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Abstract of the Thesis
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Stony Brook University

2010

Hydrogenases are a class of enzyme with the unique allitatalytically reduce or
oxidize hydrogen. Due to this ability they have received much attention fremists who want
to harness this power in a controlled setting. This power witwathot only for the mass
production of hydrogen but also the potential for the production of cheaper catalgstused in
fuel cells. The focus of this research is to create reifite models for the active site of
hydrogenase based around the nickel center of the [NiFe] dldsglmgenase. It is believed
that this nickel center is responsible for catalytically praayciihydrogen from two protons and
two electrons. Currently no model has the ability to perform this at areefficite.

This work primarily uses the potentially tridentabes(2-thiophenyl)phenylphosphine
ligand, or B[PSZ2], for short. This ligand represents the sulfur rich envirohrokthe nickel
with its two thiol functional groups, and has shown prior success inngaitable metal
complexes at a few different oxidation states. Metal complexesanadium, chromium, and
manganese containing this ligand were successfully synthesidedharacterized using single

crystal X-ray diffraction, cyclic voltammetry, and ultravioletibdle spectroscopy.
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Introduction

Transition metals are widely known to be found at the activedfite large
number of biologically significant enzymes. One class of enzwimeh has received
much attention over the past two decades are the hydrogenases.eiiihgses catalyze
the reversible oxidation of dihydrogen and the reduction of the hyaliogs. The basic
chemical reaction is expressed as:
2H + 26 S H, (1)

This manipulation of hydrogen has made this class of enzyme adbmach
study. One goal of synthesizing hydrogenase models is to ersatall metal complex
that creates a less energy expensive method of producing hydi©geently, hydrogen
is produced by electrochemically splitting water into hydrogencxiyden. The problem
with this method is that more energy is put into the splittingvater than can be
generated by using the hydrogen and oxygen that is formed. d&c¢tao#tly needed for
this process is usually generated from burning fossil fuels whighte® the advantage
that hydrogen is a clean source of fuel. By coating the gdrproducing electrode of
this cell with a hydrogenase model, the electricity needesptit the water could be
greatly reduced. This could make hydrogen production finally economicasipligta

The ultimate goal of these studies is the synthesis of a aheaiadyst (ideally
using the more abundant first row transition metals) than whatriently found in the
current fuel cells, which use expensive transition metals suptagsunt. Platinum has
other limitations besides its expense. It is believed that nonmegar platinum deposits

will be found. Additionally, after a detailed estimation itsMaund that there is only



enough platinum in the world to sustain automobiles for 15 years (espath of the
mined platinum went only into manufacturing fuel célls)

Hydrogenase is a useful “starting point” for these models taalready
catalytically effects the formation of hydrogen. The mastaaced models only are able
to catalyze this conversion of hydrogen at higher potentials tarad¢tual enzyme.
Ideally a catalyst can be discovered which reduces hydrogerntaomgdrogen at low
potentials.

Currently three types of hydrogenases enzymes have been dso|&t]
hydrogenase, [FeFe] hydrogenase and [NiFe] hydrogenasgurdF 1). [Fe]
hydrogenases have been shown to contain one iron coordinated to tviga@d3 land a
cysteine. [FeFe] hydrogenases have been found primarily to eregraons to
dihydrogen. The structure of these enzymes has been found &ncbimetallic iron
centers bridged by dithiolates. The iron centers contain seviefar@ CO ligands as
well*. It is believed that models for this type of hydrogenase wbeldhost useful to
assist in hydrogen production by lowering the energy of the proesssnentioned
above.

The [NiFe] hydrogenases are slightly more mysterious.y Hne believed to be
responsible for the reversible formation and consumption,of Fheir structures have
been also found to contain Cahd CO ligands on the iron center. The nickel center is in
a thiolate rich environment and bridged to the iron center with tygteimate amino
acids. The mechanisms by which these enzymes operate arecandemt study and

revision. A discussion of the various proposed mechanisms will notsbesded here.



This work is focused on gaining information that will assist usbitaining novel models

for the active site in hydrogenase that will ideally behave sinuldrd enzyme.

methenyl-H,MPT

A T) B ] C (redox-active partner)

[4Fe-4S] co_o

[3Fe-45] = [4Fe-4S] o
[4Fe-45] CN- N [2Fe-25]
©  [4Feds)
co Cys
[NiFe] hydrogenase [FeFe] hydrogenase [Fe] hydrogenase

Figure 1: The active sites of different hydrogenasés

The goal of this work is to characterize different transitiotahmmplexes with
phosphino-thiolate donor ligands. This serves two purposes, first to plbyerrgate a
catalyst that can catalyze the formation of s hydrogenase does. Second to explore
the nature of transition metal thiolate centers similar to tiadseh are not only found in
hydrogenase but also in a variety of enzymes. This work focusegptoring the nature
of thiolate bonds with transition metals not traditionally found in biclalgcatalysts as
these metals have not received much attention in the past. i¥amportant to study

these complexes as they could offer insight into how the biological catilgstsn.
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Figure 2a: The family of “PS” ligands.

A variety of phosphorus-thiol containing ligands can be prepéFégure 2). The
ligand used in this work, [PS2] (and the almost chemically idanfitS2’] ligand, with
metyl groupspara to its thiol functional group) were chosen for a variety afsoms.
First and foremost this ligand with its two thiolate functionalugis mimics the thiolate
functional groups found on cysteine in metalloenzymes. The fadh#éhéigand contains
a phosphine binding group and two thiolate binding groups is significdms. allows the
ligand to modulate the reactivity of the active site (the hhetater). The tridentate
properties of this ligand also lend to its usefulness. The ragativihe metal to undergo
certain reactions such as oxidative addition can be studied withoutghtavifear the
ligand being completely removed for the metal which would allow dtrer side
reactions such as a ligand substitution. Sulfur itself is known toricdvehemistry with
metals. This can be attributed to the lone pairs present on the thiolate ion

Synthetically this type of ligand has certain advantagese#ls wWhe fact that the

binding functional groups are linked by phenylene bridges allowsdhadito be more



thermally and photochemically stable. It has been observedethgkene bridged
analogues are indeed unstable to photochemical attack via amalgeular process
involving radicals. The HPS2] ligand and its similar analogues (H[PS1] anfP83])
have not been observed to chemically change after prolonged peridiaiseof This
conclusion has been reached in the literature as well as initlae Mboratory. This

situation allows the HPS2] ligand to be produced on a

SH y
/Li’
- /_\ cyclohexane 7 N
+2 /_/‘ + N y A
/\ /\\ 0°C, overnight Li \
R

\/

N
P

CI\ /CI

\ +
78°C overnight
SH SH
THFlwater
tTHSQ — > +Li,S0,
0°C, 30 minutes P
R R

Figure 2b: Synthetic Scheme of K{{PS2] and H[PS2]].
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large scale without the need to be concerned about its shelfTlifis brings to attention
another advantage of this ligand, its ready synthetic preparagenSynthetic Scheme).

The discovery of the ortho-lithiation of benzenethiol allowed for mpk two step
reaction to produce a variety of phosphino-thiol ligdfidsSince this discovery there
have been a variety of different types of these ligands sym¢loeand studied. In the
laboratory H[PS2] can be synthesized within three or four days on scales greater than ten
grams and stored indefinitely in a closed container.

Another advantage to using this ligand is the past success of ifP&#ming
stable metal complexés In these examples, two [PS2] ligands generally bind to one
metal center to form a distorted 6-coordinate octahedral geamelwgy fact that [PS2] is
a tridentate ligand makes these complexes stable. [PS2jastbe ability to form metal
complexes with metals in high oxidation states (e.g M(lll), antvNI( This is useful
because then the behavior of these metals at high oxidationcatatbe studied once the
complex is isolated.

There are several examples of crystal structures of P$2wvarious transition
metals. For example, a [MifPS2)}] was synthesized and characterized using X-ray
diffraction’®. A V(IV) compound was also synthesized with a ligand that isnitadly
similar to [PS2}%. A [W"(PS2)] was also synthesized and characterized using X-ray
diffraction*?. These complexes will be discussed more in depth below.

Some work has been done in exploring the chemistry of vanadium and
molybdenum with [PS2] and [PS3] but in the context of studyingnéeire of the
nitrogenase enzymes, not hydrogenase enzymes. In fact thétyna] the literature that

is concerned with [PS2] and [PS3] involves complexes of [PS2] &88][ with



vanadiumt®****°and molybdenufi. Nonetheless this work represents advancements in
this field and these complexes could also have their uses whenngtutydrogenase.
Interestingly a seven coordinated vanadium complex was syrgdeand its structure
determined”.

Yet there are still many transition metals which for whies2] complexes have
not been synthesized and studied, particularly metals which aretraxditionally
associated with having a widespread role in biological syst&pscifically, nickel, and
iron have been the focus of many works due to the fact that these metals areiptasent
hydrogenase enzyme. The goal of this work is to attempt to syr¢hend characterize
structures of [PS2] with vanadium, chromium, manganese and molybdenum.

The purpose of this study is to have these compounds characterized theyha
may be used as a catalyst to generate hydrogen or as ddbalili help scientists
understand how the hydrogenase enzyme (particularly the [Nipe) tatalyzes the
production of hydrogen. It is the hope that these compounds will affealternative
view on designing a model for hydrogenase. Namely, that mbatdlsite less prevalent
in biological systems can function just as well, if not betten timetals that are more
prevalent in biological systems (such as nickel and iron). Furthiestigation must be
done if these complexes are more efficient catalysts. Itdvoelideal if this were the
case along with the possibility that these complexes are ehéapnass produce and

more stable.



Experimental Techniques

General Methods

The syntheses of ligands and metal complexes were carried outdimit®gen
using conventional Schlenk techniques unless otherwise specified. TMEDA
cyclohexane, and THF were all distilled using Na/benzophenone tonaienany
moisture. Methanol was distilled using Mgtb eliminate any moisture. All other

solvents were used as is unless otherwise specified.

Instrumentation
Electrochemistry
Cyclic voltammograms were recorded on a BAS-100W electroclaéemalyzer
with a platinum working electrode, a platinum wire auxiliary etEte, and a AYAgCI
reference electrode. Samples (ca. 1.0 mM) were measutied gpecified solvent with

tetra-n-butylammonium tetrafluoroborate (0.10 M) as the supporting eleetrolyt

Electronic Spectroscopy (UV-VIS)

UV-VIS spectra were generated using an HP 8453 UV-Visible
Spectrophotometer. A tungsten lamp was used for the visible regtba a@euterium
lamp was used for the ultraviolet region. All samples weesmrsed using two cells of

different path lengths, 0.1 mm and 1.0 mm.



X-ray Diffraction

Cell parameters and data collection summaries for the coegpéer given in the
tables below. The X-ray crystal data of [M*S2’}] were obtained on a Bruker
SMART-1000 single crystal X-ray diffractometer operating ak8tand 40 mA, Mo K
(A = 0.71073 A) radiation. The data reduction was done with SAINTPLUSéB); and
structure refinement, with SHELXL-97 (Sheldrick). The X-raystal data of the other
complexes were obtained on an Oxford single crystal X-rayaditimeter operating at
50 kV and 40 mA, Mo K (. = 0.71073 A) radiation. The structure refinement was done
with SHELXL-97 (Sheldrick). All of the crystal structures wesolved by direct
methods, and anisotropic refinement for all non-hydrogen atomsderas by a full-

matrix least-squares method.



Experimental

Synthesis of H[PS2]:

The compound was synthesized similarly by literature proc&duke Schlenk
flask was charged with 75 mL of freshly distilled cyclohexdreshly distilled TMEDA
[47.0 mL (315 mmol)], and n-BuLi [ 123 mL (308 mmol)] of 2.5 M in hexaae8°C.
To a separate Schlenk flask, 15.2 g (138 mmol) of thiophenol was dissolb@drih of
freshly distilled cyclohexane. The thiophenol solution was slowly cddep wise) to
the n-BuLi/TMEDA solution at 0°C. The resulting golden yellowusioh was left to stir
overnight. The next day a white precipitate was observed igdlden yellow solution.
The white product was filtered off under nitrogen, washed with 100 mdistilled
cyclohexane, and left to dirg vacuo. The reaction yielded 31.0 g of;]JPhS]° TMEDA,
weighed out in a dry box. This solid was then dissolved in 200 mLeshly distilled
THF and then cooled to -78°C in a dry ice/acetone bath. Dichlorophenylphe$fl80
mL (64.8 mmol)] was dissolved in 40 mL of freshly distilled THF iseparate Schlenk
flask. This solution was added drop wise to thgRhS]* TMEDA solution at -78°C.
The resulting solution was stirred overnight. The next day theicolhad a clear red
appearance. 36 mL of a 20% sulfuric acid/distilled water (mid)200 mL of distilled
water were added at 0°C to reach a pH of 6 in the organic layer. At this point ti@ensolut
became a clear golden yellow with some lithium sulfate obsegrespitating out. The
organic layer was separated from the aqueous layer. The agageusvhs extracted
with 200 mL of diethyl ether and both organic layers were combinde. ofganic layer

was then extracted with 250 mL of a concentrated brine solution.orgaaic layer was
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dried with sodium sulfate for 45 minutes. The drying agent wasddt off and the
organic solvents were removed under reduced pressure to give a greeneld. This

oil was stirred overnight with 50 mL of methanol. The next deydil was broken up
and a white solid appeared. The product was filtered and wastretiwriportions of 25

mL of methanol. The white product was dried to yield 14.0 g (42.9 mmol, 623&) y

of product. The BLPS2’] ligand can be synthesized in the same matter using 4-

methylthophenol instead of thiophenol.

Synthesis of V' Cl3(THF) 3

The compound was synthesized by literature proc&dui"Cl; [5.00 g (31.8
mmol)] was added to 100 mL of freshly distilled THF in a Schita&k. The mixture
was refluxed for 22 hours. After being cooled to room temperatorae pink
microcrystals were seen in the solution. Upon being further cooled8fC in a dry
ice/acetone bath more pink microcrystals were seen. The miwas filtered, washed
once with 30 mL of freshly distilled pentane, and diiediacuo. 8.11 g (21.7 mmol,

68.2% yield) of pink microcrystalline product was afforded.

Synthesis of Ct' ;(OAc)s" 2H,0:

The compound was synthesized by literature procédui®o a Schlenk, 25 mL
(2:1 v/v) mixture of concentrated HCI and distilled water was add&aromium metal
[4.00 g (77 mmol)] was added to the flask with stirring, which was tegassed. After
bubbles of H gas appeared, 20 mL of distilled water was added to the reatitture.

The reaction mixture was then heated on a steam bath for one hng dhich the

11



mixture turned from a light blue to a dark green-blue color. To aaep&chlenk flask,
NaOAc3H,0 [94.0 g (693 mmol)] was added and dissolved in 80 mL of distilledrwat
with gentle heating. The contents of the first reaction flaste then added, drop wise,

to the NaOA®BH,0 solution through a frit to ensure that none of the unreacted chromium
metal would enter the NaOAt,0 solution. After the addition of several drops the
solution turned a dark purple color with a dark red precipitate séais solution was

left to sit overnight. The next day the"@OAc),2H,0 was filtered through a frit. The
product appeared as a dark red powder and the filtrate was an ibhesg®irple color.

The product was washed three times with a total of 120 mL ofneetdanol after which

it was driedin vacuo. The final product weighed 10.2 g (27.1 mmol, 70.0% vyield) of

product.

Synthesis of Md' Cl3(THF) 3:

The compound was synthesized by literature procéuve’Cls [3.20 g (11.7
mmol)] and tin powder (30 mesh) [2.90 g (24.4 mmol)] were added to a Soblenk
flask in a dry box. 30 mL of freshly distilled ether was théddeal and the solution was
left to stir. After stirring for 35 minutes an orange precipitate segh in the dark orange
solution. This solution was filtered and the precipitate was feaesl to a different
Schlenk flask in a dry box. 30 mL of freshly distilled THF veakled to this product
which was then stirred for 3 hours. After 3 hours the solution beeattaek red-brown
with a salmon colored precipitate seen. The excess tin ywasased from the solution

and product by using a 20 gauge cannula to cannula the solution and product to a separate

12



Schlenk flask. The solution was filtered and the precipitatdani vacuo. The final

product appeared salmon colored and weighed 2.13 g (5.09 mmol, 43.5% yield).

Synthesis of (Fc)BE:

The following reaction was done entirely exposed to air, as idedcin the
literaturé. Ferrocene [5.00 g (26.9 mmol)] was dissolved in 200 mL of ether in a
beaker. In a separate beaker, 1,4-Benzoquinone [5.80 g (53.7 mmofjssalsed in
250 mL of ether. Then, 50% fluoroboric acid [13.5 mL (104 mmol)] in waser added
to the latter solution. The ferrocene solution was slowly poured thée 1,4-
Benzoquinone/fluoroboric acid solution. Immediately a red precipitate seen. The
mixture was allowed to stir for 2 hours. The indigo product wasditand washed with
3 portions of 50 mL of ether. The reaction yielded 6.65 g (24.4 mmol, 9etefy of

product.

Synthesis of [E&N][V" (PS2)]:

H[PS2] [0.630 g (1.93 mmol)] and lithium metal [0.030 g (4.32 mmol)] were
added to a Schlenk flask. Then, 50 mL of freshly distilled methaasltihhen added to
this flask. The mixture was stirred until all of the soligfRS2] went into solution. To a
separate Schlenk flask"\CIs(THF); [0.290 g (1.84 mmol)] was added and was then
degassed. The 4[PS2] solution in methanol was quickly transferred to the avgaitin
V" CI3(THF); solid via cannula. Immediately the solution became a dark red cbir.
mixture was left to stir for approximately three hours. Intseparate Schlenk flask,

(EyN)Br [0.170 g (0.809 mmol)] was dissolved in 15 mL of freshly distileethanol.

13



This solution was added drop wise to the reaction mixture solutionaviaula. After
about ten minutes some red microcrystalline product was seen iegnérgm the
solution. The mixture was left to sit overnight. The followidagy, additional red
microcrystalline product was observed in a light red solution. pituduct was filtered
and driedn vacuo to yield 0.480 g (0.580 mmol, 60.0% vyield).
Crystals of [EN][V " (PS2)] were grown by layering a solution of Lif(PS2)]

in methanol over a concentrated solution of,X\EBr also dissolved in methanol. Upon
standing for two days, large, thick, dark purple plates were fornidw solution was

observed to be colorless.

UV-VIS: Amax NMEm, Mcm?) = 321 (179000), 345 (sh, 167000), 446 (64700), 544
(51000); 1.0 mM in CKLCl,
Electrochemistry: Ey/» (AEp) =
Elapsed time:
2mins; 385 mV (91 mV) 1.0 mM in DMF vs. Ag/AgCl, oxidation
6 mins: 397 mV (88 mV); 541 mV (81 mV) 1.0 mM in DMF vs. Ag/AgCl,
oxidation; oxidation
10 mins: 406 mV (91 mV); 547 mV (80 mV) 1.0 mM in DMF vs.
Ag/AgCl,
oxidation; oxidation

30 mins: 541 mV (78 mV) 1.0 mM in DMF vs. Ag/AgCl, oxidation

14



Synthesis of [V (PS2)]:

H,[PS2] [0.250 g (0.766 mmol)] and™O(acac) [0.100 g (0.377 mmol)] were
each (in separate Schlenk flasks) dissolved in 20 mL of distiketthylene chloride and
35 mL of methanol, respectively. The solution of th& Qfacac) was quickly
transferred to the #PS2] solution using a cannula. Immediately the reaction mixture
became a dark purple with some microcrystalliféO¢acac) remaining outside of the
solution. After overnight stirring, approximately three quarteth®fmethylene chloride
was removed under reduced pressure. At this point some dark purpfatgeavas
seen in the solution. Then, 25 mL of distilled methanol was added anelati®n was
left to stir overnight. The next day more dark purple precgias seen in a lightly red
colored solution. The product was filtered off and dried open to gielw 0.15 g (0.187
mmol, 49.6% yield) of product as a purple powder.

Crystals of [VV(PS2)] were grown in a vapor diffusion of GBl,/ether. After
standing for several days, purple prisms were observed to have bewdfon the

bottom of the vial.

UV-VIS: Amax NMEm, M ecm™) = 265 (749000); 1.0 mM in GiEl,
Electrochemistry: Ej» (AEp) = 222 mV (96 mV) 1.0 mM in DMF vs. Ag/AgCl,

reduction

Synthesis of [E5N][Mn " (PS2'),]:
Lithium metal [0.015 g (2.2 mmol)] was placed in a Schlenk flask assblded

in 35 mL of methanol. To this solution obRS2’] [0.35 g (0.99 mmol)] was added and

15



then the solution was degassed. To a separate Schlenk flab&),¥1,0 [0.099 g
(0.50 mmol)] was added and then degassed. Once HiieSki] had completely
dissolved, this solution was added quickly to the second flask, wtld &tirring.
Immediately, the solution turned a dark green. The reaction eftag|stir overnight.
(EuLN)Br [0.11 g (0.52 mmol)] was added to a separate flask, dissolved inL1&f m
methanol and then degassed. The counter ion was added slowly (deptavthe
reaction flask. Immediately, some green precipitate was seehei solution. The
mixture was left to sit overnight. Green microcrystalline produes seen in the
solution. The product was filtered and driadracuo to yielded 0.21 g (0.23 mmol, 47%
yield).

Crystals of [EXN][Mn"'(PS2}] were grown in a vapor diffusion of GBl./ether.
After standing at room temperature for a few days, smalingpeism-like crystals were

obtained that were suitable for X-ray diffraction.

UV-VIS: Amax NMEm, Mecm™) = 292 (664000), 464 (74600); 1.0 mM in &b
Electrochemistry: Ej» (AEp) = 311 mV (75 mV) 1.0 mM in DMFvs. Ag/AgCl,

oxidation

Synthesis of [MAY (PS2'),]:

In a Schlenk flask, lithium metal [0.017 g (2.4 mmol)] was dissolvedimB of
methanol. To this solution of HPS2’] [0.36 g (1.0 mmol)] was added and the solution
was degassed. To a separate Schlenk flask was add€,MH,O [0.36 g (1.0 mmol)]

and then the flask was degassed. Once #je%2’] in the first flask dissolved, the entire
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solution was added quickly to the second flask, with stirring. Imneddigiie solution
turned a dark green. After stirring for one half hour, the flagk apened to air. After
fifteen minutes purple micro crystals were seen in the solufidre solution was left to
stir overnight with only the side arm of the flask opened to the @ine half of the
solvent was removed from the solution to ensure the maximum yiddd.sdlution and
product were then filtered through a frit and dniedlacuo. The final product yield was
0.30 g (0.39 mmol, 78% yield). Crystals suitable for single crystal Xifatgation were
grown by slowly allowing air into a solution of [Mi§PS2’)y]” in methanol.

Crystals of MY (PS2) were grown by allowing a solution of Li[MHPS2)] to
stand in a closed test tube. After air was slowly introduceddeeral days, purple plates

began to form from the solution.

UV-VIS: Amax NMEm, M cm™) = 275 (602000), 379 (105000), 534 (71600); 1.0 mM in
CH.Cl,
Electrochemistry: Ej» (AEp) = 191 mV (117 mV) 1.0 mM in DMFRs. Ag/AgCl,

reduction

Synthesis of [BuN][Cr " (PS2))]:

H,[PS2] [0.500 g (1.53 mmol)] and lithium wire [0.0230 g (3.31 mmol)] were
placed in a Schlenk flask and dissolved in 35 mL of methanol. Into another Schlenk flask
was added Cp(OAc), - 2H,O [0.280 g (0.744 mmol)]. Using a cannula, thdR$2]
solution was quickly added to the awaitind £®Ac),  2H,O. Immediately, the solution

turned a dark red-brown. The reaction was left to stir overnibing. next day, (B4N)Br
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[0.260 g (0.807 mmol)] was dissolved in 10 mL of methanol and added to thiemeact
mixture drop wise, using a cannula. After several minutes a datibrosvn
microcrystalline precipitate was seen. After overnight stajydhe mixture was filtered
and the product was dried vacuo. The reaction yielded 0.568 g (0.602 mmol, 78.2%
yield) of product as dark red microcrystals.

Crystals were obtained by allowing a solution of LIf@?S2)] dissolved in
methanol to be slowly layered onto an awaiting concentrated solutiBu,biBr also

dissolved in methanol. Upon standing for several days red/brown crystals weed.form

UV-VIS: Amas NMEm, M*cm?) = 288 (546000), 350 (143000); 1.0 mM in &Hp
Electrochemistry: Ej;, (AEp) = 725 mV (77 mV) 1.0 mM in C§l, vs. Ag/AgCl,

oxidation

Synthesis of [BuNJ[Cr "' (PS2")):

H,[PS2’] [0.500 g (1.40 mmol)] and lithium metal [0.0200 g (2.88 mmol)] were
placed in a Schlenk flask and dissolved in 35 mL of methanol. To aase@ohlenk
flask, CF2(OAc)s  2H,0 [0.260 g (0.691 mmol)] was added. The[P52’] solution was
transferred via cannula to the'@OAc);  2H,0 solid. Immediately the solution changed
to a dark red color. The reaction mixture was stirred overnidtite following day,
(BusN)Br [0.240 g (0.744 mmol)] was dissolved in 10 mL of methanol. This saluti
was added drop wise to the reaction mixture, via cannula. Afteraeminutes a dark

red-brown microcrystalline precipitate was seen. The fleskleft to sit overnight. The
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next day, the solid was filtered and driedvacuo to yield 0.435g (0.442 mmol, 62.3%
yield) of red-black microcrystalline product.

Crystals were grown by allowing a solution of Li[GPS2’}y] dissolved in
methanol to be slowly layered onto an awaiting concentrated solutiBu,biBr also

dissolved in methanol. Upon standing for several days red/brown crystals weed.form

UV-VIS: Amas NMEm, M*em?) = 289 (566000), 352 (150000); 1.0 mM in &Hp
Electrochemistry: Ej;, (AEp) = 692 mV (70 mV) 1.0 mM in C§Cl, vs. Ag/AgCl,

oxidation

Synthesis of [CIY (PS2)):

[BusN][Cr" (PS2)] [0.250 g (0.310 mmol) of ] was placed in a Schlenk flask and
dissolved in 30 mL of acetonitrile. To a separate Schlenk f{&skBF;[0.084 g (0.310
mmol)] was dissolved in 15 mL of acetonitrile. This (FcyBBlution was cannulaed
over quickly to the former solution and left to stir for two dayswds then observed that
a dark green precipitate was formed. This mixture was filtanel the product was dried

in vacuo to yield 0.048 g (0.069 mmol, 22% yield) of product.

UV-VIS: Amax NMEm, Mem™®) = N/A
Electrochemistry: Ej;, (AEp) = 939 mV (83 mV) 1.0 mM in C¥l, vs. Ag/AgCl,
reduction

Irreversible reduction at 657 mV
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Synthesis of [PEN][Mo " (PS2)):

Lithium metal [0.030 g (4.32 mmol)] was dissolved in 35 mL of methanal i
Schlenk flask. KPS2] [0.500 g (0.153 mmol)] was then added to the solution. To a
separate Schlenk flask, M&ls(THF);[0.030 g (0.073 mmol)} was added. The[PiS2]
solution was then cannulaed over quickly to thé"\@t(THF); solid. Immediately, the
solution turned a dark green color. This mixture was refluxed for 3 hqimgN)Br
[0.200 g (0.754 mmol)] was dissolved in 15 mL of methanol in a separatengdtdsk
and slowly cannulaed over to the reaction mixture, now at room tatoper
Immediately, a green microcrystalline precipitate was sganing out of the solution.
The product was filtered and dried vacuo to yield 0.565 g (0.609 mmol, 81.9% yield)
of green product.

A crystal of [PEN][Mo"(PS2)] was grown by allowing a solution of
LiiMo " (PS2)] in methanol to be slowly layered onto a solution ofNBr also in

methanol. After standing for several days dark green crystals were formed.

UV-VIS: Amax NMEm, M*em?) = 379 (92100); 1.0 mM in CiEl,
Electrochemistry: Ej», (AEp) = 4 mV (140 mV) 1.0 mM in CkCl, vs. Ag/AgCl,

oxidation

Synthesis of [Md" (PS2)):
[PN][Mo" (PS2)] [0.150 g (0.161 mmol)] was dissolved in 20 mL of
acetonitrile in a Schlenk flask. (Fc)Bf®.048 g (0.176 mmol)] was dissolved in 10 mL

of acetonitrile in a separate Schlenk flask. After four hourspesgreen-brown
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precipitate was seen forming in the solution. The reactionefia® stir overnight. The
following day the precipitate was filtered and dried to yield 0.042 @4 mmol, 33.5%
yield) of [Mo"(PS2)]. The filtrate was driedn vacuo and 20 mL of methanol was
added to the filtrate. After several hours of stirring, theipitete was filtered and dried
in vacuo to yield an additional 0.021 g (0.081 mmol, 50.3% yield) of product.

A crystal of [Md"(PS2)] was grown by allowing drying the acetonitrile from the
filtrate of the reaction described above. Methanol was then add#t tresidue and

allowed to stand for one week. After a week, small purple crystals were ahserve

UV-VIS Amax NMEm, M emi?) = 330 (12900), 367 (90300), 406 (84300), 494 (90900);
1.0 mM in CHCI,
Electrochemistry: Ey» (AEp) = 184 mV (157 mV) 1.0 mM in Cil, vs. Ag/AgCl,

reduction
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Results and Discussion

The following crystals structures were all found to have seya@berties in
common. Most importantly all of the structures had two [PS2hdgaboth coordinated
as tridentate ligands to the metal center, forming a distad&ghedral geometry with
formulation, [M(PS2)]" (n = 0, -1). The phosphorus atoms for each complex gigte
each other. The fact that the bond angle oftthies atoms are always significantly less
than the ideal 180° is due to the fact that the natpfE$2] ligand has a low bite angle
(ca. 79-85°%°. Concerning the electrochemical studies it must always be take
account that the ligand itself could be oxidized or reduced. Spdgifitae thiolate
donors have a potential to be oxidized to a thiolate radical. Howéigryas ruled out
for the complexes below as ligand oxidation/reductions are irrél@rprocesses and
occur at much higher potentials than observed beloWwhe UV-VIS spectra obtained
from each sample showed the peaks that are associated wittalatavigand charge
transfer.

Within this work is the discovery that the [PS2] ligand stagdlimetal complexes
in high formal oxidation states. For instance, such compounds A6PB2}]” and
[IMY(PS2)] have been synthesized and/or electrochemically characterizais isTa
significant result. Usually, metals in high oxidation statessh as Fe(lll), react with
thiolates (R to form disulfide (by an oxidation process) and Fe(ll) (byduction
process). This over all reaction is called an auto-redox reaction:
2Fe(ll) + 2RS = 2Fe(ll) + RSSR  (2)

It is through that, in the complexes of [PS2], the chelatemayg add something

to the stability of the M-SR interaction. Some notable exanyflegher metal-thiolate
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complexes in high formal oxidation states include those stabilizg sterically
encumbered ligands as discovered in the Millar group and the Koelp.gr&uch
examples include Fe(ll)-RS complexe&?*?> Ru(IV)-SR complex&§?'?4% and

Co(Ill)-SR*®.

Vanadium Complexes:

Crystals of [EIN][V"(POS2)] were grown by allowing a vapor diffusion of
CH.Cl,/hexanes to stand for one week at -20°C. Note that this complsxnata
synthetically isolated.

Both V(IIl) and V(IV) complexes were synthesized and charaeedrwith single
crystal X-ray diffraction. The bond lengths of the coordinatitgma to each metal
centered differed as expected between the two structures.V{Th) complex had an
average V — S bond distance of 2.3969 A, while the V(IV) complex had amgaver
distance of 2.3199 A (a difference of 0.0770 A). The average sulfur phaspband
lengths of the V(lIl) and V(IV) complex were 2.4408 A and 2.4476 A {erince of
0.0068 A), respectively. The sulfur metal bond distance of the V@Wpbex is much
longer than that of the V(IV) complex for simple reasons. Theniat radii of M(lll)
compounds are longer than that of M(IV) compounds. In addition, the Véiviplex is
electron poor compared to the V(Il) complex and therefore forstsoager bond to the
negatively charged thiolate atom. By this latter logic,tfe@al phosphorus bond lengths
between the two complexes are about the same. The phosphorus aentras and
therefore will not be more strongly or weakly bound to a metaldssiely on the fact of

how electron rich or poor it may be.
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The bond angles between the two complexes do differ by slight asnoditie
majority of the angles differ by at most five degrees. differences in the bond angles
can be explained by the same reasoning above. Because theshawta more closely
bonded in the V(IV) complex, the bond angles will be altered as a result.

The [E&N][V" (PS2)] and [E&N][V" (POS2)] complexes have different bond
lengths and angles as well. The former complex was found todmeasgerage V — S
bond length of 2.3969 A. The latter complex was found to have an averageshgtid |
of 2.4278 A. This bond length is in fact longer than that of the V¢hmplex, which
had an average V — S bond length of 2.3199A. The bond angles of the two complexes are
mostly different for the reason that the ligands are differ@hiese differences could be
attributed to the fact that the [PS2] and [POS2] are vergréift ligands structurally, so
it is not expected that their bond lengths and angles are comgaradtlitionally, both
structures have the same octahedral geometry. The oxygen @tonesPOS2 ligands
arecis to each other just as the phosphorus atoms of the [PS2] ligands & each
other.

A similar octahedral V(IVV) complex with two phosphorus and fourusulfonor
atoms was found in the literatdte The ligand used in the literature is essentially two
[PS2] ligands attached to each other with a disulfide bond, figranihexadentate ligand.
This bond was formed as a result of the free thiolate groups orSthéigand reducing
the V(V) to V (IV) with the formation of a disulfide The bondtdisces of the V(IV)
compound reported here are similar to the compound reported in tia¢uliégg. The
average V - S bond distance was found to be 2.3199A whereas in tharktéris 2.324

A. The average V - P bond length was found to be 2.4476 A while in ¢hatlite it is
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found to be 2.471 A. These insignificant differences are due to théh&dhe ligands
are nearly identical.

The bond angles of each complex were not expected to be the $amas due
to the fact that the disulfide bond in the one ligand createsia strthe complex. Many
of the bond angles support this conclusion (only a few of those wilidoeissed here).
The S3 — V1 — P1 bond angle found in the literature was 156.88° whexeag was
found to be 165.13°. Here the disulfide linkage creates a strain thasphst&3 and P1
atoms closer together creating the smaller bond angle. The\R — P2 bond angle in
the literature is reported as 106.74° while here it was found to be 98.41%is case
the disulfide linkage of the complex in the literature creatssrain that pushes the two

phosphorous atoms closer together.
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Figure 3: CHARON diagram of [Et,N][V" (PS2}] (with the cation and hydrogens
omitted for clarity).

26



Table 1a: Selected bond lengths for [EN][V" (PS2)].

Atoms Length (A)
V1-S1 2.3951(4)
Vi-s2 2.3904(4)
V1-S3 2.4088(4)
V1-Sa 2.3934(4)
Vi—-P1 2.4472(4)
Vi—- P2 2.4343(4)

Table 1b: Selected bond angles for [EN][V" (PS2)].

Atoms Bond Angles (°)
S2-V1- S4 92.943(15)
S2-V1- S1 104.615(15)
S4-V1- S1 155.604(17)
S2-V1- S3 91.201(14)
S4-V1- S3 105.900(15)
S1-V1- S3 90.766(15)
S2-V1- P2 165.975(16)
S4-V1-P2 80.227(14)
S1-V1-P2 85.764(14)
S3-V1-P2 79.073(14)
S2-V1-P1 81.731(14)
S4-V1-P1 84.841(14)
S1-V1-P1 81.159(14)
S3-V1-P1 167.510(16)
P2-V1-P1 109.581(15)
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Figure 4: CHARON diagram of [V" (PS2)] (with hydrogens omitted for clarity).
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Table 2a: Selected bond lengths for [V (PS2)).

Atoms Length (A)
V1-S1 2.3238(6)
V1-S2 2.3237(6)
V1-S3 2.3223(5)
V1-54 2.3096(6)
V1-P1 2.4365(5)
V1-P2 2.4587(6)
Table 2b: Selected bond angles for [V(PS2)).

Atoms Bond Angles (°)
S4-V1-S3 108.79(2)
S4-V1-S2 88.39(2)
S3-V1-S52 94.321(19)
S4-V1-S1 157.00(2)
S3-V1-S1 87.25(2)
S2-V1-S1 107.21(2)
S4-V1-P1 86.069(19)
S3-V1-P1 165.13(2)
S2-V1-P1 85.362(18)
S1-V1-P1 78.682(19)
S4-V1-P2 78.90(2)
S3-V1-P2 85.349(18)
S2-V1-P2 166.41(2)
S1-V1-P2 86.35(2)
Pl1-V1-P2 98.419(18)
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Figure 5: CHARON diagram of [Et,N][V" (POS2}] (with the cation and hydrogens
omitted for clarity).
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Table 3a: Selected bond lengths for [EN][V" (POS2)]

Atoms Length (A)
V1-S1 2.4275(15)
Vi-S2 2.4153(14)
V1-53 2.4340(14)
V1-Sa4 2.4344(14)
V1i-01 2.039(3)
Vi-02 2.046(3)
01-P1 1.511(3)
02— P2 1.508(3)
Table 3b: Selected bond angles for [EN][V" (POS2})]
Atoms Bond Angles (°)
O1-V1-02 96.51(12)
O1-V1-S2 85.31(9)
02-V1-S2 82.83(9)
O1-Vi-Si 90.33(9)
02 -V1-S1 173.11(10)
S2-V1-S1 96.91(5)
O1-V1-S3 82.68(9)
02-V1-53 83.66(9)
S2-V1-S3 160.76(6)
S1-V1-S3 98.14(5)
Ol-V1-S4 172.76(10)
02-V1-S4 90.72(9)
S2-V1-54 95.99(5)
S1-V1-S4 82.45(5)
S3-V1-54 97.81(5)

The electrochemistry of the V(lll) complex yielded intéires results. As the
sample was left to stand, the spectrum changed significantlye ifitial reversible
oxidation peak to V(IV) became less intense, while another revesiidation peak was
observed gaining intensity. This observation was later explainbdhétisolation of the
[EtN][V" (POS2)] complex. Initially a crystal of a [g@H][V " (PS2)] was attempted to
be grown in a ChkCly/hexanes vapor diffusion at -20°C. A crystal was grown, and the

structure was solved to be the EffV " (POS2)] complex. The following explains how

this structure was believed to be generated.
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It was determined that initially in the CV cell the JE}[V" (PS2}] was being
oxidized and then reduced to"{PS2). After standing for some time, a second
reversible oxidation peak was seen. As time progresses tlalynitiore intense peak
becomes less intense as the second, initially absent peak, beaoongesitense. This
indicates that the initial species, {¥PS2)]", is slowly converting to [V(POS2)] (as
the intensity of the peaks is directly proportional to the conceriratas what is being
oxidized or reduced). After about the passage of thirty minutes [pilyPOS2)]
remains in solution. With the passage of time a color chandeecfaiution was also
noted. Initially the solution is an intense dark red color. Afltetyt minutes the solution
becomes a slightly less dark red and markedly less intense.

Interestingly, an isolated [{(PS2)] complex was shown to undergo a similar
transformation. Upon the addition of oxygen to this complex, a [WO(PS3ZR
complex was isolated and characterized using single crystay Xiffractiod?. That is
why it is believed that oxygen is responsible for the transfoomaabove as well.
However, only one phosphorus atom was oxidized in the complex, while here both
phosphorus centers were oxidized. Nonetheless it is still molst tileecase that oxygen
is responsible for this transformation.

There is a large difference between thg & the V(lll) and V(IV) complexes. It
was expected that these values would be around the same due tatth®atfaeach
complex has nearly identical connectivity of the ligands. In otloeds, it was expected
that the same voltage would be required to oxidize the V(lll) comaéewould be to
reduce the V(IV) complex. However thg,Hor the V(IV) complex was 222 mV while

for the V(III) complex it was 385 mV. This difference can kplained by the following
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reasoning. It is possible when reduced the V(lll) complex faant®@mplex different

from the isolated V(IV) complex.

For example, the V(IV) complereated

electrochemically could have the phosphdrass to one another instead as.

2e-6
After 2 mins
—— After 6 mins
—— After 10 mins
1e-67 —— After 30 mins
< 0
1<
o
5
O -le-6-
-2e-6 1
-3e-6 T T T T

800 600 400 200

Voltage (mV)
Figure 6: CV spectra of [EtN][V" (PS2)).
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Figure 7: CV spectrum of [V (PS2)).
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Figure 8: UV-VIS spectra of selected vanadium complexes (0.1 mm path ¢gh).
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Figure 9: UV-VIS spectra of selected vanadium complexes (1.0 mm path ¢gh).
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Manganese Complexes:

Two manganese complexes were synthesized, both with two [PS2iddiga
coordinated to the metal center. One was a Mn(lll) complex,other a Mn(lV)
complex. It was predicted that the bond lengths of Mn to each thgl#ur atom would
be shorter for the Mn(lV) complex than for the Mn(lll) complex thog same reason as
stated above. However, this was not entirely observed. The Mn adSldiggths for
each complex were almost identical except for the Mn — S4 bamgth. This bond
length was the only one to be shorter in the Mn(IV) complex tharhenMn(lll)
complex. It was also predicted that the Mn — P bond lengths would pebeaps
unchanged between the two structures, as with the V complexeth¢f same reason
mentioned above). However, this too was not observed. The averageRVinond
lengths for the Mn(lll) complex were 2.2870 A, while for the Mn(I\gnplex the
average length was 2.359 A. This fact can be explained by thieeniag of therans
effect due to the fact that Mn(IV) has one less electron thanliMn{The fact that the
Mn(IIl) complex would be expected to show a Jahn-Teller distortionjaltiee presence
of an electron in thegerbital also explains this observation. The bond angles ofvitne t
complexes vary accordingly. The angles for the most parharsame or close in value,
within five degrees. Any difference in bond angles could be attabiat the fact that the
metal center has a different number of electrons.

The bond angles and lengths of both the Mn(lll) and Mn(IV) complexes ar
comparable to a previously synthesized{fiMn" (PS2)] and MH (PS2) complexes".
The average Mn - S bond length for the Mn(Ill) complex synteesiere was 2.310 A,

while Beatty found it to be 2.301 A. The average Mn — P bond lengtfiowad to be
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2.287 A, whereas Beatty observed a length of 2.290 A. The Mn(IV) complex synthesized
here was found to have an average Mn — S bond length of 2.304 A. Beattedttai
average bond length of 2.300 A. The average Mn — P bond length in this work was found
to be 2.359 A. In Beatty’s work the average length was 2.353 A. An ddenti
Mn"(PS2) was also synthesized in the literatdre The average Mn — S and Mn — P
bond lengths for this structure were found to be 2.3135 A and 2.3584 A redpective
These lengths are very similar to the ones observed in this work as well i5sBeartk.

The bond angles again here are unremarkable. Between the tid) M
complexes (the one synthesized here and the one synthesized ty) Beak is not
much variation in the bond angles. The three Mn(IV) complexes lats® gery similar

bond angles around the metal center.
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Figure 10: CHARON diagram of [Et;N][Mn "' (PS2’),] (with the cation and
hydrogens omitted for clarity).
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Table 4a: Selected bond lengths for [EN][Mn " (PS2"),].

Atoms Length (A)
Mn1- S1 2.3040(8)
Mn1- S2 2.3106(8)
Mn1 - S3 2.2963(8)
Mnl - S4 2.3298(8)
Mn1- P1 2.2880(7)
Mn1- P2 2.2860(8)
Table 4b: Selected bond angles for [EN][Mn " (PS2'),].
Atoms Bond Angles (°)
P2 - Mnl-P1 103.21(3)
P2 -Mnl-S3 86.86(3)
P1-Mnl-S3 168.78(3)
P2 -Mnl-S1 89.28(3)
P1-Mnl-S1 86.58(3)
S3-Mnl-S1 88.63(3)
P2 -Mnl-S2 170.41(3)
P1-Mnl-S2 83.98(3)
S3-Mnl-S2 86.59(3)
S1-Mnl-S2 97.55(3)
P2-Mnl-S4 83.16(3)
P1-Mnl- S4 87.95(3)
S3-Mnl-S4 98.29(3)
S1-Mnl-S4 169.42(3)
S2-Mnl-S4 90.87(3)
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Figure 11: CHARON diagram of [Mn'Y (PS2"),] (with the hydrogens omitted for
clarity).
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Table 5a: Selected bond lengths for [MI (PS2'),].

Atoms Length (A)
Mn1 - S1 2.303(2)
Mn1- S2 2.315(2)
Mn1 - S3 2.302(2)
Mnl- S4 2.297(2)
Mn1- P1 2.362(2)
Mn1 - P2 2.356(2)

Table 5b: Selected bond angles for [MN(PS2'),].

Atoms Bond Angles (°)
S4-Mnl - S3 94.42(9)
S4-Mnl-S1 170.44(9)
S3-Mnl-Sl1 89.55(8)
S4 -Mnl-S2 89.32(9)
S3-Mnl-S2 97.05(9)
S1-Mnl-S2 98.83(9)
S4-Mnl - P2 86.49(7)
S3-Mnl- P2 81.94(8)
S1-Mni-P2 85.47(7)
S2-Mnl - P2 175.59(9)
S4-Mnl-P1 90.44(8)
S3-Mnl-P1 175.12(9)
S1-Mnl-P1 85.57(8)
S2-Mnl-P1 83.48(8)
P2 -Mnl-P1 97.90(7)

The electrochemistry of the Mn(lll) and Mn(lIV) complexes systhed here led
to an interesting conclusion. It was expected that each commeki mave a similar
Ei». This however was not the case and is problematic. The Mngiiplex and the
Mn(IV) complex had an B of 311 mV and 191 mV, respectively. This observation
could be explained using the same logic above. That is when rtfi#)Momplex is
oxidized electrochemically it formstaans, bis [PS2] complex as opposed to when it is
oxidized synthetically it forms ais, bis [PS2] complex. The Mn(IV) could undergo a

similar transformation when reduced. This is most likely theaiedhat the potentials
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are not equal. Regardless, one complex must be oxidized or reduceteititans
isomer of the complex while the other must renasn If both were converted toteans
isomer than the £ potentials would also be the same. It is impossible to definjtivel

determine if this is occurring as tr@ns isomer was isolated of either complex.
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Figure 12: CV spectrum of [E4N][Mn " (PS2'),].
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Chromium Complexes:

Two chromium complexes were synthesized, JB{Cr"(PS2)] and
[BusN][Cr'"(PS2')]. Structurally the only difference between these complexes is the fact
that the later complex has a methyl grgapa to the binding thiolate atom. As a result
the differences in bond lengths do not differ greatly between theedwiplexes. The
average Cr — S bond length for the JR{[Cr" (PS2}] complex was 2.3838 A while for
the [BuN][Cr" (PS2’}] the average bond length was 2.3750 A. The average Cr — P bond
length for the [BuN][Cr"(PS2)] and [BuN][Cr"(PS2’)] complexes were 2.4068 A
and 2.3871 A, respectively. The bond lengths around the metal censéiglatly shorter
for the [BwN][Cr"(PS2')] complex than for the [BIN][Cr"(PS2}] complex. This
observation is due to the presence of an extra methyl group oR32§ Jigand. The
methyl group acts as an electron donating group, causing the batdimg (sulfur and
phosphorous) to be more electron rich and thus bind more strongly to etz m
However, this difference in bond lengths is small as seen above.

The bond angles are not appreciably different between the two c@apl®ost
angles vary by about one or two degrees. This is so becausallstetine ligands [PS2]
and [PS2’] are nearly identical. The fact that [PS2’] hasethyl grouppara to the
thiolate functional group has little effect on the cone angle dighad. Had the methyl
group beerortho to the thiolate functional group then the cone angle would be noticeably
different and then a difference in the bond angles of each ligatie tmetal could be
seen. Apara methyl group adds no steric difference to the ligand only an electroni

difference. The differences between the bond angles canplened by the different
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unit cell that each complex formed as a single crystacaise each complex is packed

together differently, each one would have different bond angles.

Figure 16: CHARON diagram of [BusN][Cr "' (PS2}] (with the cation and hydrogens
omitted for clarity).
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Table 6a: Selected bond lengths for [BjN

[Cr" (PS2)].

Atoms Length (A)
Crl—S1 2.3891(12)
Crl—S2 2.3831(11)
Crl—S3 2.3694(11)
Crl—S4 2.3897(11)
Crl—P1 2.3907(11)
Crl— P2 2.4229(12)
Table 6b: Selected bond angles for [BN][Cr " (PS2))].
Atoms Bond Angles (°)
S3-Crl-S2 90.17(4)
S3-Crl-S1 86.11(4)
S2-Crl-S1 100.03(4)
S3-Crl-S4 101.85(4)
S2-Crl-S4 85.81(4)
S1-Crl-S4 170.19(4)
S3-Crl-P1 165.19(5)
S2-Crl-P1 82.14(4)
S1-Crl-P1 82.82(4)
S4-Crl-P1 90.25(4)
S3-Crl- P2 85.02(4)
S2-Crl-P2 165.20(5)
S1-Crl- P2 93.62(4)
S4-Crl- P2 81.50(4)
P1-Crl-P2 105.41(4)
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Figure 17: CHARON diagram of [BusN][Cr " (PS2'),] (with the cation and
hydrogens omitted for clarity).
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Table 7a: Selected bond lengths for [BN][Cr " (PS2"),].
Atoms Length (A)
Crl-S1 2.3709(9)
Crl-S2 2.3601(9)
Crl-S3 2.3811(11)
Crl-S4 2.3880(10)
Crl-P1 2.3933(11)
Crl- P2 2.3808(10)
Table 7b: Selected bond angles for [BIN][Cr " (PS2"),].
Atoms Bond Angles (°)
S2-Crl-S1 99.89(3)
S2-Crl- P2 170.72(4)
S1-Crl-P2 87.71(3)
S2-Crl-S3 91.18(3)
S1-Crl-S3 86.93(3)
P2-Crl-S3 83.87(4)
S2-Crl-S4 89.24(3)
S1-Crl-S4 169.28(3)
P2-Crl-54 83.77(3)
S3-Crl-S4 98.57(4)
S2-Crl-P1 83.65(3)
S1-Crl-P1 83.67(3)
P2-Crl-P1 102.60(3)
S3-Crl-P1 168.32(4)
S4-Crl-P1 91.84(4)

Electrochemically, both complexes are very similar. Both shaeversible one
electron oxidation to a Cr(IV) species. The JR{Cr"(PS2)}] complex had its
oxidation at 724 mV while the [BN][Cr" (PS2')},] species had its oxidation at 692 mV.
This suggests that it would take less energy for the complixting extra methyl group
to be oxidized than the complex without the methyl group. This is subeche methyl
group is an electron donor. This extra electron donation servealtitizet the more
electron deficient Cr(IV) complex. Or said another way, thetele donating properties
of the methyl group stabilizes the higher oxidation state. Tthaseasier to oxidize the

[BusN]J[Cr" (PS2'}] complex and [CY (PS2')] would be more stable than [GPS2)).
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Figure 18: CV spectrum of [BuN][Cr " (PS2)].

4e-6

2e-6

Current (A)

-2e-6

-4e-6

-6e-6 T T T T

1000 800 600 400 200

Voltage (mV)
Figure 19: CV spectrum of [BuN][Cr " (PS2'),].

48

o



3e+6

[Bu,NJ[Cr" (PS2)]
[Bu,NJ[Cr" (PS2Y]

3e+6

2e+6

2e+6

le+6

Extinction Coefficient (M'cm™)

5e+5

300 400 500 600 700

Wavelength (nm)
Figure 20: UV-VIS spectra of the chromium(lll) complexes (0.1 mm péh length).

2e+5
[Bu,NJ[Cr" (PS2)]

D pess. [Bu,NJ[Cr" (PS21)]
5
=

5

‘s let+5-

2

(&)

@]

O

c

2 Se+d-

(8]

£

=

LLl

A
0 -
T T T T

400 500 600 700 800

Wavelength (nm)

Figure 21: UV-VIS spectra of the chromium(lll) complexes (1.0 mm pdt length).

49



A potential [CF(PS2)] compound was also synthesized (as described in the
experimental section), however its structure was not determineal sisgle crystal
suitable for X-ray diffraction could not be obtained. Nonethelessy apgectrum was
taken and analyzed. It was found that there was one reversible reduction peak ¥t 939 m
This result indicates that the Cr(IV) is reduced back to Br(llThere is also one
irreversible reduction peak at 657 mV. This could possibly indicatethie Cr(lll) could
further be reduced to Cr(ll) although this cannot be said withigrtaThe fact that the
Ei» of the oxidation of Cr(lll) varies greatly from the,Eof the reduction of Cr(IV)
raises some questions. It could be that the desired Cr(IV) corastrans phosphorus
atoms. Or it could simply be that the desired Cr(IVV) complex was not isoladetlia an
entirely unknown complex. Regardless, a crystal structure is ehéedaducidate what is
occurring here. Interestingly enough the Cr(IV) complex has a&spm the UV-VIS
spectrum. This was unexpected as metal complexes traditiaitaliyave peaks in this
region corresponding to a metal to ligand charge transfer. dttisdipports the idea that

the desired [Cf(PS2)] was not synthesized.
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Molybdenum Complexes:

Previously, a potential [M&(PS2)] complex was synthesized, however no
crystal structure was reported for this comptexn this work a [PAN][Mo" (PS2}] and
[Mo"(PS2)] complex were synthesized successfully and a crystal structase w
attempted to be determined. However, the crystals grown of czanplex were not
sufficient to determine the precise bond lengths and angkscbf X-ray structure. This
was so because the structures determined had high error vahesnly conclusion that
could be made from each structure was the connectivity of atoms arounddheenter.
For this reason the bond lengths and angles are not reported. Sttyctive complexes
are very similar to the ones reported above. Both phosphorus atoross &weone
another in a distorted octahedral geometry.

Electrochemically, these complexes exhibit the similarulmc nature as
observed for the complexes above. Namely the voltages reversibleéimxidaak for
Mo(lll) and the reversible reduction peak of Mo(lV) do not eqaaheother as would be
expected. The Mo(lll) complex has ap.Bf 4 mV while the Mo(IV) complex has an
Ei» of 184 mV. This observation can be explained in the same mannbowas arhe
molybdenum complex formed electrochemically is a different isomer thahis/formed

synthetically.
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Conclusions and Future Work

Several metal complexes with the formula [M(P$2jwhere n = 0 or -1) were
synthesized. It was observed that these complexes exhibitetiliheta be reversibly
oxidized or reduced. All of these complexes had a six-coordindtatdd octahedral
geometry with the phosphorus binding atasto one another.

It is interesting to note the fact that the metal compldxatswere synthesized are
all stable in the high oxidation states of +3 and +4. Such metal-sulfur caaplgk the
metal in high formal oxidation states are rare because gthigh-valent metal ( +n ) —
thiolate centers are prone to undergo an autoredox reaction in thbiclilfur atoms of
the thiolate ligand (Rpbecomes oxidized to disulfides at the same time the metal centers
are reduced to a lower oxidation state ( +n-1).

The CV of these compounds was not as expected. It was artittipat the &/,
of complexes with identical structures but different oxidatiorestaiuld be the exhibit
the same E,. Possibly, the redox process at the Pt working electrode isveositde at
the scan rate used. This aspects needs to be reinvektigatditional experiments need
to be conducted to provide evidence that this is fact. Namely, @vssmn be done at
different rates to see if the scan rates have an effect onjthe E

Further work needs to be done to isolate and determine the structure of
[CrV(PS2)]. A better crystal of both [RX][Mo" (PS2)] and [MdY(PS2)] needs to be
grown so the bond lengths and angles of each complex could beehalyinally, work
can be done with the characterized complexes to see if they thavability to

catalytically convert two protons and two electrons to dihydrogenwith the cases of
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Fe(ll) and Co(ll), it would be very interesting to see if teaation of Cr(ll) with two

equivalents of [PS2] yields [¢(PS2)]” and a half of an equivalent ofH
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Appendix

Table A-1. Crystal data and structure refinement foNEV " (PS2)]

Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 29.60°
Refinement method

Data / restraints / parameters
Goodness-of-fit on &

Final R indices [I>2sigma(l)]

R indices (all data)

Largest diff. peak and hole

C44 H46 N P2 S4 V
829.94
293(2) K
0.71073 A
Monoclinic
P2,/ c
a=16.29546(20) A  a=90°.
b=13.81839(15) A  B=92.4605(11)°.
c =18.0290(2) A y = 90°.
4055.98(8) A
4
1.359 Mg#n
0.562 mth
1736
0.4 x 0.3 x 0.2 n¥m
3.20 to 29.60°.
-15<=h<=22, -18<=k<=18, -22<=|<=24
22152
9763 [R(int) = 0.0222]
85.5 %
Full-matrix least-squares 8n F
9763 /0 / 469
0.973
R1 =0.0274, wR2 = 0.0622
R1 = 0.0430, wR2 = 0.0642
0.380 and -0.2742.A
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Table A-2. Crystal data and structure refinement foNEV " (POS2)]

Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 21.75°
Refinement method

Data / restraints / parameters
Goodness-of-fit on &

Final R indices [I>2sigma(l)]

R indices (all data)

Largest diff. peak and hole

C184 H200 CI16 N4 O8 P8 S16 V4

4127.16

293(2) K

0.71073 A

Monoclinic
P2:/n

a=20.2103(15) A  a=90°.
b=11.1589(5) A
c = 23.0585(15) A y = 90°.
4833.7(5) R
4

1.418 Mgfn

0.704 mth

2136

0.5 x 0.2 x 0.05 n¥m

3.22to 21.75°.

-20<=h<=21, -11<=k<=11, -22<=I<=24

16824

5705 [R(int) = 0.0737]
99.3 %

Full-matrix least-squares én F
5705/0/541

0.788

R1 =0.0390, wR2 = 0.0692

R1 =0.0831, wR2 = 0.0747

0.614 and -0.482®.A
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Table A-3. Crystal data and structure refinement f¢(RS2)

Empirical formula C36 H26 P2 S4V

Formula weight 699.69

Temperature 293(2) K

Wavelength 0.71073 A

Crystal system Orthorhombic

Space group P2,2:2,

Unit cell dimensions a=12.4885(3) A o= 90°.
b=12.7287(3) A B=90°.
c =20.0915(4) A y = 90°.

Volume 3193.79(12) A

Z 4

Density (calculated) 1.455 Mgfn

Absorption coefficient 0.699 mrh

F(000) 1436

Crystal size 1.0 x 0.20 x 0.2 ¥m

Theta range for data collection 3.36 to 32.81°.

Index ranges -17<=h<=14, -14<=k<=18, -19<=I<=30

Reflections collected 15106

Independent reflections 10068 [R(int) = 0.0233]

Completeness to theta = 32.81° 91.5%

Refinement method Full-matrix least-squares én F

Data / restraints / parameters 10068 /0/ 388

Goodness-of-fit on & 0.978

Final R indices [I>2sigma(l)] R1 =0.0325, wR2 = 0.0638

R indices (all data) R1 =0.0463, wR2 = 0.0664

Absolute structure parameter 0.018(15)

Largest diff. peak and hole 0.434 and -0.355%.A
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Table A-4. Crystal data and structure refinement fou[BiCr" (PS2)).

Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 32.89°
Refinement method

Data / restraints / parameters
Goodness-of-fit on &

Final R indices [I>2sigma(l)]

R indices (all data)

Absolute structure parameter
Largest diff. peak and hole

C104 H124 Cr2 N2 P4 S8

1886.41

293(2) K

0.71073 A

Tetragonal
P-4

a=231.0727(5) A a= 90°.
b =31.0727(5) A B=90°.
c =10.2498(3) A y=90°,
9896.3(4) R
4

1.266 Mgfn

0.500 mrh
3992

0.4 x 0.3 x 0.3 n¥m

3.28 to 32.89°.

-45<=h<=26, -40<=k<=35, -15<=I<=14

39172

29879 [R(int) = 0.0345]
89.7 %

Full-matrix least-squares 8n F
29879/0/1081

0.989

R1 = 0.0656, wR2 = 0.1405

R1 =0.1033, wR2 =0.1486
0.928(18)

0.771 and -0.7562.A
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Table A-5. Crystal data and structure refinement forfgiCr" (PS2')]

Empirical formula C56 H70 Cr N P2 S4

Formula weight 999.31

Temperature 293(2) K

Wavelength 0.71073 A

Crystal system Monoclinic

Space group P2;

Unit cell dimensions a=16.3014(3) A o= 90°.
b =15.8573(2) A B= 95.817(2)°.
c=21.1419(4) A y=90°,

Volume 5436.93(18) A

Z 4

Density (calculated) 1.221 Mghn

Absorption coefficient 0.459 mth

F(000) 2124

Crystal size 0.8x0.5x 0.1 ném

Theta range for data collection 2.86 to 35.09°.

Index ranges -23<=h<=26, -24<=k<=25, -33<=I<=33

Reflections collected 67486

Independent reflections 38925 [R(int) = 0.0739]

Completeness to theta = 35.09° 92.0 %

Refinement method Full-matrix least-squares én F

Data / restraints / parameters 38925/1/1153

Goodness-of-fit on & 0.904

Final R indices [I>2sigma(l)] R1 = 0.0645, wR2 = 0.1558

R indices (all data) R1 =0.1579, wR2 = 0.1685

Absolute structure parameter -0.019(19)

Largest diff. peak and hole 2.990 and -0.607-2.A

65



Table A-6. Crystal data and structure refinement foNEMn"' (PS2)]

Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 29.56°
Refinement method

Data / restraints / parameters
Goodness-of-fit on &

Final R indices [I>2sigma(l)]

R indices (all data)

Largest diff. peak and hole

C48 H54 Mn N P2 S4
890.04
293(2) K
0.71073 A
Triclinic
P-1
a=19.6875(2) A
b=13.7174(4) A
c = 18.1469(5) A
2375.20(12) A
2
1.244 Mghn
0.553 mrh
936
0.4x0.2x 0.2 ndm
2.88 to 29.56°.

-13<=h<=13, -18<=k<=18, -24<=I<=23

39064

11590 [R(int) = 0.0490]
87.0%

Full-matrix least-squares 8n F
11590/ 0/ 505

2.164

R1 = 0.0956, wR2 = 0.2805

R1 =0.1229, wR2 = 0.2894

4.885 and -0.436%.A
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Table A-7. Crystal data and structure refinement fol’ 82"

Empirical formula C40 H34 Mn P2 S4

Formula weight 759.79

Temperature 293(2) K

Wavelength 0.71073 A

Crystal system Monoclinic

Space group P2i/c

Unit cell dimensions a=14.975(2) A a=90°.
b =15.309(2) A B=90.94(3)°.
c=17.9193) A y = 90°.

Volume 4107.4(2) R

Z 4

Density (calculated) 1.229 Mghn

Absorption coefficient 0.628 mth

F(000) 1572

Crystal size 1.0 x 0.8 x 0.1 n¥m

Theta range for data collection 1.36 to 28.22°.

Index ranges -19<=h<=17, -9<=k<=17, -23<=|<=22

Reflections collected 16227

Independent reflections 8120 [R(int) = 0.0727]

Completeness to theta = 28.22° 80.1 %

Refinement method Full-matrix least-squares én F

Data / restraints / parameters 8120/0/ 440

Goodness-of-fit on & 0.897

Final R indices [I>2sigma(l)] R1 =0.0760, wR2 = 0.2221

R indices (all data) R1 = 0.1496, wR2 = 0.3046

Largest diff. peak and hole 1.644 and -0.8122.A
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