Bus)]-CH2Clz. Symmetry transformations used
to generate equivalent atoms:

C(18B)-H(18E) 0.9800
C(18B)-H(18F) 0.9800
C(19B)-H(19D) 0.9800
C(19B)-H(19E) 0.9800
C(19B)-H(19F) 0.9800
C(20B)-H(20D) 0.9800
C(20B)-H(20E) 0.9800
C(20B)-H(20F) 0.9800
C(21B)-C(22B) 1.538(5)
C(21B)-C(24B) 1.539(5)
C(21B)-C(23B) 1.541(5)
C(22B)-H(22D) 0.9800
C(22B)-H(22E) 0.9800
C(22B)-H(22F) 0.9800
C(23B)-H(23D) 0.9800
C(23B)-H(23E) 0.9800
C(23B)-H(23F) 0.9800
C(24B)-H(24D) 0.9800
C(24B)-H(24E) 0.9800
C(24B)-H(24F) 0.9800
C(25B)-C(27B) 1.539(5)
C(25B)-C(26B) 1.540(5)
C(25B)-C(28B) 1.540(5)
C(26B)-H(26D) 0.9800
C(26B)-H(26E) 0.9800
C(26B)-H(26F) 0.9800
C(27B)-H(27D) 0.9800
C(27B)-H(27E) 0.9800
C(27B)-H(27F) 0.9800
C(28B)-H(28D) 0.9800
C(28B)-H(28E) 0.9800
C(28B)-H(28F) 0.9800
CI(2)-C(29) 1.756(8)
CI(3A)-C(29) 1.864(10)
CI(3B)-C(29) 1.690(10)
C(29)-H(29A) 0.9900

C(29)-H(29B) 0.9900



Table S3. Bond angles (deg.) for [(Mesphen)CuCI(P'Bus)]-CH2Cl,. Symmetry transformations
used to generate equivalent atoms:

N(1)-Cu(1)-N(2) 78.93(14) C(8)-C(7)-C(6) 123.5(4)
N(1)-Cu(1)-P(1) 126.56(10) C(11)-C(7)-C(6) 118.0(4)
N(2)-Cu(1)-P(1) 123.74(10) C(9)-C(8)-C(7) 118.6(4)
N(1)-Cu(1)-CI(1) 101.64(10) C(9)-C(8)-C(15) 119.8(5)
N(2)-Cu(1)-CI(1) 104.39(10) C(7)-C(8)-C(15) 121.6(5)
P(1)-Cu(1)-CI(1) 114.85(4) C(8)-C(9)-C(10) 117.8(4)
C(25B)-P(1)-C(17B) 110.8(4) C(8)-C(9)-C(16) 122.8(4)
C(17A)-P(1)-C(21A) 108.2(3) C(10)-C(9)-C(16) 119.3(5)
C(25B)-P(1)-C(21B) 108.3(4) N(2)-C(10)-C(9) 124.8(4)
C(17B)-P(1)-C(21B) 108.4(4) N(2)-C(10)-H(10) 117.6
C(17A)-P(1)-C(25A) 107.8(3) C(9)-C(10)-H(10) 117.6
C(21A)-P(1)-C(25A) 106.1(3) N(2)-C(11)-C(7) 122.4(4)
C(25B)-P(1)-Cu(1) 111.2(3) N(2)-C(11)-C(12) 117.9(3)
C(17B)-P(1)-Cu(1) 110.5(3) C(7)-C(11)-C(12) 119.7(4)
C(17A)-P(1)-Cu(1) 110.6(2) N(1)-C(12)-C(4) 122.5(4)
C(21A)-P(1)-Cu(1) 114.2(2) N(1)-C(12)-C(11) 116.6(4)
C(21B)-P(1)-Cu(1) 107.5(3) C(4)-C(12)-C(11) 120.9(4)
C(25A)-P(1)-Cu(1) 109.8(3) C(2)-C(13)-H(13A) 109.5
C(1)-N(1)-C(12) 117.1(4) C(2)-C(13)-H(13B) 1095
C(1)-N(1)-Cu(1) 129.2(3) H(13A)-C(13)-H(13B) 109.5
C(12)-N(1)-Cu() 113.6(3) C(2)-C(13)-H(13C) 1095
C(10)-N(2)-C(11) 117.6(4) H(13A)-C(13)-H(13C) 109.5
C(10)-N(2)-Cu(1) 129.2(3) H(13B)-C(13)-H(13C) 109.5
C(11)-N(2)-Cu(1) 113.1(3) C(3)-C(14)-H(14A) 109.5
N(1)-C(1)-C(2) 124.1(4) C(3)-C(14)-H(14B) 109.5
N(1)-C(1)-H(1) 117.9 H(14A)-C(14)-H(14B) 109.5
C(2)-C(1)-H(1) 117.9 C(3)-C(14)-H(14C) 109.5
C(3)-C(2)-C(1) 119.4(4) H(14A)-C(14)-H(14C) 109.5
C(3)-C(2)-C(13) 122.6(4) H(14B)-C(14)-H(14C) 109.5
C(1)-C(2)-C(13) 118.0(4) C(8)-C(15)-H(15A) 109.5
C(2)-C(3)-C(4) 117.5(4) C(8)-C(15)-H(15B) 109.5
C(2)-C(3)-C(14) 121.7(4) H(15A)-C(15)-H(15B) 109.5
C(4)-C(3)-C(14) 120.7(4) C(8)-C(15)-H(15C) 109.5
C(12)-C(4)-C(3) 119.4(4) H(15A)-C(15)-H(15C) 109.5
C(12)-C(4)-C(5) 117.7(4) H(15B)-C(15)-H(15C) 1095
C(3)-C(4)-C(5) 122.9(4) C(9)-C(16)-H(16A) 109.5
C(6)-C(5)-C(4) 121.3(4) C(9)-C(16)-H(16B) 1095
C(6)-C(5)-H(5) 119.4 H(16A)-C(16)-H(16B) 109.5
C(4)-C(5)-H(5) 119.4 C(9)-C(16)-H(16C) 1095
C(5)-C(6)-C(7) 122.4(4) H(16A)-C(16)-H(16C) 109.5
C(5)-C(6)-H(6) 118.8 H(16B)-C(16)-H(16C) 1095
C(7)-C(6)-H(6) 118.8 C(18A)-C(17A)-C(19A) 111.2(12)

C(8)-C(7)-C(11) 118.5(4) C(18A)-C(17A)-C(20A) 106.0(10)



Table S3. Bond angles (deg.) for [(Mesphen)CuCI(P'Bus)]-CH2Cl,. Symmetry transformations
used to generate equivalent atoms:

C(19A)-C(17A)-C(20A) 107.3(8) C(21A)-C(24A)-H(24C) 109.5
C(18A)-C(17A)-P(1) 104.3(8) H(24A)-C(24A)-H(24C) 109.5
C(19A)-C(17A)-P(1) 117.8(9) H(24B)-C(24A)-H(24C) 109.5
C(20A)-C(17A)-P(1) 109.6(6) C(27A)-C(25A)-C(26A) 107.7(9)
C(17A)-C(18A)-H(18A) 109.5 C(27A)-C(25A)-C(28A) 109.7(15)
C(17A)-C(18A)-H(18B) 109.5 C(26A)-C(25A)-C(28A) 105.3(13)
H(18A)-C(18A)-H(18B) 109.5 C(27A)-C(25A)-P(1) 117.5(7)
C(17A)-C(18A)-H(18C) 109.5 C(26A)-C(25A)-P(1) 109.6(7)
H(18A)-C(18A)-H(18C) 109.5 C(28A)-C(25A)-P(1) 106.3(12)
H(18B)-C(18A)-H(18C) 109.5 C(25A)-C(26A)-H(26A) 109.5
C(17A)-C(19A)-H(19A) 109.5 C(25A)-C(26A)-H(26B) 1095
C(17A)-C(19A)-H(19B) 109.5 H(26A)-C(26A)-H(26B) 109.5
H(19A)-C(19A)-H(19B) 109.5 C(25A)-C(26A)-H(26C) 1095
C(17A)-C(19A)-H(19C) 109.5 H(26A)-C(26A)-H(26C) 109.5
H(19A)-C(19A)-H(19C) 109.5 H(26B)-C(26A)-H(26C) 1095
H(19B)-C(19A)-H(19C) 109.5 C(25A)-C(27A)-H(27A) 109.5
C(17A)-C(20A)-H(20A) 109.5 C(25A)-C(27A)-H(27B) 1095
C(17A)-C(20A)-H(20B) 109.5 H(27A)-C(27A)-H(27B) 109.5
H(20A)-C(20A)-H(20B) 109.5 C(25A)-C(27A)-H(27C) 1095
C(17A)-C(20A)-H(20C) 109.5 H(27A)-C(27A)-H(27C) 109.5
H(20A)-C(20A)-H(20C) 109.5 H(27B)-C(27A)-H(27C) 1095
H(20B)-C(20A)-H(20C) 109.5 C(25A)-C(28A)-H(28A) 109.5
C(23A)-C(21A)-C(24A) 105.2(12) C(25A)-C(28A)-H(28B) 109.5
C(23A)-C(21A)-C(22A) 108.7(9) H(28A)-C(28A)-H(28B) 109.5
C(24A)-C(21A)-C(22A) 111.4(15) C(25A)-C(28A)-H(28C) 109.5
C(23A)-C(21A)-P(1) 110.3(7) H(28A)-C(28A)-H(28C) 109.5
C(24A)-C(21A)-P(1) 102.1(11) H(28B)-C(28A)-H(28C) 109.5
C(22A)-C(21A)-P(1) 118.3(7) C(18B)-C(17B)-C(19B) 104.1(17)
C(21A)-C(22A)-H(22A) 109.5 C(18B)-C(17B)-C(20B) 106.2(14)
C(21A)-C(22A)-H(22B) 109.5 C(19B)-C(17B)-C(20B) 106.6(11)
H(22A)-C(22A)-H(22B) 109.5 C(18B)-C(17B)-P(1) 113.0(12)
C(21A)-C(22A)-H(22C) 109.5 C(19B)-C(17B)-P(1) 117.7(11)
H(22A)-C(22A)-H(22C) 109.5 C(20B)-C(17B)-P(1) 108.4(8)
H(22B)-C(22A)-H(22C) 109.5 C(17B)-C(18B)-H(18D) 109.5
C(21A)-C(23A)-H(23A) 109.5 C(17B)-C(18B)-H(18E) 1095
C(21A)-C(23A)-H(23B) 109.5 H(18D)-C(18B)-H(18E) 109.5
H(23A)-C(23A)-H(23B) 109.5 C(17B)-C(18B)-H(18F) 1095
C(21A)-C(23A)-H(23C) 109.5 H(18D)-C(18B)-H(18F) 109.5
H(23A)-C(23A)-H(23C) 109.5 H(18E)-C(18B)-H(18F) 1095
H(23B)-C(23A)-H(23C) 109.5 C(17B)-C(19B)-H(19D) 109.5
C(21A)-C(24A)-H(24A) 109.5 C(17B)-C(19B)-H(19E) 1095
C(21A)-C(24A)-H(24B) 109.5 H(19D)-C(19B)-H(19E) 109.5

H(24A)-C(24A)-H(24B) 109.5 C(17B)-C(19B)-H(19F) 109.5



Table S3. Bond angles (deg.) for [(Mesphen)CuCI(P'Bus)]-CH2Cl,. Symmetry transformations
used to generate equivalent atoms:

H(19D)-C(19B)-H(19F) 109.5 H(26E)-C(26B)-H(26F) 109.5
H(19E)-C(19B)-H(19F) 109.5 C(25B)-C(27B)-H(27D) 109.5
C(17B)-C(20B)-H(20D) 109.5 C(25B)-C(27B)-H(27E) 109.5
C(17B)-C(20B)-H(20E) 109.5 H(27D)-C(27B)-H(27E) 109.5
H(20D)-C(20B)-H(20E) 109.5 C(25B)-C(27B)-H(27F) 109.5
C(17B)-C(20B)-H(20F) 109.5 H(27D)-C(27B)-H(27F) 109.5
H(20D)-C(20B)-H(20F) 109.5 H(27E)-C(27B)-H(27F) 109.5
H(20E)-C(20B)-H(20F) 109.5 C(25B)-C(28B)-H(28D) 109.5
C(22B)-C(21B)-C(24B) 106.4(16) C(25B)-C(28B)-H(28E) 109.5
C(22B)-C(21B)-C(23B) 106.5(10) H(28D)-C(28B)-H(28E) 109.5
C(24B)-C(21B)-C(23B) 104.6(18) C(25B)-C(28B)-H(28F) 1095
C(22B)-C(21B)-P(1) 111.1(7) H(28D)-C(28B)-H(28F) 109.5
C(24B)-C(21B)-P(1) 111.2(16) H(28E)-C(28B)-H(28F) 1095
C(23B)-C(21B)-P(1) 116.3(7) CI(3B)-C(29)-CI(2) 122.9(6)
C(21B)-C(22B)-H(22D) 109.5 CI(2)-C(29)-CI(3A) 101.9(5)
C(21B)-C(22B)-H(22E) 109.5 CI(2)-C(29)-H(29A) 111.4
H(22D)-C(22B)-H(22E) 109.5 CI(3A)-C(29)-H(29A) 111.4
C(21B)-C(22B)-H(22F) 109.5 CI(2)-C(29)-H(29B) 111.4
H(22D)-C(22B)-H(22F) 109.5 CI(3A)-C(29)-H(29B) 111.4
H(22E)-C(22B)-H(22F) 109.5 H(29A)-C(29)-H(29B) 109.3
C(21B)-C(23B)-H(23D) 109.5
C(21B)-C(23B)-H(23E) 109.5
H(23D)-C(23B)-H(23E) 109.5
C(21B)-C(23B)-H(23F) 109.5
H(23D)-C(23B)-H(23F) 109.5
H(23E)-C(23B)-H(23F) 109.5
C(21B)-C(24B)-H(24D) 109.5
C(21B)-C(24B)-H(24E) 109.5
H(24D)-C(24B)-H(24E) 109.5
C(21B)-C(24B)-H(24F) 109.5
H(24D)-C(24B)-H(24F) 109.5
H(24E)-C(24B)-H(24F) 109.5
C(27B)-C(25B)-C(26B) 107.1(13)
C(27B)-C(25B)-C(28B) 108.8(11)
C(26B)-C(25B)-C(28B) 106.5(13)
C(27B)-C(25B)-P(1) 115.3(7)
C(26B)-C(25B)-P(1) 108.9(13)
C(28B)-C(25B)-P(1) 109.8(8)
C(25B)-C(26B)-H(26D) 109.5
C(25B)-C(26B)-H(26E) 109.5
H(26D)-C(26B)-H(26E) 109.5
C(25B)-C(26B)-H(26F) 109.5

H(26D)-C(26B)-H(26F) 109.5






Table S4. Anisotropic displacement parameters (A2 x 10%) for [(Mesphen)CuCI(P'Bus)]-CH:Cl..
The anisotropic displacement factor exponent takes the form: -2n?[h? a*2U! + ... + 2hka*b*U*?].

Atom Ull U22 U33 U23 U13 U12
Cul)  29(1) 49(1) 30(1) 0(1) -4(1) 4(2)
Cl(l)  38(1) 75(1) 34(1) -8(1) 0(1) 12(1)
P(1) 31(1) 36(1) 29(1) 3(1) -2(1) 1(1)
N(L) 27(1) 51(2) 28(1) 3(1) -1(1) 2(1)
N(2) 28(2) 50(2) 30(2) -3(1) -4(1) 2(1)
c(1) 31(2) 64(3) 30(2) 4(2) -2(2) 1(2)
c(2) 37(2) 53(2) 27(2) 2(2) 3(2) 0(2)
c(3) 40(2) 54(2) 22(2) 2(2) 3(1) 6(2)
C(4) 32(2) 56(2) 22(2) -3(2) 1(1) 8(2)
C(5) 36(2) 59(3) 33(2) -1(2) 7(2) 12(2)
C(6) 31(2) 69(3) 36(2) -5(2) -8(2) 6(2)
c(7) 29(2) 59(3) 25(2) -6(2) -1(1) 4(2)
C(8) 30(2) 68(3) 26(2) -9(2) 0(1) -2(2)
C(9) 36(2) 58(3) 28(2) -6(2) 2(2) 5(2)
C(10)  39(2) 53(3) 30(2) 0(2) -1(2) 0(2)
c(11)  28(2) 53(2) 22(2) -3(2) -1(1) 4(2)
Cc(12)  28(2) 53(2) 23(2) -2(2) 0(1) 8(2)
C(13)  47(2) 67(3) 41(2) 9(2) 2(2) -13(2)
C(14)  50(3) 58(3) 39(2) 3(2) -4(2) 9(2)
C(15)  34(2) 85(4) 45(2) -9(3) -8(2) -8(2)
C(16)  50(3) 68(3) 50(3) -4(2) 0(2) -18(2)
C(17A)  36(4) 56(5) 35(4) 12(3) -13(3) -8(3)
C(18A)  34(5) 48(6) 39(6) 11(5) -17(5) -21(5)
C(19A)  56(7) 72(10) 44(6) 8(5) -21(5) -10(6)
C(20A)  37(4) 59(6) 56(5) 18(5) 3(4) 11(4)
C(21A)  49(5) 52(5) 43(4) 14(4) 8(4) -3(4)
C(22A)  60(6) 72(8) 50(6) 24(5) 4(5) 1(5)
C(23A)  53(6) 60(7) 61(6) 0(6) 9(5) -14(5)
C(24A)  52(7) 25(6) 110(16) -A(7) 5(8) 5(6)
C(25A)  56(5) 64(6) 41(4) -11(4) 10(4) 3(4)
C(26A)  74(7) 50(6) 76(8) -23(5) -12(7) 6(6)
C(27TA)  92(9) 73(8) 35(4) 7(5) 8(5) -4(7)
C(28A) 65(13) 81(14) 93(19) -11(11) 37(11) 17(11)
C(17B)  50(6) 58(6) 32(4) 9(4) -11(4) -15(5)
C(18B)  42(9) 78(14) 47(10) 8(8) -24(7) -26(8)
C(19B) 66(13) 69(13) 53(8) 11(7) -31(8) -20(9)
C(20B) 91(11) A4(7) 40(6) -2(5) -8(7) -17(7)
C(21B)  42(5) 46(6) 44(5) 12(4) 4(4) 16(4)

C(22B)  40(6) 62(8) 63(7) 19(7) 15(6) 21(6)
Table S4. Anisotropic displacement parameters (A% x 10%) for [(Mesphen)CuCI(P'Bus)]-CH:Cl..



The anisotropic displacement factor exponent takes the form: -2n?[h? a*2U*! + ... + 2hka*b*U*?].

Atom Ull U22 U33 U23 Ul3 U12
C(23B)  60(8) 48(7) 56(7) 18(6) -3(6) 14(6)
C(24B) 65(14) 36(10) 72(10) -21(7) -7(10) 16(8)
C(25B)  47(5) 42(5) 34(4) 1(4) 5(4) -4(4)
C(26B) 44(10) 52(10) 38(7) 1(7) 7(7) 14(8)
C(27B)  69(8) 72(9) 30(5) 3(5) 17(5) 13(7)

C(28B)  45(6) 43(7) 56(7) 8(6) 8(6) -9(5)



Table S5. Hydrogen coordinates (x 10 and isotropic displacement parameters (A% x 10%) for
[(Mesphen)CuCI(P'Bus)]-CHCls.

H atom X y z U(eq)
H(1) 3507 4464 3752 50
H(5) 6347 3964 4833 51
H(6) 7054 5273 4770 54
H(10) 5390 8098 3694 49
H(13A) 3871 2352 3931 77
H(13B) 3184 3034 4080 77
H(13C) 3673 2567 4560 77
H(14A) 4827 2294 4720 74
H(14B) 5387 2917 5083 74
H(14C) 5671 2507 4508 74
H(15A) 7744 7546 4388 82
H(158B) 7799 6444 4409 82
H(15C) 7496 7002 4932 82
H(16A) 6864 8803 4448 84
H(16B) 6364 9075 3923 84
H(16C) 7179 8601 3843 84
H(18A) 2720 5969 3354 61
H(18B) 2733 5276 2842 61
H(18C) 1960 5789 3009 61
H(19A) 2562 5883 1891 86
H(19B) 2608 6968 1771 86
H(19C) 1850 6533 2026 86
H(20A) 1772 7369 2894 76
H(20B) 2358 8027 2578 76
H(20C) 2543 7684 3188 76
H(22A) 3813 9019 1850 01
H(22B) 3112 8339 1961 91
H(22C) 3810 8005 1589 01
H(23A) 5071 8684 2222 87
H(23B) 5085 7618 2048 87
H(23C) 5198 7903 2678 87
H(24A) 4296 8491 3211 93
H(24B) 3405 8458 3079 93
H(24C) 3923 9259 2823 93
H(26A) 3415 4950 2138 100
H(26B) 3926 4815 2676 100
H(26C) 4245 4502 2090 100
H27A) 4575 6687 1506 100
H(27B) 3738 6257 1465 100

H(27C) 4467 5612 1377 100



Table S5. Hydrogen coordinates (x 10 and isotropic displacement parameters (A% x 10%) for
[(Mesphen)CuCI(P'Bus)]-CHCls.

H atom X y z U(eq)
H(28A) 5350 5312 2222 120
H(28B) 5120 5774 2795 120
H(28C) 5389 6409 2294 120
H(18D) 2180 5165 2798 83
H(18E) 2091 6249 2908 83
H(18F) 2698 5660 3251 83
H(19D) 2937 6187 1616 94
H(19E) 2346 6762 1981 94
H(19F) 2210 5684 1876 94
H(20D) 3788 4850 2655 87
H(20E) 3778 5065 2011 87
H(20F) 3083 4523 2287 87
H(22D) 2510 7563 3217 82
H(22E) 2173 7777 2620 82
H(22F) 2388 8609 3024 82
H(23D) 3077 8022 1833 82
H(23E) 3792 8662 1979 82
H(23F) 2948 9003 2121 82
H(24D) 3471 9216 3116 87
H(24E) 4237 8912 2810 87
H(24F) 3970 8384 3355 87
H(26D) 4852 5386 2284 67
H(26E) 5298 5985 2733 67
H(26F) 5591 5960 2110 67
H(27D) 4921 6730 1382 86
H(27E) 4147 7285 1490 86
H(27F) 4154 6181 1521 86
H(28D) 5304 7656 2698 72
H(28E) 4821 8214 2251 72
H(28F) 5566 7655 2069 72
H(29A) 6216 3787 570 101
H(29B) 6014 4401 36 101

Structure Determination Summary
Crystal Data and Structure Refinement for [(Mesphen)Cul(P'Bus)]-CH2Cl>

Identification code JPD1152 Om_a
Empirical formula C29Has5CI2CulN2P



Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient
F(000)

Crystal size

0 range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to 6 = 34.000°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [[>20(I)]

R indices (all data)
Extinction coefficient
Largest diff. peak and hole

713.98

150(2) K

0.71073 A

monoclinic

P2i/c

a=12.8280(7) A a=90°
b =14.5770(8) A B =103.598(2)°
¢ =17.5423(10) A y = 90°
3188.4(3) A°

4

1.487 g/cm?®

1.891 mm*

1456

0.255 x 0.156 x 0.115 mm?®

2.265 to 34.422°

-20<h<20,-23 <k<23,-27<1<27
160862

13386 [R(int) = 0.0342]

99.9 %

Numerical

0.81 and 0.70

Full-matrix least-squares on F2
13386 /0/338

1.061

R1 =0.0285, wR2 = 0.0656

R1 =0.0395, wR2 = 0.0716

n/a

1.116 and -0.867 e- A3



Table S1. Atomic coordinates (x 10%) and equivalent isotropic displacement parameters (A? x 10°)
for [(Mesphen)Cul(P'Bus)]-CH2Cl,. U(eq) is defined as one third of the trace of the orthogonalized
U tensor.

Atom X y z U(eq)
160 8876(1) 1733(1) 4067(1) 26(1)
cu(1) 7362(1) 3003(1) 3828(1) 19(1)
P(1) 5649(1) 2573(1) 3540(1) 17(1)
N(1) 7929(1) 4051(1) 3109(1) 21(1)
N(2) 7961(1) 3934(1) 4729(1) 20(1)
c() 7979(1) 4090(1) 2451(1) 24(1)
c2) 8302(1) 4864(1) 2086(1) 25(1)
cE) 8571(1) 5657(1) 2524(1) 24(1)
C(4) 8604(1) 5616(1) 3340(1) 21(1)
c5) 9001(1) 6351(1) 3875(1) 26(1)
C(6) 9063(1) 6278(1) 4653(1) 25(1)
c(7) 8711(1) 5465(1) 4984(1) 20(1)
() 8762(1) 5362(1) 5798(1) 21(1)
c(9) 8419(1) 4538(1) 6052(1) 22(1)
C(10) 8031(1) 3854(1) 5491(1) 22(1)
c(11) 8308(1) 4734(1) 4474(1) 19(1)
C(12) 8272(1) 4803(1) 3648(1) 19(1)
c(13) 8349(2) 4801(1) 1235(1) 34(1)
C(14) 8820(2) 6532(1) 2147(1) 32(1)
C(15) 9179(1) 6132(1) 6361(1) 20(1)
C(16) 8441(1) 4343(1) 6898(1) 20(1)
c(17) 4780(1) 3513(1) 3836(1) 24(1)
C(18) 5196(1) 4449(1) 3620(1) 32(1)
C(19) 4944(2) 3536(1) 4733(1) 35(1)
C(20) 3570(1) 3453(1) 3473(1) 35(1)
c(21) 5445(1) 1476(1) 4080(1) 26(1)
c(22) 6151(2) 1544(1) 4922(1) 34(1)
c(23) 4286(1) 1260(1) 4118(1) 39(1)
C(24) 5882(2) 654(1) 3705(1) 35(1)
C(25) 5147(1) 2361(1) 2438(1) 24(1)
C(26) 4087(1) 1828(1) 2167(1) 33(1)
c(27) 6046(1) 1845(1) 2165(1) 31(1)
C(28) 5029(2) 3287(1) 2005(1) 32(1)
ci(l) 1297(1) 3854(1) 1601(1) 66(1)
ci2) 2431(1) 3438(1) 390(1) 51(1)

C(29) 1386(2) 4075(1) 632(1) 37(1)



Table S2. Bond lengths (A) for [(Mesphen)Cul(P'Bus)]-CH2Clz. Symmetry transformations used
to generate equivalent atoms:

I(1)-Cu(1)
Cu(1)-N(2)
Cu(1)-N(1)
Cu(1)-P(1)
P(1)-C(21)
P(1)-C(25)
P(1)-C(17)
N(1)-C(1)
N(1)-C(12)
N(2)-C(10)
N(2)-C(11)
C(1)-C(2)
C(1)-H(1)
C(2)-C(3)
C(2)-C(13)
C(3)-C(4)
C(3)-C(14)
C(4)-C(12)
C(4)-C(5)
C(5)-C(6)
C(5)-H(5)
C(6)-C(7)
C(6)-H(6)
C(7)-C(11)
C(7)-C(8)
C(8)-C(9)
C(8)-C(15)
C(9)-C(10)
C(9)-C(16)
C(10)-H(10)
C(11)-C(12)
C(13)-H(13A)
C(13)-H(13B)
C(13)-H(13C)
C(14)-H(14A)
C(14)-H(14B)
C(14)-H(14C)
C(15)-H(15A)
C(15)-H(15B)
C(15)-H(15C)
C(16)-H(16A)
C(16)-H(16B)
C(16)-H(16C)

2.6449(2)
2.0877(12)
2.1115(12)

2.2257(4)
1.9079(15)
1.9125(15)
1.9137(15)
1.3303(19)
1.3607(18)
1.3253(19)
1.3601(17)

1.406(2)
0.9500
1.386(2)
1.511(2)
1.423(2)
1.506(2)
1.4095(19)
1.437(2)
1.353(2)
0.9500
1.438(2)
0.9500
1.4084(19)
1.422(2)
1.389(2)
1.508(2)
1.407(2)
1.504(2)
0.9500
1.4430(19)
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800

C(17)-C(20)

C(17)-C(19)

C(17)-C(18)

C(18)-H(18A)
C(18)-H(18B)
C(18)-H(18C)
C(19)-H(19A)
C(19)-H(19B)
C(19)-H(19C)
C(20)-H(20A)
C(20)-H(20B)
C(20)-H(20C)
C(21)-C(23)

C(21)-C(24)

C(21)-C(22)

C(22)-H(22A)
C(22)-H(22B)
C(22)-H(22C)
C(23)-H(23A)
C(23)-H(23B)
C(23)-H(23C)
C(24)-H(24A)
C(24)-H(24B)
C(24)-H(24C)
C(25)-C(28)

C(25)-C(26)

C(25)-C(27)

C(26)-H(26A)
C(26)-H(26B)
C(26)-H(26C)
C(27)-H(27A)
C(27)-H(27B)
C(27)-H(27C)
C(28)-H(28A)
C(28)-H(28B)
C(28)-H(28C)
CI(1)-C(29)

CI(2)-C(29)

C(29)-H(29A)
C(29)-H(29B)

1.535(2)
1.538(2)
1.544(2)
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
1.537(2)
1.537(2)
1.543(2)
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
1.539(2)
1.542(2)
1.544(2)
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
1.760(2)
1.763(2)
0.9900
0.9900



Table S3. Bond angles (deg.) for [(Mesphen)Cul(P'Bus)]-CH2Cl.. Symmetry transformations used
to generate equivalent atoms:

N(2)-Cu(1)-N(1)
N(2)-Cu(1)-P(1)
N(1)-Cu(1)-P(1)
N(2)-Cu(1)-1(1)
N(1)-Cu(1)-1(1)
P(1)-Cu(1)-1(1)
C(21)-P(1)-C(25)
C(21)-P(1)-C(17)
C(25)-P(1)-C(17)
C(21)-P(1)-Cu(1)
C(25)-P(1)-Cu(1)
C(17)-P(1)-Cu(1)
C(1)-N(1)-C(12)
C(1)-N(1)-Cu(1)
C(12)-N(1)-Cu(1)
C(10)-N(2)-C(11)
C(10)-N(2)-Cu(1)
C(11)-N(2)-Cu(1)
N(1)-C(1)-C(2)
N(1)-C(1)-H(1)
C(2)-C(1)-H(1)
C(3)-C(2)-C(1)
C(3)-C(2)-C(13)
C(1)-C(2)-C(13)
C(2)-C(3)-C(4)
C(2)-C(3)-C(14)
C(4)-C(3)-C(14)
C(12)-C(4)-C(3)
C(12)-C(4)-C(5)
C(3)-C(4)-C(5)
C(6)-C(5)-C(4)
C(6)-C(5)-H(5)
C(4)-C(5)-H(5)
C(5)-C(6)-C(7)
C(5)-C(6)-H(6)
C(7)-C(6)-H(6)
C(11)-C(7)-C(8)
C(11)-C(7)-C(6)
C(8)-C(7)-C(6)
C(9)-C(8)-C(7)
C(9)-C(8)-C(15)
C(7)-C(8)-C(15)
C(8)-C(9)-C(10)

79.28(5)
121.57(4)
121.91(3)
102.06(3)
105.01(3)

119.172(12)

108.30(7)
107.94(7)
108.08(7)
111.53(5)
110.77(5)
110.10(5)
116.93(12)
130.44(10)
112.61(9)
117.23(12)
129.19(10)
113.58(9)
124.78(14)
117.6
117.6
118.57(14)
122.39(14)
119.04(15)
117.89(13)
120.96(14)
121.16(15)
118.69(13)
117.99(13)
123.27(13)
121.89(13)
119.1
119.1
121.52(14)
119.2
119.2
118.79(12)
118.03(13)
123.17(13)
118.03(13)
121.61(14)
120.36(13)
118.41(13)

C(8)-C(9)-C(16)
C(10)-C(9)-C(16)
N(2)-C(10)-C(9)
N(2)-C(10)-H(10)
C(9)-C(10)-H(10)
N(2)-C(11)-C(7)
N(2)-C(11)-C(12)
C(7)-C(11)-C(12)
N(1)-C(12)-C(4)
N(1)-C(12)-C(11)
C(4)-C(12)-C(11)
C(2)-C(13)-H(13A)
C(2)-C(13)-H(13B)
H(13A)-C(13)-H(13B)
C(2)-C(13)-H(13C)
H(13A)-C(13)-H(13C)
H(13B)-C(13)-H(13C)
C(3)-C(14)-H(14A)
C(3)-C(14)-H(14B)
H(14A)-C(14)-H(14B)
C(3)-C(14)-H(14C)
H(14A)-C(14)-H(14C)
H(14B)-C(14)-H(14C)
C(8)-C(15)-H(15A)
C(8)-C(15)-H(15B)
H(15A)-C(15)-H(15B)
C(8)-C(15)-H(15C)
H(15A)-C(15)-H(15C)
H(15B)-C(15)-H(15C)
C(9)-C(16)-H(16A)
C(9)-C(16)-H(16B)
H(16A)-C(16)-H(16B)
C(9)-C(16)-H(16C)
H(16A)-C(16)-H(16C)
H(16B)-C(16)-H(16C)
C(20)-C(17)-C(19)
C(20)-C(17)-C(18)
C(19)-C(17)-C(18)
C(20)-C(17)-P(1)
C(19)-C(17)-P(1)
C(18)-C(17)-P(1)
C(17)-C(18)-H(18A)
C(17)-C(18)-H(18B)

123.07(13)
118.52(13)
124.88(13)
117.6
117.6
122.65(13)
116.94(12)
120.39(12)
122.76(13)
117.08(12)
120.14(13)
109.5
1095
109.5
1095
109.5
1095
109.5
1095
109.5
1095
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
1095
107.90(14)
108.78(14)
105.03(14)
116.36(11)
110.18(11)
107.99(10)
109.5
109.5



Table S3. Bond angles (deg.) for [(Mesphen)Cul(P'Bus)]-CH2Cl.. Symmetry transformations used
to generate equivalent atoms:

H(18A)-C(18)-H(18B) 109.5 C(28)-C(25)-P(1) 109.17(11)
C(17)-C(18)-H(18C) 109.5 C(26)-C(25)-P(1) 117.14(12)
H(18A)-C(18)-H(18C) 109.5 C(27)-C(25)-P(1) 107.07(10)
H(18B)-C(18)-H(18C) 109.5 C(25)-C(26)-H(26A) 109.5
C(17)-C(19)-H(19A) 109.5 C(25)-C(26)-H(26B) 109.5
C(17)-C(19)-H(19B) 109.5 H(26A)-C(26)-H(26B) 109.5
H(19A)-C(19)-H(19B) 109.5 C(25)-C(26)-H(26C) 109.5
C(17)-C(19)-H(19C) 109.5 H(26A)-C(26)-H(26C) 109.5
H(19A)-C(19)-H(19C) 109.5 H(26B)-C(26)-H(26C) 109.5
H(19B)-C(19)-H(19C) 109.5 C(25)-C(27)-H(27A) 109.5
C(17)-C(20)-H(20A) 109.5 C(25)-C(27)-H(27B) 1095
C(17)-C(20)-H(20B) 109.5 H(27A)-C(27)-H(27B) 109.5
H(20A)-C(20)-H(20B) 109.5 C(25)-C(27)-H(27C) 1095
C(17)-C(20)-H(20C) 109.5 H(27A)-C(27)-H(27C) 109.5
H(20A)-C(20)-H(20C) 109.5 H(27B)-C(27)-H(27C) 1095
H(20B)-C(20)-H(20C) 109.5 C(25)-C(28)-H(28A) 109.5
C(23)-C(21)-C(24) 108.21(14) C(25)-C(28)-H(28B) 1095
C(23)-C(21)-C(22) 109.17(14) H(28A)-C(28)-H(28B) 109.5
C(24)-C(21)-C(22) 105.57(14) C(25)-C(28)-H(28C) 1095
C(23)-C(21)-P(1) 116.17(12) H(28A)-C(28)-H(28C) 109.5
C(24)-C(21)-P(1) 109.51(12) H(28B)-C(28)-H(28C) 1095
C(22)-C(21)-P(1) 107.69(11) CI(1)-C(29)-CI(2) 111.19(11)
C(21)-C(22)-H(22A) 109.5 CI(1)-C(29)-H(29A) 109.4
C(21)-C(22)-H(22B) 109.5 CI(2)-C(29)-H(29A) 109.4
H(22A)-C(22)-H(22B) 109.5 CI(1)-C(29)-H(29B) 109.4
C(21)-C(22)-H(22C) 109.5 CI(2)-C(29)-H(29B) 109.4
H(22A)-C(22)-H(22C) 109.5 H(29A)-C(29)-H(29B) 108.0
H(22B)-C(22)-H(22C) 109.5
C(21)-C(23)-H(23A) 109.5
C(21)-C(23)-H(23B) 109.5
H(23A)-C(23)-H(23B) 109.5
C(21)-C(23)-H(23C) 109.5
H(23A)-C(23)-H(23C) 109.5
H(23B)-C(23)-H(23C) 109.5
C(21)-C(24)-H(24A) 109.5
C(21)-C(24)-H(24B) 109.5
H(24A)-C(24)-H(24B) 109.5
C(21)-C(24)-H(24C) 109.5
H(24A)-C(24)-H(24C) 109.5
H(24B)-C(24)-H(24C) 109.5
C(28)-C(25)-C(26) 108.20(13)
C(28)-C(25)-C(27) 105.54(14)

C(26)-C(25)-C(27) 109.12(13)



Table S4. Anisotropic displacement parameters (A% x 10%) for [(Mesphen)Cul(P'Bus)]-CH2Cl..
The anisotropic displacement factor exponent takes the form: -2n?[h? a*2U! + ... + 2hka*b*U*?].

Atom Ull U22 U33 U23 U13 U12
1(2) 20(1) 23(1) 35(1) -1(1) 4(2) 2(1)
Cu(l)  18(1) 17(1) 22(1) -1(1) 3(1) -4(1)
P(1) 15(1) 15(1) 20(1) 0(1) 3(1) -1(1)
N(@L)  19(1) 21(1) 21(1) 1(1) 4(1) -3(1)
N(@2)  20(1) 18(1) 21(1) 0(1) 3(1) -3(1)
C(l)  23(1) 26(1) 23(1) 0(1) 5(1) -4(1)
c2  20(1) 31(1) 23(1) 4(2) 6(1) 0(1)
c(3)  20(1) 24(1) 28(1) 7(1) 8(1) 1(1)
C4)  19(1) 18(1) 28(1) 3(1) 8(1) 0(1)
c(5)  28(1) 16(1) 36(1) 2(1) 10(1) -3(1)
c6)  26(1) 16(1) 34(1) -3(1) 10(1) -3(1)
c(7)  17(2) 17(1) 26(1) -2(1) 5(1) “1(1)
c@e)  16(1) 21(1) 26(1) -5(1) 5(1) -1(1)
cO)  18(1) 24(1) 22(1) -2(1) 3(1) 2(1)
C(10)  22(1) 21(1) 22(1) 1(1) 4(1) -4(1)
c(11)  16(1) 17(1) 23(1) 0(1) 4(1) “1(1)
C(12)  16(1) 18(1) 23(1) 1(1) 5(1) -1(1)
C(13)  34(1) 43(1) 25(1) 4(1) 9(1) -4(1)
C(14)  33(1) 29(1) 37(1) 12(1) 14(1) 0(1)
c(15)  27(1) 28(1) 33(1) -12(1) 8(1) -5(1)
C(16)  30(1) 33(1) 23(1) -2(1) 5(1) -4(1)
c(17)  21(1) 22(1) 30(1) -3(1) 6(1) 4(1)
C(18)  34(1) 19(1) 39(1) -2(1) 5(1) 4(1)
c(19)  35(1) 41(1) 31(1) 7(1) 12(1) 3(1)
C(20)  20(1) 36(1) 47(1) -4(1) 5(1) 7(2)
C(21)  22(1) 21(1) 35(1) 6(1) 6(1) -4(1)
c22)  32(1) 36(1) 31(1) 14(1) 5(1) -1(1)
C(23)  27(1) 37(1) 53(1) 14(1) 11(1) -8(1)
c(24)  32(1) 18(1) 52(1) 2(1) 3(1) -1(1)
C(25)  22(1) 26(1) 22(1) -4(1) 1(1) “1(1)
C(26)  24(1) 36(1) 34(1) -8(1) -3(1) -4(1)
C(27)  29(1) 35(1) 29(1) -11(1) 7(1) “1(1)
C(28)  33(1) 35(1) 24(1) 5(1) 2(1) 1(1)
Cl(l) 125(1) 39(1) 35(1) -3(1) 23(1) 6(1)
Cl2)  42(1) 47(1) 67(1) 11(1) 17(1) 2(1)

C(29)  42(1) 35(1) 30(1) 1(1) -1(1) 2(1)



Table S5. Hydrogen coordinates (x 10 and isotropic displacement parameters (A% x 10%) for
[(Mesphen)Cul(P'Bus)]-CH2Cl..

H atom X y z U(eq)
H(1) 7782 3556 2140 29
H(5) 9227 6905 3677 31
H(6) 9346 6775 4989 30
H(10) 7803 3292 5673 27
H(13A) 8271 4159 1065 50
H(13B) 9040 5037 1174 50
H(13C) 7767 5166 913 50
H(14A) 9587 6554 2160 48
H(14B) 8629 7059 2435 48
H(14C) 8405 6554 1602 48
H(15A) 9213 5928 6899 44
H(15B) 8697 6661 6239 44
H(15C) 9898 6308 6313 44
H(16A) 9139 4523 7227 44
H(16B) 8325 3687 6964 44
H(16C) 7873 4694 7053 44
H(18A) 5956 4513 3880 47
H(18B) 4786 4943 3791 47
H(18C) 5108 4484 3050 47
H(19A) 5712 3579 4979 52
H(19B) 4652 2974 4909 52
H(19C) 4573 4070 4883 52
H(20A) 3202 3952 3678 53
H(20B) 3296 2862 3608 53
H(20C) 3438 3508 2901 53
H(22A) 6103 969 5202 50
H(22B) 5900 2053 5198 50
H(22C) 6897 1652 4901 50
H(23A) 4010 1757 4392 58
H(23B) 4270 682 4402 58
H(23C) 3837 1201 3585 58
H(24A) 5902 112 4039 52
H(24B) 6609 792 3650 52
H(24C) 5416 532 3186 52
H(26A) 3514 2151 2340 49
H(26B) 4170 1211 2395 49
H(26C) 3902 1782 1594 49
H(27A) 6127 1229 2396 46
H(27B) 6722 2182 2335 46

H(27C) 5859 1797 1592 46



Table S5. Hydrogen coordinates (x 10 and isotropic displacement parameters (A% x 10%) for
[(Mesphen)Cul(P'Bus)]-CH2Cl..

H atom X y z U(eq)
H(28A) 5679 3653 2194 47
H(28B) 4409 3617 2104 47
H(28C) 4924 3179 1440 47
H(29A) 1515 4737 572 45

H(29B) 697 3913 266 45
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