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ABSTRACT

Over the past two decades, the chemistry of binuclear complexes containing a transition
metal and a main group element from the 4" and 5" period has attracted a renewed interest
prompted by the atypical transition metal-main group element interaction present at the core of
these complexes. Special attention has been devoted to cases where the main group element
behaves as a Lewis acid and the metal (M) as a Lewis base. According to the Covalent Bond
Classification method, the main group element in these complexes acts as a Z-type ligand and
draws density from the metal atom via a direct M—Z interaction. In addition to that being of
fundamental interest, the presence of this interaction provides a vector for controlling the electron
density of the metal atom, offering new opportunities in metal mediated catalysis. The presence of
this interaction may also manifest in the atypical redox properties that these complexes sometimes
display. Examples of such behavior include the susceptibility of some of these complexes to
undergo light-driven reduction processes.

With the view of understanding the factors that control the strength of M—Z interactions,
the first objective of this dissertation has been to computationally survey a series of model
complexes containing Pt(0) as a metallobase and the Lewis acidic main group fluorides of group
13, 14, and 15. Using CO, CH3CN, and CHsNC as probe molecules, we have been able to confirm
that Lewis acidity increases down a group. These studies also reveal the existence of an island of
high Lewis acidity, including In(11l), Ge(1V), Sn(1V), As(V), and Sb(V) fluorides. Drawing on the
conclusion of this computational survey, it became the second objective of this dissertation to
investigate the synthesis of complexes containing platinum as a metallobase and a germanium (1V)

moiety as a Z-type ligand. These efforts have resulted in the characterization of a complex in which



a Pt(1l) center is held by two ancillary phosphine ligands in proximity to the Ge(IV) center. The
structure, spectroscopic, and computed properties of this complex have confirmed the existence of
a Pt(I)>Ge(IV) interaction. Owing to the presence of this interaction, the complex can be
photoreduced cleanly in the presence of a sacrificial reducing agent to afford the corresponding
Pt(1)-Ge(lll) as a result of chlorine elimination. With the view to test the generality of these
findings, the third objective of this dissertation has been to investigate the synthesis of related Pd-
Ge complexes. In this case, we observed that the reductive process described above for platinum
takes place thermally, without the need for UV irradiation, leading to the corresponding Pd(l)-
Ge(I11) complex. Finally, this dissertation also explores some aspects of the chemistry of bimetallic
gold (1) and gold(Il) complexes as carbophilic catalysts. The main conclusion from this study is
that a positive correlation exists between the catalytic activity of these complexes and the oxidation

state of the gold center.
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CHAPTER |
INTRODUCTION

1.1 Introduction to photochemistry

In 2018, the global carbon emissions reached an all-time high in the Earth's history. A
report released by a consortium of researchers known as the Global Carbon Project found that the
global emissions in 2018, showed an increase of 2.7 percent from burning fossil fuels in
comparison to 1.6 percent in 2017. It is projected that by the end of 2019, fossil-fuel related CO-
emissions will reach 37.1 billion metric tons, and the total carbon dioxide concentrations in the
atmosphere will reach 407 parts per million—about 45 percent higher than preindustrial levels.

With the increasing rate of carbon emission and subsequent role in climate change, there
is a determination to replace fossil fuels with more sustainable energy sources and reduce carbon
dioxide emissions. As an endless and appealing source of clean energy, solar energy is the best
candidate. Research on utilizing and storing solar energy as a continual and clean source of energy
is becoming increasingly important. For making the solar energy available for society to use on a
large-scale, inexpensive storage mechanism with a high energy density is required. Chemical
bonds are likely to have the highest energy density to serve the purpose of solar energy storage.?
1.1.1 Water splitting

In nature, collecting and storing solar energy in chemical bonds is accomplished by
photosynthesis, a method that researchers are attempting to emulate to solve the solar energy
challenge. Photo electrolysis of water using semiconductors as light absorbers and energy
converters of solar energy in the simplest chemical bond, Hz, has been used.® Efficiently splitting

water into usable hydrogen gas provides a clean fuel source whose only byproduct upon



consumption is water. This transformation is based on a redox process that involves four protons

and four electrons being removed from the water to produce oxygen and hydrogen (Figure 1).

Water Splitting

2H,0 ———> 0,+2H,  AG®=+237.2 k/mol !

Figure 1. Water splitting reaction.

1.1.2 HX splitting

The formation of the H, can be achieved via an alternate mechanistically more
straightforward synthetic route based on hydrohalic acid splitting (Figure 2).* The positive
standard free energy values for the HX splitting reactions of HCI and HBr show that these reactions
could also be store considerable amounts of energy.® The HX splitting process can meet the criteria
of energy storage to the same extent as water splitting with a less complicated two-electron redox

process, which makes the HX splitting an attractive target.*



HX Splitting

2HX  ———— Xp+H X=Cl AG°= 131 kJ/mol '

X=Br AG°= 103 kJ/mol '

2H* +2¢¢ ——— H, ’
22X —— Xy +2e

Figure 2. HX splitting reaction

An hypothetical HX splitting cycle, depicted in Figure 3, demonstrates the critical steps
involved in photocatalysis.®> In Step (i), oxidative addition of HX to the photocatalyst ([Cat]),
results in a hydrido-halide intermediate. In Step (ii), a second HX addition forms a dihydrido-
dihalide species, while in step (iii), H> reductively eliminates. Alternatively, if there is an M—H
bond present in the intermediate, direct protonation by HX (iv) affords H> and the final [Cat](X)2
intermediate. The consecutive steps (i)—(ii) are only possible in very reduced bimetallic catalysts.
The acid-base pathway (iv) is the most probable path in monometallic catalysts or complexes with
a less reducing resting state. Despite the mechanism of Ha production, the final step (v) to close
the cycle, comprises the thermodynamically challenging X> photo-elimination. As such,
complexes that are reducing enough to reduce protons to, and in the meantime, are oxidizing

enough to oxidize halides to halogen (X>) are needed.
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Figure 3. Hypothetical HX-splitting cycle supporting direct photon-to-fuel hydrogen

photocatalysis.

Bimetallic mixed-valence complexes featuring the M-M bond, are potential photocatalysts.
They can undergo the two-electron process of HX splitting.> ® The Nocera group, who is actively
involved in bimetallic photocatalysis, is attempting to develop hydrohalic acid splitting catalysts

to generate solar fuel using bimetallic mixed-valence complexes of rhodium(Figure 4).7-*
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Figure 4. Bimetallic mixed-valence complexes of dirhodium with a metal-metal bond.

Complex 1 in Figure 4, featuring an Rh%Rh® core,® is one of the most promising
homogenous catalytic systems used for the conversion of HX to Hz and X». In this catalytic
process, the electron rich Rh(0) center is susceptible to undergo oxidative addition of HCI. Upon
irradiation in the presence of a radical chlorine trap, hydrogen is formed. The proposed mechanism
for HX splitting using complex 1 as a catalyst is illustrated in Figure 5. This process consists of
the oxidative addition of HCI to complex 1, resulting in the dihalide-dihydride Rh"-Rh" complex
2. Upon exposure to light, complex 2 eliminates Hz, which leads to the formation of the dihalide
Rh'-Rh' complex 3. Complex 3 disproportionate to form the dihalide Rh%-Rh'" complex 4.
Ultimately, in the presence of light and a radical trap, this complex goes back to complex 1 via
photoreduction. The mixed-valency at the rhodium metal centers is essential in that it ensures
turnover of HX at the catalyst, allowing oxidative addition and reductive elimination to occur
smoothly. The reaction’s efficiency can be improved by modifying the catalyst’s primary

coordination sphere.
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Figure 5. Proposed mechanism for HX splitting with complex 1.

1.1.3 Xz elimination driven by light

A critical step in the transition metal-catalyzed hydrohalic acid splitting process is the
photoelimination of the halogen molecule from a dihalide complex.!! The overall efficiency of the
HX splitting process hinges on the activation of strong M-X bonds and the reductive elimination
of halogen,? a process that is uncommon and thermodynamically unfavorable.'® Even if the energy
barrier for this reaction is overcome by irradiation, trapping the halogen becomes critical due to
the reversibility of the reaction.” 8 141
1.1.3.1 Xz elimination from late transition metals

The photoreductive elimination of halogens from transition metal complexes is not

favorable thermodynamically and involves the activation of strong M-X bonds. However, despite



the stability of M-X bonds, the accessible low lying M-X " orbital can be populated upon
electronic excitation® leading to the weakening of the M-X bond and resulting in the homolytic
splitting making transition metals (M) suitable for elimination of halogens.

Systems featuring more oxidizing metal centers, compared to the dirhodium complexes,
are more efficient in the elimination of X,.% To pursue this, several classes of metal-metal bonded
bimetallic species have been designed and reported by Nocera,'* 118 that maintain the electronic
structure that drives the photoelimination chemistry of the original dirhodium complexes.

Complex [Pt'""Au"(dppm)2(Ph)CI2](PFs) (dppm = bis(diphenylphosphino)methane)
(5,Figure 6) undergoes halogen photoelimination to regenerate the Pt"Au' precursor with a
quantum yield of 5.7% when in the presence of high concentration of 2,3-dimethyl-1,3-butadiene
(DMBD) as a halogen trap.}* The observed quantum yield shows an almost ten-fold increase
compared to the isoelectronic d°-d” Rh,% " complexes.® Furthermore, the homobimetallic d’—d’
complex Pto'"" (tfepma).Cls (tfepma = MeN[P(OCH:CFs).]2), complex 6, shows a higher solution
quantum yields of 38%.'® This complex provided the the first documented example of a Cl;

photoelimination in the solid state.
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Figure 6. Bimetallic transition metal complexes undergo X> elimination.

Heterobimetallic complexes of [M"Au"(dcpm)2(CO)X2]PFs (M = Ir,7; Rh,8 X = ClI, Br,
dcpm = bis(dicyclohexylphosphino)methane) effectively eliminate halogen in the presence of
DMBD, with quantum yields of ca. 10% for M = Ir, X = Br and 18% for M = Rh, X = Br.

Monomeric gold complexes of type Au"'(PR3)Xs (9) as well as bimetallic complexes of
the type Auz " "[UCH2(R2P)2] X4, (10) and Auz'" "[u-CH2(R2P)2]Xs (R ) Ph, Cy, X ) Cl-, Br-
)(11)tend to undergo facile photoelimination of halogen (Figure 7). The bimetallic gold complexes,
which lack a formal metal-metal interaction, reveal that a metal-metal bond is not a prerequisite
for smooth halogen elimination. LMCT excitation is the driving force behind the M-X bond
activation and halogen elimination in this series of Au"' complexes. Photochemistry at the Au'"
centers consists of the two-electron photoelimination of X, from a monomeric centers and the four-
electron photoelimination of two equivalent of X, from bimetallic centers. Reported quantum
yields for these complexes are between 10% and 20%. Surprisingly, these systems provide rare

examples of trap-free halogen photoelimination.
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Figure 7. Au complexes with the potential of eliminating X..

Sharp et al reported series of mononuclear Pt(1\VV) complexes in the form of Pt(PEt3)2RX3
(X=Cl, Br) (12) capable of undergoing reductive photoelimination of halogens in the presence of
the UV light (Figure 8).%1° Complexes where X= Cl had a maximum quantum yield of 58% while
for the complexes with X=Br the reported quantum yield is in the range of < 1% to 59% except
for Pt(PEt3)2(Br)sR (R = 0-(CF3)CsHa) that eliminates bromine with a very high quantum yield of

82%. 11
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Figure 8. Series of Pt(PEt3).RX3 (X=ClI, Br) complexes capable of undergoing photoreductive

elimination.

All complexes discussed in this section, contain metals from group 10 or group 11. All
group 10 and 11 complexes show higher quantum yields than group 9 complexes. By designing
compounds with the minimal amount of structural rearrangement upon photoelimination, it is
possible to improve quantum yields and increase the likelihood of X elimination in the absence

of atrap.®
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1.1.3.2 Xz elimination from main group compounds

Many main group elements due to their ability to undergo a two-electron redox process are
appealing candidates for halogen elimination. However, examples of halogen elimination reactions
involving main group elements are rare, with only a handful of compounds able to support this
process. Research in this area remains limited to compounds of tellurium?®-23 and antimony.?*

Compound 13 in Figure 9 was reported by Seferos.”® The Te atom of this derivative is
incorporated within the m-conjugated scaffold of a tellurophene and can exist in the +11 or +IV
oxidation state. When in the +IV oxidation state, these compounds can be photoreduced with a
quantum yield of just 0.19% for X = Br. Variation of the halide or increasing the concentration of
the halogen trap does little to improve the quantum yield. Density Functional Theory (DFT)
calculations carried out on this system, suggests that the nature of the HOMO-LUMO transition is
the source of the low quantum yield. The excited state is delocalized across the entire molecule
instead of having a Te-X antibonding character.?® The reactivity and the photochemistry of the
halogenated 2,5-diphenyltellurophene 14 have been explored.?? In the presence of an organic
halogen trap, the photodehalogenation reaction occurs with a quantum yield of 16.9% for X=Br,
1.6% for X= Cl, and 2.3% for X = F. Chlorine and fluorine photoreductive elimination in the
presence of the organic halogen trap is accompanied by decomposition reactions. However, a
significant improvement has been achieved in trapping fluorine by using water as a trap, and no
sign of decomposition was observed.

In the other contributions by Seferos, a series of compounds, including 15 and 16, have
been designed. The lowest energy excited state of these compounds is localized on the tellurophene
and features significant Te-X antibonding character.?2 When electron-withdrawing substituents are

present, these systems become efficient platforms for the photoelimination of halogens with
11



quantum yields that are comparable to those of transition metal complexes.!” ' The 2,5-
bis(pentaflourophenyl)tellurophene 16 eliminates Br. with a quantum yield of 42%, while
reductive photoelimination of chlorine is more challenging than bromine leading to lower quantum

yields due to the high Te-CI bond energy.

15

16

X =Br R =NEt,, OtBu, tBu, CN, CF3, NO,, NO,-NBu,

Figure 9. Tellurophene platforms undergo two-electron redox halogen elimination.

Another system solely using main group elements to carry out X, elimination was recently
reported by Nocera.?* This system, which is based on a SbVX; corrole unit undergoes smooth
conversion into the Sb"' corrole derivative when irradiated in the presence of halogen traps (Figure

10). In the absence of a trap, the halogen atoms react with the corrole ring, pointing to the

12



vulnerability of this compound and the importance of a trap. The SbVBr; corrole, compound 18,
has a higher photoreductive elimination quantum yield (0.88%) when compared to the SbVCl;

corrole, compound 17 (0.17%).

Br2

SN

Sb
 CoF
Q = N/j\lif PhICI,
MeO =N NTY
CeFs \—/

hv

Figure 10. Halogen photo elimination from SbY dihalide corroles.

1.1.3.3 Xz elimination from late transition metal-main group complexes

Most platforms suitable for the photoreductive elimination of halogens identified to date
contain a late transition metal or main group elements, yet there are a few that contain both. In
these complexes, the main group element can act as an electron buffer, and the elimination process
would only involve M-X bond breaking. As such, the Gabbai group? reported a novel redox-active
main group/transition metal platform of heterobimetallic [CITe!"'Pt"'Cls(o-dppp)2] (o-dppp = o-
(Ph2P)CeHs, complex 19 in Figure 11). The complex features a hypervalent four-coordinate
tellurium atom and an octahedral platinum center. Density Functional Theory (DFT) and Natural
Bond Orbital (NBO) calculations show the presence of Pt—Te interaction. This dinuclear platform
can undergo photoreductive elimination of Cl upon irradiation by UV light and in the presence of

a radical trap such as 2,3-dimethyl-1,3-butadiene (DMBD). Complex 19 showed a quantum yield
13



of 4.4%, mimicking the behavior of transition metal-only analogues. A unique facet of this
platform originates from the capacity of the tellurium atom to buffer the electron density of the
redox-active platinum center. These buffering properties are made possible by the ability of the
tetravalent tellurium center to switch between a regular eight-electron and a hypervalent
configuration.

Other main group-transition metal species that support the photoreductive elimination of
halogens include [Cl.Sb'VPt"'Cls(o-dppp)2] (20),%° and [ClsSbVPd"Cla(0-dppp)2] (21)?" which
have been investigated by the Gabbai group (Figure 19). Antimony can undergo facile 111/V redox
chemistry; also, the tri- or pentavalent antimony offers a higher degree of electronic control,
making antimony a suitable ligand for the reductive elimination of halogens. The Sb-Pt platform
(19) shows a high photoevolution quantum yield of ¢ = 13.8 % at a DMBD concentration of 4.4
M. This is due to the destabilization of the oxidized complex by five electron-withdrawing chlorine
ligands. This Sh-Pt platform also undergoes photoreduction in the solid state.

Photoreductive dehalogenation reactions occur in many transition metal complexes, but
such reactivity with palladium complexes is rare.?®3° In the platinum analog,?® the antimony center
acts as a spectator in the dehalogenation reaction. At the same time, results for the palladium
complex 21,%” show that the photoreductive elimination occurs at the antimony center. Overall, the
process involves a one-electron reduction of both antimony and palladium centers. This process
results in the formation of a o-bond between Sb and Pd. Complex 21 features a Lewis acidic
trichlorostiborane moiety positioned in the ligand backbone. Upon irradiation with UV light, the
complex undergoes a clean photoreductive chlorine elimination reaction to yield [Cl.Sb'VPd'Cl(o-

dppp)2], which features a covalent Sb— Pd bond.

14
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Figure 11. Transition metal/main group complexes undergoing halogen elimination

1.2 Introduction to germanium containing complexes
1.2.1 Germanium containing pincer complexes

Pincer type ligands with the general formula of LEL (L =P, N, S; E = C, N, main group
elements of groups 13, 14, and 15) are an essential class of compounds. They can provide a decent
balance of reactivity and stability to the transition metal complexes in which they are
incorporated.3! As illustrated in Figure 12, the central atom of the pincer ligand (E) can be modified
a Z-type, an X type or an L-type ligand which may later engage in cooperative metal/ligand
interactions. The PCP- and the NCN-type ligands are the most common pincer ligands being
extensively studied.®? 3 Their complexes usually have high thermal stability due to their tridentate
structure which imposes rigidity, and on the other hand, the anionic X-type moiety will induce

reactivity.3
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Figure 12. General scheme of pincer ligands and their corresponding transition metal complexes.

The chemistry of heavier group 14 compounds as a pincer ligand has been less explored
except for the silicon-containing pincers.3* Their transition metal complexes have been utilized in
many organic transformations as recently reviewed by Takaya and Iwasawa.* Transition metal
complexes of PSiP type pincer ligands with the o-silyl bond show high potential for new paths of
catalytic reactivity involving challenging bond activation reactions.® The strong electron-donating
character of silyl ligands give these complexes their outstanding reactivity.3® Replacing the silyl
group with the germyl and the stanyl groups could provide a variety of molecular structure and
electron distribution, which may lead to significant differences in reactivity.® Surprisingly the
chemistry of germanium and tin and their potential application have been less developed. Reports
on the germanium containing complexes are dominated by cases where the germanium is
terminally bound to the transition metal.*¢-*° Pincer type ligands containing a central germanium
atom are a new development. Despite the limited germanium containing pincer complexes, they

have displayed interesting attributes in catalysis that differ from those of the silicon analogs.**
16



1.2.1.1 Germylene containing pincer complexes

Heavier tetrylene ligands can act as potent electron donor ligands. Developing novel pincer
tetrylene ligands and their use in catalytic transformations when combined with transition metals
is an ongoing subject of interest.*>*" The first PGeP pincer ligand Ge(NHCH2P'Buz)2CsHa,

compound 22, was reported by Cabeza (Figure 13).%

iBu

\_iB
//E/I u
N\ [\ = —

Ge: NN \_N_ N/
/ \ / N/
N p--C ,'Gi/
N

P~iBu Ph,  Phy P'BU, gy,

Bu

22 23 24

Figure 13. Examples of recent pincer ligands containing germylene as a donor group.

The reaction of compound 22 with a few transition metal fragments containing Co®, Rh',
Pd", Pt"", Ni" center has been targeted.*® 4° Compounds 23°° and 24°! are recent developments in
the chemistry of PGeP germylene pincer ligands. Reactivity studies suggest that the germanium
atom can increase its coordination number through an insertion process that affords bridging
germylene as in compound 29 or monohapto chloridogermyl pincer ligands such as in compounds

25-28 (See Figure 14).%8
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Figure 14. The N-hetrocyclicgermaylene Ge(NHCH2P'Bu2).CsH4, compound 22, and its related

transition metal complexes.

The reactivity of group 10 complexes of compound 25, as shown in Figure 15, have been

studied towards nucleophilic reagents. The reactivity results indicate that the germanium atom is

the center of reaction in these complexes.*°
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Figure 15. The reactivity of compound 25 towards nucleophilic reagents.

1.2.1.2 Germyl containing pincer complexes

Tridentate PGeP-pincer type ligands being synthesized from diphosphogermane?® %2-° are
valuable germanium containing pincer ligand systems (Figure 16). This class of ligands has been
successfully used as organometallic catalysts.>* >° Tridentate pincer complexes of divalent group
10 metals are expected to be active catalysts for molecular transformation since similar PCP—
palladium(11) complexes have been widely utilized in synthetic organic chemistry.®* Palladium
complexes of PGeP germyl pincer ligands have been used as catalysts in the hydrocarboxylation
of allenes and alkenes (Figure 17). > % The reactions of the pincer ligands 30 and 31 with
[PACI(C3Hs)]2 leads to the formation of palladium complexes 32 and 33, which, upon halide
abstraction with AgOTTf, yield [32]OTf and [33]OTf as active catalysts, respectively ((a) and (b)

in Figure 17). Complex [32]OTf also shows catalytic reactivity in aldol reactions (Figure 18).%
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Figure 16. Tridentate PGeP germyl type pincer ligands.
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Figure 17. PGeP-pincer Pd complexes as an active catalyst in the hydrocarboxylation of allenes

(a), and alkenes (b) with formate salt.
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Figure 18. Aldol addition reaction catalyzed by [32]OTT.

Iwasawa has reported the reaction of the PGeP germyl ligand 34 with Pd(PPhs)s which
forms the mononuclear n?-(Ge—H)-palladium complex 35.%" This complex is the first example of
a mononuclear group 10 metal complex bearing a coordinated Ge—H o-bond, which can further be

used in the hydrometalation of ethylene (Figure 19).

H Me
PPhy 4 e PPh, ./ £t
. Pd(PPh / Ge' ‘
&4 (PPh3)y PhaP_ Gti 1 atm ethylene Ph,P—Pd—RPh,
_ Pdipp - Ge
THF, rt, 15 min \P THF Me
Ph,
34 35

Figure 19. Synthesis and isolation of the n?-(Ge—H)Pd® complex 35 used in hydrometallation of

ethylene.

Germyl pincer ligands have been studied for their mode of bond activation. The Ge—X

bond activation in the rhodium and the iridium complexes bearing the {o0-(Ph2P)CsHa}.GeX2 (X

=F, Cl, and Me) ligand have been addressed by Nakazawa® 522 as illustrated in Figure 20.
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Figure 20. The Ge-X bond activation with the iridium complex.

The iridium complexes 36 and 37 have been studied for their mode of Ge—X bond
activation.®> > Complex 36 is the first example of a complex where Ge—F bond activation by a
transition metal center occurs. In this complex o-bond metathesis (A in Figure 21) between the
Ge—F and Ir—H o-bonds takes place. DFT calculations for this complex suggests a strong dative
Ir—Ge interaction. The Ir—Ge interaction weakens the o-bond, which leads to the coupling
between the fluorine on germanium and the hydrogen on iridium, making the Ge—F bond activation
facile. However, DFT calculations for complex 37 indicates a different mode of activation. The
Ge—Cl o-bond is cleaved through an Sn2-type pathway (B in Figure 21). This complex, along with
its silicon analog, provide the first evidence for transition metal-mediated E-CI activation (E = Si,

Ge) via an Sn2-type reaction.
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Figure 21.The possible pathways for Ge—X o-bond cleavage by an iridium hydride complex.

Utilizing (o-(Ph2P)CeHa).GeFPh, compound 40, as a ligand, leads to an unexpected
selectivity for Ge—F over Ge—Cpn ¢ bond activation (Figure 22). DFT calculations favors
metathesis mechanisms with inverse electron flow. The transfer of electron density from iridium
to germanium weakens the Ge—F bond and results in HF formation. Comparison of the germanium
containing complex 41 and the silicon-containing complex 42, reveals that the electron flow is
stronger in the germanium containing complex, which explains the unexpected selectivity of Ge—F

over Ge—Cph bond activation.
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Figure 22. E-F bond activation vs. E-Cph bond activation in the germanium and silicon-containing

iridium complexes.

1.2.2 Germanium containing tripodal complexes
Another crucial group of ligands containing heavy group 14 elements are those with a
tripodal framework. The ligands with the following general formula of [{o0-(Ph2P)CeHas}sGeX]

(X=F, 43, X = H, 44 in Figure 23) have been coordinated to transition metal fragments.> 58-60
: :PPh2
X/Ge
PPh,
Ph,P

43
44

X=F
X=H,

Figure 23.Tripodal framework with the general formula of [{o-(Ph2P)CsH4}3GeX] (X = F, 43, X

= H, 44).

Nakazawa®! exploited the c-donating ability of group 11 metals (Cu, Ag, and Au) to access

complexes of type 45-47 starting from 43 (Figure 24). Experimental and theoretical results offer a
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systematic evaluation of the o-donating ability of the group 11 metals and o-acceptor ability of the

group 14 elements.

PPh, i @

@ /Q Ge

F-Ge T PPh,
PPh,  + McCI 5 "

Ph,P PhZP——I\l/I“—Pth
Cl

M = Cu, 45
M = Ag, 46
M = Au, 47

E=Ge, 43

Figure 24. The reaction of compound 43 with group 11 metals.
Compound 44 has been coordinated to transition metal fragments containing Pt°, Pt"!, Ru", and Ir'

center. In all cases, the reactions lead to germyl complexes formed either by elimination reactions

or by insertion of the low valent transition metal in the Ge-H bond (Figure 25).
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Figure 25. The reaction of compound 44 with transition metal fragments.

Altogether, this section shows that germanium complexes of Pd, Ir, Rh, and Ru have been
explored and studied in bond activation and catalysis. Germanium-containing platinum and gold

complexes are understudied suggesting the existence of a vast field for new discoveries.**



CHAPTER Il
PROBING LEWIS ACIDITY OF MAIN GROUP FLUORIDES OF GROUPS 13, 14, AND 15
USING REPORTER FRAGMENTS

2.1 Introduction

Tuning the Lewis acidity of transition metal catalysts by tailoring the secondary
coordination sphere has become an active research area for catalytically active organometallic
complexes. Transition metals can be classified as both Lewis acids and Lewis bases. The
electropositive nature of transition metals more commonly leads to coordination complexes that
exhibit a certain degree of Lewis acidity at the metal center. Traditionally, transition metal basicity
is limited to metal-to-ligand n-back donation. However, in the presence of electrophilic substrates,
transition metals can also behave as an electron-pair donor. As such, being able to design Lewis
acidic ligands positioned to interact with the transition metal catalyst could lead to electron
donation from the metal center to the Lewis acidic ligand.
2.1.1 Transition metal Lewis basicity

Transition metal ligands are commonly composed of single-electron donors or two-
electron donors, where the electropositive metal usually is considered a Lewis acid. While less
prevalent, Lewis basic metals in low oxidation states can serve as electron donors to ligands.®? The
first examples were reported by Hieber with metal carbonyl hydrides where metal carbonyl anions
can do nucleophilic displacement on inorganic and organohalides;%3% then later by Wilkinson who
studied the protonation of cyclopentadienyl metal complexes.®® " The notion of transition metal
basicity was expanded by the discovery of complexes in which the metal centers can serve as

electron donors toward Lewis acids such as BF3, BHs, O2, and SO,.52
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Transition metal Lewis basicity can be manifested by the formation of an adduct between
the metal as a Lewis base and a Lewis acid resulting in a dative bond. In many of these complexes,
a main group acceptor acts as Z-type ligands.®74
2.1.2 Z-type ligands

According to the classification’ 7

of covalent bonds in transition metal complexes, there
are three types of ligands: L-type ligands, which are two electron o-donor ligands; X-type ligands
which are referred to as one-electron donor; and Lewis acidic two-electron c-acceptor ligands that
are classified as Z-type ligands. Z-type ligands can interact with the metal center as a supported
(connected via the backbone of a chelating ligand) or unsupported (simple coordination as an

independent Lewis acid) ligands. Complexes with supported and unsupported metal—Z-type

ligands interaction are shown in Figure 26.

5 - | PCya
PPh I
OC\Rh/ ° Fe Pt—=ECl,
PhsP” CI oC™ | aph
3 CcO 3 PCys
E= Al Ga
F
s
“Ph
h2P Au—P RoP— Au—PR2 RoP— Au—PR2
R= i-pr R=ipr
E=Si, X=F
E= Sn, X=F, Cl

Figure 26. Examples of complexes with unsupported and supported M—Z interactions.
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2.1.2.1 Nature of the M—Z interaction

Incorporating Z-type ligands in proximity of a metal can force this metal to behave as a
Lewis base. The interaction between a transition metal and a Lewis acidic Z-type ligand is the
reverse of the more common transition metal L-type ligand interaction, where the metal is the
electron-pair donor. In an M—Z interaction, the transition metal is engaged in a covalent donor-
acceptor interaction. This M—Z interaction is classified as a covalent donor-acceptor interaction
described as a 2-center 2-electron interaction between an occupied metal d orbital and a vacant p
orbital or low lying ¢~ orbital on the Lewis acid.”* More complicated 3-center 4-electron
interactions will occur when a ¢ donor ligand such as Cl is in a trans position.”* A simplified

illustration of the possible orbital interactions is shown in Figure 27.

CO---00
co---o0 s, oD
) AN M //' Z
Mo ;Z 0 SRl JJ#
- o A
o --00 o --00
M—=Z Cl—M —Z
2-center 2-electron 3-center 4-electron

Figure 27. Simplified orbital interaction diagrams for M—Z and CI-M—Z.
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2.1.2.2 Characteristics of M—Z interaction$

As the number and variety of transition metal complexes featuring Z-type ligand are
increasing, more information about the nature of the M—Z interaction has been gained. In 2011
Bourissou’® summarized the achievements around the concept of M—Z interaction, as well as the
influence of the coordination of Lewis acids on the properties of metal fragments both
geometrically and electronically. It was determined that the M—-Z distance must be significantly
shorter than the sum of the van der Waals radii of the two interacting elements. The M—Z
interaction is typically parameterized by r = M-Z distance/sum of the covalent radii of M and Z.
Somewhat arbitrarily, an M—Z interaction is judged to be present when r < 1.25.7

X-ray diffraction data have shown how Z-type ligands are affected by coordination to a
metal (Figure 28). Group 13 Lewis acids E**R3 (E'® = B, Al, Ga, In), show a change in geometry
from trigonal planar to tetrahedral when a metal is coordinating. Similarly, when SO2 coordinates
as a o-acceptor ligand the geometry will change from bent to pyramidal, while heavier group 14

Lewis acids will change geometry from tetrahedral to trigonal bipyramidal upon coordination.”
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Figure 28. Schematic geometry changes upon the coordination of Lewis acids to transition metals.

In the case of NMR active o- acceptor nuclei, such as B, #Si, and *°Sn, NMR
spectroscopy data will provide useful information. In these complexes, NMR resonances are
shifted upfield when their coordination number increases.”

Theoretical calculations, such as DFT calculation, can accurately describe M—Z
interactions. Kohn—-Sham molecular orbitals and also NBO analysis will provide more information
about the bonding situation. Orbitals of each fragment involved and also the extent of charge
transfer from the metal to the Lewis acid ligand can be estimated.

2.1.3 Quantification of Lewis acidity

Lewis acid-base interactions can be used for fine-tuning molecular designs and for
imparting unique reactivities. However, quantification of the Lewis acidity is challenging due to
the ambiguity of how the strength of a Lewis acid is defined. Several methods have been developed
to quantify the Lewis acidity, such as the Gutmann—Beckett method, /" "®and the Childs method.”
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IR band shifts® and Fluoride lon Affinities (FIA) can also be used.®8 However, there is no
universal scale.

The study of periodic trends shows that the Lewis acidity of p-block elements varies as the
group is descended. The irregular trend is observed within group 13, while the stability of the
water—-EX3 (EXs = group 13 trihalide) adducts have been computed. Results indicate that
aluminum and indium are the most Lewis acidic elements, followed by gallium and then boron.®
However, in the case of tetravalent group 14 elements, a more progressive increase in Lewis acidity
is observed.®> The magnitude of an M—Z interaction could be varied by changing the nature of
the atom acting as Z-type ligand.

2.1.4 Reporter ligands

IR spectroscopy is a classical analytical technique used to study and identify diagnostic
vibration frequencies for the elucidation of structural characteristics in the studied molecules.
Moreover, it has been used as a tool in the study of metal basicity in which the unique vibration
frequencies of the reporter moieties can be studied. Using IR spectroscopy, it would be possible to
monitor the degree of charge transfer upon the binding of a s-acceptor moiety. Carbon monoxide
(CO) is one of the candidates to have been frequently used as a reporter moiety. The CO stretching
frequency, v(C=0), is influenced by the electron density of the metal center. CO will bind to metals
via ¢ donation. Back donation from the metal to the empty antibonding orbitals of CO will further
strengthen the interaction. The magnitude of the back donation will affect the C=0 bond order and
the C=0 stretching frequency. Stronger back-bonding will result in a reduction of the bond order,
which will lead to a decrease in v(C=0). Weaker back bonding leads to a stronger C=0 bond and
a higher stretching frequency, which implies that the magnitude of v(C=0) is a reflection of the

electron density on the metal center.®8 Furthermore, acetonitrile also can act as an IR probe due to
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its high symmetry and the exposed frequency of the C=N stretching mode, v(C=N). Usually,
v(C=N) is shifted to higher frequencies upon binding of a Lewis acid.®’
2.2  Research objectives

The study of M—Z bonding is drawing interest because depleting the electron density of
transition metals via such an interaction could be used to tune the electrophilicity of the metal. The
[Pt(PCys)2] complex has received a significant amount of attention® because of its propensity to
form M—Z interactions. The Lewis basic properties of [Pt(PCys).] as a Lewis base have been
extensively studied by Braunschweig,’® 88-1% among others. The reactivity of Pt(PCys). as a Lewis
base has been tested with various main group Lewis acids, including BeCl,2%, BX3'0% 103 AIX3%,
GaXs'%?, BiCls%, InX5®, SbF3™, and AsFs.2% The nature of the products of these reactions vary;
either by forming simple adducts of type A or through oxidative addition leading to products of

type B, as shown in Figure 29.

Type A Type B
FI’CY3 FI’CY3 FI’CY3 ||°CY3
Fit +EX3 ——— F:t—EX3 Fl’t +EX3 —— X—Fl’t—EX2
PCys3 PCys; PCys PCys
E=B,X=F E=B, X=Cl, Br, |
E=Ga, X=ClI E=Ga, X=Br, |
E= Al, X=CI E= Bi, X=ClI
E=In, X=Cl, Br, | E=In, X=ClI, Br, |
E=Sb, X=F
E=As, X=ClI, Br
PCy3 PCy3
Fl’t + BeC|2 E—— Fl’t—BeClz
PCy3 PCY3

Figure 29. Transition metal Lewis base interaction with main group Lewis acids.

33



Inspired by the results above, it was imperative to understand and elucidate the factors that
control the strength of the M—Z interactions. Therefore, the objective was to probe the Lewis
acidity of group 13, 14, and 15 fluorides with Pt(PMez) (referred to as [Pt]) as a Lewis base. It
was further decided to use CO, CH3CN, and CHsNC as reporter fragments. [Pt] was used as a
Lewis base and allowed to bind in silico to different Lewis acidic main group fluorides of general
formula EFx (E= main group elements of groups 13, 14 and 15, x= 3, 4, and 5). Main group
fluorides were used to disfavor oxidative addition reactions. The [Pt]-EFx adducts were further

allowed to interact with the reporter fragments mentioned above (Figure 30 (b)).

N N

F|> IID x=3, E = B, Al, Ga, In
(a) Pt + EF, — Pt—EF, x=4,E=Si, Ge, Sn
B b x=5, E= As, Sb
|
\IID/
O:C—Plt— EF,
/'T\
~
| c=0 |
|
(b) Pt—EFy + < HaC-CEN —> H3C—CEN—FI’t— EF,
/IT\ /Fl)\
H3C—N=C
) |
\FI)/
H3C—NEC—FI’t— EF,

/'T\
Figure 30. (a) Scheme of adduct formation between Pt(PMes). and groups 13, 14, and 15 fluorides

as Lewis acids. (b) Interaction of the Lewis acid-Lewis base adducts with reporter fragments.
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The geometries of the [Pt]-EFx complexes were optimized using DFT methods with the
BP86 functional. Frequency calculations were performed on the optimized geometries to confirm
that a minimum had been reached. Interactions between the reporter moieties and the optimized
structures of the [Pt]-EFx complexes were studied by calculating the stretching frequencies of the
CO, CH3CN, and CHsNC ligands. We hoped that a comparison of the changes in stretching
frequencies of the reporter fragments would provide a better understanding of the strength of the
main group fluorides as Lewis acids. Furthermore, the enthalpy of the reaction between the [Pt]-
EFx complexes and the reporter moieties was calculated, and the trend was compared with the
pattern obtained from stretching frequencies.
2.3 Results and discussions

Density Functional Theory (DFT) structural optimizations were performed using the
Gaussian 09 suite of programs® with effective core potentials on all heavy atoms (functional:
BP86;19" 1% mixed basis set: Al, As, B, Ga, Ge, In, Sb, Si, Sn, Pt: cc—pVTZ-PP;1® P: 6-
311g+(d,p);*% 1t C, H, F, N, O: 6-31g*'?). Frequency calculations were also performed on the
optimized geometries, showing no imaginary frequencies unless otherwise stated. All the
optimizations were performed in the gas phase.
2.3.1 Group 13 Lewis acids

The structures of the adducts between [Pt] and the group 13 Lewis acids have been
optimized, and the frequency calculations showed no negative frequencies. The optimized

structures are shown in Figure 31, and the structural information is summarized in Table 1.
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Figure 31. Optimized structures of group 13 Lewis acid - Lewis base adducts.

In this series, the Pt-E bond distance increases going down the group as expected from an
increase in the covalent radius of the group 13 elements. All structures have a T-shaped geometry
around the platinum center, with the P-Pt-P angles pseudo linear. The BF3z adduct shows a more
acute P-Pt-P angle of 173.56°. The average «Pt-E-F and £F-E-F angles show that the geometry
around E is rearranged from planar in the free form to a tetrahedral geometry after binding. The

calculated r ratio values are measured to be in the range of 0.95 < r < 1.01, which is consistent

with the presence of M—Z donor-acceptor interaction.

Table 1. Optimized structural data for group 13 Lewis acid-Lewis base adducts.

Pt-E (A) | 2P-Pt-P (°) | 2Pt-E-F(°) | 2F-E-F(°) | r ratio
[P{]-BFs | 223 173.56 105.87 112.81 1.01
[PU-AIF:s | 2.44 177.08 106.97 111.85 0.95
[Pt]-GaFs | 2.45 177.36 107.90 111.00 0.95
[Pt]-InFs | 2.62 177.65 107.17 111.68 0.94
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The group 13 Lewis acid-base adducts were allowed to interact in silico with CO, CH3CN,
and CH3NC to probe the electron density on the platinum center. The changes in the C=0, C=N,
and N=C frequencies in these complexes probe the extent of electron depletion at the metal center.
As a result, it will be possible to estimate the strength of the Lewis acid-transition metal Lewis
base adduct. Figure 32, Figure 34, and Figure 35 illustrate the optimized structures of the group

13 Lewis acid-base adducts after complexation with CO, CH3CN, and CH3NC.
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Figure 32. Optimized structure of CO-[Pt]-EFs complexes.

Table 2. Optimized structural data for CO-[Pt]-EF3 complexes.

v(C=0) | C=0 | Pt-CO | 2P-Pt-P | Pt-E AH

(cm™) (A) (A) ©) (A) | (Kcal/mol)
CO-[Pt]-BFz | 1797.28 | 1.198 | 1.98 165.28 2.28 -22.47
CO-[Pt]-AlF; | 1832.99 | 1.194 | 1.96 164.16 2.55 -24.78
CO-[Pt]-GaFs | 1865.43 | 1.190 | 1.93 165.00 2.54 -29.04
CO-[Pt]-InFs | 1891.50 | 1.187 | 1.91 164.01 2.72 -31.65
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Structural results for CO-[Pt]EFs complexes are summarized in Table 2, showing that the
v(C=0) increases going down the group. The C=0 bond distance, along with the Pt-CO bond
distance, are both decreasing going down the group. This bond shortening indicates that c-donation
is increasing while  back-donation is decreasing. This interpretation is supported by the increase
noted in v(C=0). Furthermore, the AH of the reaction of [Pt]JEF3 with CO in silico was calculated,
and it was observed that going down the group, the compound becomes more stable, agreeing with
the changes in v(C=0).

Like CO, acetonitrile has been used as an IR probe in many studies,****¢ but unlike CO,
acetonitrile is not prone to accept back-bonding. Its molecular orbital shows that the n~ orbital for

CH3CN is less exposed. Figure 33 illustrates the LUMO frontier orbitals of CO, CH3CN, and

8 ¢

LUMO CO LUMO CH;CN LUMO CH3NC

CHsNC.

Figure 33. CO, CH3CN, and CH3NC frontier LUMO orbitals.

It is noteworthy that acetonitrile been used as a donor ligand in several experimental and
theoretical studies on Lewis acid-base interactions.!*>" The change of v(C=N) after binding
compared to the free form was attributed to the strength of the Lewis acid. As Lewis acidity

increases, the A v(C=N) becomes more significant.

38



Figure 34. Optimized structure of CH3CN-[Pt]-EF-.

The structures of complexes of general formula CH3CN-[Pt]-EFs have been optimized.
However, CH3CN-[Pt]-AlFz did not meet the convergence criteria. Frequency calculation for other
complexes showed no negative frequency. The resulting optimized structures are illustrated in
Figure 34, and the structural data are compiled in Table 3. The data show that going down the
group, the v(C=N) increases. The C=N bond distance did not change, which could be related to its
intrinsic tendency to be less involved in back bonding. However, Pt-CN bond distance shortens,
indicating stronger c-donation. The same is seen for the CO adducts, and the AH of the reaction

of [Pt]-EFs with CH3CN becomes more negative, descending the group.

Table 3. Optimized structural data for CHsCN-[Pt]-EFs complexes.

vw(C=N) | C=N | PtCN | «P-PtP | PtE AH
(cm™) (A) (A) (®) (A) (Kcal/mol)
CHsCN-[Pt]-BF3 | 2190.12 | 1.187 2.23 169.85 2.19 -1.27
CHsCN-[Pt]-GaFs | 2214.68 | 1.183 2.14 169.39 2.47 -9.12
CH3CN-[Pt]-InFs | 2215.09 | 1.183 2.10 167.91 2.65 -12.04
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The [Pt]-EF3z adducts of group 13 were reacted with methylisonitrile as a comparison to
CO and CHsCN. The results for the methylisonitrile complexes show similar trends in the values
of v(N=C), the Pt-NC bond distance, the Pt-E bond distance, and AH. Overall, the observed trends
have been consistent for the CO and CH3CN containing complexes. The optimized structures are

shown in Figure 35, and the structural information is summarized in Table 4
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Figure 35. Optimized structure of CH3NC-[Pt]-EFs.

Table 4. Optimized structural data for CHsNC-[Pt]-EF3s complexes.

v(N=C) | N=C [ PtNC [ «P-Pt-P [ PtE AH

(cm™) (A) (A) ©) (A) | (Kcal/mol)
CH3NC-[Pt]-BFs | 2071.64 | 1.205 2.03 164.23 2.26 -16.95
CH3NC-[Pt]-AlFs | 2107.15 | 1.200 2.01 164.63 2.56 -21.56
CHsNC-[Pt]-GaFs | 2129.67 | 1.197 1.98 165.48 2.53 -28.22
CH3NC-[Pt]-InFs | 2136.38 | 1.197 1.96 164.27 2.69 -31.91

Results from the interaction of reporter moieties with the Lewis acid-base adducts of group

13 obtained in the current study lead to the conclusion that the Lewis acidity increases in the
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following order: BFs < AlF3 < GaFs < InFz. Results from three reporter fragments show that the
stretching frequency increases going down the group. However, the trend obtained here differs
from the usually reported trend*'’-12* for the Lewis acidity of group 13 elements.

Timoshkin performed extensive studies*’*?° on group 13 trihalides as a Lewis acid to
derive a trend of Lewis acidity. In one study, complexes of group 13 metal halides with pyridine
type ligands (pyridine, pyrazine, and 4,4 bipyridine) have been investigated. The 1:1 molecular
complex appears to have the strongest donor-acceptor bond. The acceptor ability of Lewis acids
in the subjected complexes decreases in the series AICI; > AlBr; > GaCls > GaBrs > Gals.'?2 In a
separate investigation, an extensive theoretical study was performed on structurally characterized
MXs complexes (M = Al, Ga; X = ClI, Br, I) as Lewis acids and nitrogen-, phosphorus-, arsenic-,
and oxygen-containing donor ligands as Lewis base, to obtain the Lewis acidity trends for
aluminum and gallium halides. The pattern of Al > Ga, CI=Br > I was observed for Lewis
acidity.*® In another report, the theoretical dissociation energies of the donor-acceptor complexes
of type MXs-D (M: Al, Ga, In; X: F, Cl, Br, I; D: YH3, PX3, X7; Y: N, P, As) were used as a
comparison mean. The trend of Al > Ga <In, F > CI > Br > | was observed for all investigated
complexes.!'® Nitriles and isonitriles complexes of group 13 derivatives also showed a tendency
of donor-acceptor interaction. The acceptor ability of MX3 (M: Al, Ga, In; X: CI, H, CHz) varied
in the following order Al > Ga < In, C1>H > CH3.''" In all these studies the trend seen for Lewis
acidity of group 13 halides follows the order B < Al > Ga < In. The anomaly observed in the pattern
might arise from the d-block contraction seen for the period four elements, which is the result of
the poor shielding of the nuclear charge by d-orbitals’ electrons. This poor shielding leads to the
smaller radius for Ga®* than expected, resulting in gallium being more electronegative than

Aluminum. It will justify the irregularity seen in the Lewis acidity of group 13 elements.
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Nevertheless, complexes based on ‘double-decker’ ligands reported by Lu'?* 24 which a
group 13 element (E) (E = Al, Ga, In) is accommodated in the lower deck and a transition metal
ion (M) (M = Ni, Co) coordinated at the upper deck provide a platform with the M—E interaction
with an increase in Lewis acidity in the order Al < Ga < In, the same order observed in the current
study.

Results from the current study that uses a transition metal as a base show the following
order B < Al< Ga < In for the Lewis acidity of group 13 fluorides. The observed trend is different
from B < Ga< Al < In with the irregularity in increasing Lewis acidity descending the group.
However, the observed trend is in agreement with those reported by Lu!? 2% showing the order
of B < Al < Ga < In. Overall, for group 13 elements, the absolute and the relative Lewis acidity
depends on the nature of the Lewis base, which is chosen as a bonding partner for the donor-
acceptor complex.

2.3.2 Group 14 Lewis acids

Heavier Group 14 elements known to readily form hypervalent compounds through donor-
acceptor interactions with organic Lewis bases,’* 1% leading to an increase in their coordination
number from four to five or six. SiFs, GeFs4, and SnF4 already exhibit Lewis acidity toward F" to
produce SiFs?", GeFg>, and SnFe>", respectively. This concept can be extended to the interaction of
saturated group 14 compounds as ¢ acceptor ligands with electron rich transition metals as bases.’

Heavier group 14 fluorides have been explored as Lewis acids in this study, and their Lewis
acidity was probed indirectly using reporter fragments. The structure of the adducts formed
between the platinum complex as a metallobase and the Lewis acids of interest were optimized,
and frequency calculation confirms all are local minima. The optimized structures are shown in

Figure 36, and structural data are summarized in Table 5.
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Figure 36. Optimized structures of group 14 Lewis acid-Lewis base adduct.

Optimized structures show the Pt-E ( E = Si, Ge, and Sn) bond distance increases going
down the group, which agrees with the increase in the covalent radius going down the group. The
geometry around the platinum center is T-shaped, with the £P-Pt-P angle being close to linear.
The averaged £Pt-E-Feq and £Pt-E-Fax bond angles are close to 120° and 90°, as well as, £Feq-E-
Feq and 2Fax-E-Feq bond angles, which leads to a trigonal bipyramidal geometry around E with the
platinum center located in an equatorial position. The calculated r ratio values are measured to be

in the range of 0.94 < r < 0.97, which indicates the presence of a donor-acceptor M—Z interaction.
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Table 5. Optimized structural data for [Pt]-EF4 complexes

Pt-E (A) | £P-Pt-P (°) | £Pt-E-F (°) £F-E-F (°) | rratio
122.10 115.82(eg-eq)

[Pt]-SiF4 2.39 175.87 0.97
85.45 92.53(ax-eq)
121.16 117.68(eg-eq)

[Pt]-GeFs | 2.42 177.27 0.95
87.71 91.19(ax-eq)
117.72 124.58(eg-eq)

[Pt]-SnF4 2.58 177.28 0.94
89.16 90.40(ax-eq)

The platinum group 14 Lewis acid adducts were reacted with probe fragments. Optimized
structures and frequency calculations show that they are all at their local minima except for CO-
[Pt]-SiF4, which showed a negative frequency at -35.99. The optimized structures are shown in

Figure 37, Figure 38, and Figure 39. The structural information also is summarized in Table 6,

Table 7, and Table 8.

Figure 37. Optimized structure of CO-[Pt]-EF4 complexes.
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The results show that v(C=0) increases for Ge containing complex compare to the Sn containing
complex. Furthermore, the AH of the reaction of [Pt]-EF4 with CO was calculated, and it was
observed that going down the group, the compound becomes more stable, agreeing with the

changes in v(C=0).

Table 6. Optimized structural data for CO-[Pt]-EF4 complexes.

v(C=0) | C=0 | Pt-CO | «P-Pt-P | PtE AH
(cm™) (A) (A) (®) (A) (Kcal/mol)
CO-[Pt]-GeFs | 188553 | 1.189 | 191 | 16565 | 251 -32.66
CO-[Pt]-SnF4 | 1899.16 1.187 1.90 164.55 2.69 -34.21

The structures of complexes of general formula CH3CN-[Pt]-EF4 have been optimized, and
frequency calculation showed no negative frequency. The optimized structures are illustrated in

Figure 38, and the structural data are compiled in Table 7.

Vﬁﬂ ‘ 0‘.“\1 G"._"v:'—
1. “% |\, Ye 1\ “%

Figure 38. Optimized structure of CH3CN-[Pt]-EF4 complexes.
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The same trend was observed for the CH3CN adducts as with CO; v(C=N) increasing going
down the group. The enthalpy of reaction of the adduct with CH3CN becomes a more negative

value.

Table 7. Optimized structural data for CHsCN-[Pt]-EF4 complexes

v(C=N) | C=N [ Pt-CN | zP-Pt-P | Pt-E AH

(cm™) (A) (A) ) (A) | (Kcal/mol)

CHsCN-[Pt]-SiFs | 2213.11 1.183 2.15 171.12 241 -1.75

CH3CN-[Pt]-GeF4 | 2220.31 1.182 2.09 170.81 2.45 -13.24

CH3CN-[Pt]-SnF4 | 2222.03 | 1.182 2.09 169.54 2.62 -14.82

Transition metal base-Lewis acid adducts of group 14 were also reacted with
methylisonitrile. Results for the methylisonitrile complexes show similar trends for v(N=C), the
Pt-NC bond distance, the Pt-E bond distance, and the AH values. Overall, the observed trends are
consistent for the CO and CH3CN containing complexes. The optimized structures are shown in

Figure 39, and the structural information is summarized in Table 8.
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Figure 39. Optimized structure of CHsNC-[Pt]-EF4 complexes.
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Table 8. Optimized structural data for CHsNC-[Pt]-EFs complexes.

v(N=C) | N=C [Pt-NC | 2P-Pt-P | Pt-E AH

(ecm?) | (A) (A) ) (A) | (Kcal/mol)

CHsNC-[P{]-SiFs | 2124.33 | 1.198 | 1.99 | 166.45 | 2.47 -25.32
CHsNC-[Pt]-GeFs | 2139.66 | 1.197 | 1.97 | 166.26 | 250 -32.16
CHsNC-[P{]-SnFs | 214454 | 1.196 | 1.96 | 165.7 | 2.67 -35.06

Lewis acidity trend for Group 14 Lewis acids obtained from the above results follows the
trend SiF4 < GeFs < SnFa4. This trend is in agreement with the literature data.®> 1% Theoretical
study by Timoshkin!? on the donor-acceptor complexes of silicon, germanium and tin tetrahalides
with nitrogen-containing donors, MXs-nL (M=Si, Ge, and Sn; X =F, Cl, Br; L=NHs, Py, 2,2'bipy,
1,10-phen) in the gas phase, show that the stability of complexes decreases in the order of Sn > Ge
> Si; F > Cl > Br. The same report concluded, the promising candidates for stable gas-phase
complexes of group 14 halides are complexes of tin tetrahalides with rigid bidentate donor ligands,
such as 1,10-phenanthroline.'? Group 14 tetrahalides, although being quite strong Lewis acids,
their apparent acidity is ‘shadowed’ by the reorganization effects of the complex formation.?
2.3.3 Group 15 Lewis acids

SbFs has been known as a strong Lewis acid among group 15 halides for a long time, as
reflected by its high fluoride ion affinity.®” Upon accepting F-, the geometry around Sb will change
from trigonal bipyramidal to octahedral in SbFs".

The structure of group 15 Lewis acid adducts with [Pt] as a metallobase have been

optimized, and the frequency calculations showed no negative frequency. Optimized structures of

the adducts are shown in Figure 40., and the structural data are summarized in Table 9.
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Figure 40. Optimized structures of group 15 Lewis acid-Lewis base adduct.

For these two compounds, the Pt-E bond distance is longer for E = Sb as expected from the
larger covalent radius of Sb. The two structures have distorted T-shaped geometry around the
platinum center, with the 2P-Pt-P being more acute compared to groups 13 and 14 Lewis acids.
The average £Pt-E-F and 2F-E-F bond angles are close to 90°, confirming an octahedral geometry
around the main group element. The calculated r ratio values are determined to be 0.96 and 0.94,

which indicates the presence of an M—Z interaction.

Table 9. Optimized structural data for [Pt]-EFs complexes

Pt-E (A) | £P-Pt-P (°) | £Pt-E-F (°) | 2F-E-F (°) | r ratio
[Pt]-AsFs 2.46 166.88 90.67 90.01 0.96
[Pt]-SbFs 2.60 168.18 88.40 90.05 0.94

These group 15 Lewis acid-Lewis base adducts were reacted with CO, CH3CN, and
CH3NC as a reporter fragment. The optimized structures and frequency calculations showed they
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are local minima due to the absence of negative frequencies. The optimized structures are shown
in Figure 41, Figure 42, and Figure 43. The structural data are summarized in Table 10, Table 11,

and Table 12.
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Figure 41. Optimized structure of CO-[Pt]-EFs complexes.

For this series, it was observed that v(C=0), v(C=N), and v(N=C) are stronger for the
related Sb containing complexes compare to the As analog. Furthermore, the enthalpy of the
reaction of the reporter fragment with the adduct moiety is more negative for the Sh-containing
complexes. The change in the v(C=0) in the corresponding complexes are more drastic compared
to the change in v(C=N), and v(N=C). This difference could be due to the stronger back-bonding

on CO ligand compared to the nitriles and isonitriles.

Table 10. Optimized structural data for CO-[Pt]-EFs complexes.

v(C=0) C=0 Pt-CO | «P-Pt-P Pt-E AH
(cm™) (A) (A) (®) (A) | (Kcal/mol)
CO-[Pt]-AsFs | 1873.78 1.190 1.92 171.38 2.55 -30.07
CO-[Pt]-SbFs | 1885.82 1.188 191 172.14 2.71 -30.64
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Figure 42. Optimized structural data for CH3CN-[Pt]-EFs complexes.

Table 11. Optimized structural data for CH3CN-[Pt]-EFs complexes.

v(C=N) [ C=N [ Pt-CN [ «P-Pt-P | PtE AH
(cm?®) | (A) (A) ) (A) | (Kcal/mol)
CH3CN-[Pt]-AsFs | 2226.25 | 1.182 | 2.08 178.65 2.45 -11.33
CH3CN-[Pt]-SbFs | 2228.78 | 1.181 | 2.08 179.60 2.64 -12.09
- ¢ o
' As l * Sb‘
111 "', V

Figure 43. Optimized structural data for CHsNC-[Pt]-EFs complexes.
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Table 12. Optimized structural data for CH3NC-[Pt]-EFs complexes.

v(N=C) [ N=C [ Pt-NC [ zP-Pt-P | Pt-E AH

(ecm?) | (A) (A) (°) (A) | (Kcal/mol)

CH3NC-[Pt]-AsFs | 2151.31 | 1.195 | 1.96 177.86 2.54 -30.15

CHsNC-[Pt]-SbFs | 2153.56 | 1.194 | 1.96 | 179.46 2.70 -31.87

The trend of Lewis acidity obtained for this series shows that SbFs is more acidic than
AsFs, which agrees with literature data using GEI (Global Electrophilicity Index)!?® or FIA
(Fluoride ion affinity)® methods among other reports supporting the order SbFs > AsFs > PFs
for the Lewis acidity of group 15 pentafluorides.
2.4  Conclusion

Efforts in this chapter were aimed at assessing the strength of main group fluorides as Z-
type ligands toward platinum(0) using reporter fragments positioned trans from the Z-ligand. The
fragments used included CO, CH3sCN, and CH3sNC. The computed energies of v(C=0), v(C=N),
and v(N=C) and the enthalpy associated with the coordination of the reporter ligand have been
correlated to the Lewis acidity of main group fluorides as Lewis acids. As mentioned above, the
stretching frequencies of the reporter ligand reflect the electron density on the metal center.
Stronger Z-type ligands will make the Pt center more electron-poor, leading to stronger
coordination of the reporter ligand and an increase in the corresponding stretching frequencies.
The trend of Lewis acidity for each reporter fragment, as well as the AH trend, is summarized as

below.
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Table 13. The corresponding stretching frequencies and the AH trend. for CO as the reporter

ligand.
EFx BFs AlF3 GaFs InF3 GeF4 SnF4 AsFs SbFs
v(C=0)
1797.28 | 1832.99 | 1865.43 | 1891.50 | 1885.53 | 1899.16 | 1873.78 | 1885.82
(cm™)
AH
-22.475 | -24.783 | -29.043 | -31.645 | -32.661 | -34.205 | -30.068 | -30.643
(Kcal/mol)

Table 14. The corresponding stretching frequencies and the AH trend. For CH3CN as the reporter

ligand.
EFx BF3 GaFs InF3 SiF4 GeFs SnFs AsFs SbFs
v(C=N)
2190.12 | 2214.68 | 2215.09 | 2213.11 | 2220.31 | 2222.03 | 2226.25 | 2228.78
(cm™)
AH
-1.268 -9.117 | -12.042 | -7.7484 | -13.235 | -14.82 | -11.332 | -12.091
(Kcal/mol)

Table 15. The corresponding stretching frequencies and the AH trend. For CH3NC as the reporter

ligand.
EFx BF3 AlFs3 GaFs InFs3 SiF4 GeF4 Snk4 AsFs SbFs
v(C=N)
2071.64 | 2107.15 | 2129.67 | 2136.38 | 2124.33 | 2139.66 | 2144.54 | 2151.31 | 2153.56
(cm™)
AH
-16.949 | -21.557 | -28.217 | -31.913 | -25.315 | -32.155 | -35.059 | -30.149 | -31.873
(Kcal/mol)
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The data obtained in this study reveal that going down the group, the Lewis acidity
increases. In(111), Ge(1V), Sn(1V), As(V), and Sh(V) fluorides appear to be the most Lewis acidic.
The higher Lewis acidity of these main group fluorides is also reflected by the more negative

enthalpy associated to the coordination of the ligand when these main group fluoride act as the Z-

type ligand.
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CHAPTER 111
PHOTOSTIMULATED CL, REDUCTIVE ELIMINATION FROM A GE-PT COMPLEX

3.1  Introduction

Late transition metal complexes that support the photoreductive elimination of an X>
equivalent (X = halogen) have attracted a great deal of recent interest due to their relevance to
solar energy storage approaches based on light-driven HX splitting reactions.* ® 127132 Realizing
that this area of research might be limited by a restricted set of elements that support these
photoreduction reactions,*? 1618 133138 geveral groups including ours have started to survey
derivatives that contain main group elements amenable to two-electron redox chemistry. The best-
studied systems are tellurophenedihalides of type PT-R (PT = diphenyltellurophene, compound 16
in Figure 44) with electron-withdrawing substituents which were shown by Seferos to undergo
clean photolysis into the parent tellurophenes.**® More recently, antimony has also merged as a
suitable element for this type of transformation. Our group reported that complex 21%4° undergoes
a clean photoreductive chlorine elimination reaction which produces [Cl.Sh'VPd'Cl(o-dppp)-],
thus suggesting that antimony can support the photoreductive elimination of chlorine.'® Nocera®*
confirmed this possibility by describing antimony(V) corrole dihalide, complexes 17 and 18,

which can also be reduced into the corresponding antimony(l11) corrole by irradiation.
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Figure 44. Reported molecular platforms for chlorine photoreductive elimination involving main

group elements.

3.2  Research objectives

With the view of broadening the type of elements that support this photoreductive
chemistry, we have now made the hypothesis that group 14 elements with accessible 11/1V
oxidation states may also be prone to photoreduction via halogen evolution. In this work, we

disclose our efforts to incorporate germanium in redox-active late transition metal complexes.
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3.3 Results and discussion
As an entry point, we decided to coordinate the known (0-(Ph2P)CsH4).GeCl> ligand,
compound 52 to divalent platinum. Reaction of this ligand with (Me2S).PtCl, in CH.Cl, afforded

[Cl.GePtCl,(0-dppp)2] (complex 53, o-dppp = 0-(Ph2P)CsHa4) as an air-stable complex (Figure 45).

QPth cl. _PhiCI, ¢!
s, 50 Qee@ 2 QD
e\
CH,CI ol
cl 2Ch Ph,P—Pt—PPh, . PhoP—Pt—PPh, Ph,P—Pt—FPh,
PPh, cl’ cl 20 cr &

52 53 54 55

Figure 45. Synthesis pathway for complexes 53-55

This new complex has been characterized by NMR spectroscopy and X-ray diffraction.
Complex 53 displays a broad 3'P NMR resonance at 8 = 21.7 ppm flanked by platinum satellites
(Jrt-p=3522 Hz). Comparison of this coupling constant with that of cis-[(PhsP)2PtCl2] (Jpt-p=3673
Hz) and trans-[(PhsP)2PtClz] (Jer = 2630 Hz)#! suggested the cis-coordination of the two
phosphino arms of the ligand to the platinum center of complex 53. A single crystal diffraction
study further confirmed this conclusion (Figure 46). A salient feature of this structure is the £Pt-
Ge-ClI1 angle which approaches linearity. Hence, despite the long Ge-Pt distance of 3.3135 (8) A,
the platinum atom appears positioned to engage the germanium center by donation of a dz? lone
pair into the 6* orbital of the Ge—Cl1 bond. In agreement with this view, we note that the Ge—Cl1
bond (2.1890(19) A) is distinctly longer than the Ge—Cl2 (2.1492(18) A). The c-accepting
properties of halogermanes have been previously documented in the case of coinage metal

complex in which a fluorogermane moiety acts as the acceptor.42-14
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Ip(Pt)-0"(Ge-CI2), E, =1.63 Kcal/mol Ip(Pt)- o*(Ge-CI2) , E, =1.28 Kcal/mol

Figure 46. Left: X-ray crystallographic geometry of complex 53. Thermal ellipsoids are drawn at
the 50% probability level. Phenyl groups are drawn in wireframe. Hydrogen atoms are omitted for
clarity. Right: NBO plot of Ip(Pt)-c"(Ge-Cl1) , E? =2.71 Kcal/mol and 2.89 Kcal/mol (top) and

Ip(Pt)-c"(Ge-Cl2), E2 =1.63 Kcal/mol and 1.28 Kcal/mol (bottom).

Although this complex is thermally stable, we observed that it is light sensitive. Indeed,
irradiation of this complex with UV light results in the slow disappearance of the 3P NMR
resonance of complex 53 and the emergence of a new product complex 54 characterized by
resonance at 6 = 58 ppm (Jptp= 2885 Hz). When carried out in CH2CI>, this reaction was
accompanied by the formation of unidentified species. The addition of 2,3-dimethyl-1,3-butadiene
(DMBD) or SMe; as a halogen trap led to a cleaner transformation and the preponderant formation
of complex 54. We also noted the intermediate appearance of complex 55 detected at 6 = 37 ppm
in the *'P NMR spectrum. The intensity of this intermediate resonance remained low throughout

the photolysis to ultimately vanish when the starting material, complex 53, was entirely consumed.
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Speculating that complex 54 was the result of light-induced elimination of a Cl, equivalent, we
decided to attempt its synthesis using an independent route. To this end, the ligand (o-
(Ph2P)CeH4)2GeCl2, compound 52, was allowed to react in THF with trans-[(PhsP)2Pt(C2H4]. This

reaction proceeded quickly to afford compound 54, as indicated by 3P NMR spectroscopy.

PPh, ¢l
PhaP. cl THF, 16 h Ge
Pt—| + Ge —_—
PhaP Cl Ph,P—Pt—PPh,
PPh, el
52 54

Figure 47. Independent synthetic path for complex 54.

A single-crystal X-ray diffraction analysis (vide infra) confirmed the structure of complex
54 as a divalent platinum-chlorogermyl complex, thus demonstrating that complex 53 is indeed a
viable platform for the light-induced chlorine evolution. It is also worth pointing out that the
generation of complex 54 is a rare example of light assisted reductive bond formation between the
main group element and a transition metal atom. The Ge-Pt bond distance of 2.3338(4) A in
complex 54 is comparable to that found in [GePtCl(o-dppp)s] (2.3545(2)A), a complex recently
described by Braun.®® At the difference of this complex where the platinum is in a trigonal
bipyramidal geometry, the transition metal center in complex 54 adopts a square planar geometry
as expected for a metal with a d® electronic configuration. The Pt-Cl (2.3882(9) A) and Ge-Cl
(2.2107(10) A) are also notably longer than the corresponding linkages in complex 53 (av. Pt-Cl
= 2.37; av. Ge-Cl = 2.17), in agreement with the more reduced nature of the dinuclear core of

complex 54.
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Figure 48. Solid state structure of 54. Thermal ellipsoids are drawn at the 50% probability level.
Phenyl groups are drawn in wireframe. Hydrogen atoms are omitted for clarity. Selected bonds
and angles: Ge—Pt: 2.3338(4) A, Ge—Cl: 2.2107(10) A, Pt—CI: 2.3882(9) A; 2Ge—Pt—Cl,

177.524(27)°; £C1-Ge—Pt, 118.445(30).

Given that recyclability is an essential requirement of light-driven catalytic schemes, we
became eager to test whether complex 54 could be re-oxidized into complex 53. We first attempted
to carry out this oxidation using HCI. When carried out in THF under an inert atmosphere, no sign
of oxidation was detected, which led us to consider the use of PhICI,. The addition of this reagent
to a solution of complex 54 in CH.Cl> did not afford the expected complex 53. Instead, the reaction
was accompanied by the appearance of a signal at 37.4 ppm, a chemical shift corresponding to the
intermediate complex 55 observed during the photolysis of complex 53. Complex 55 could be
readily isolated from this reaction as an air-stable solid. Single crystal X-ray diffraction shows that
complex 55 is a structural isomer of complex 53, with the platinum atom in a tetravalent state and
o-bonded to the chlorogermy!l ligand. In agreement with the more oxidized nature of the complex,
the Ge-Cl (2.169(5) A) in complex 55 is distinctly shorter than in complex 53 (2.2107(10) A). The

c-donating properties of the germyl ligand lead to a relative elongation of the Pt-Cl4 (2.446(5)A
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vs. 2.300(4) A for Pt—CI2 and 2.346 (4) A for Pt—CI3) involving the chlorine atom trans from the

germyl ligand.

Figure 49. Solid state structure of complex 55. Thermal ellipsoids are drawn at the 50% probability
level. Phenyl groups are drawn in wireframe. Hydrogen atoms are omitted for clarity. Bonds and
angles: Ge—Pt: 2.396 (2) A, Ge—Cl1: 2.169(5) A , Pt—CI2: 2.300(4) A, Pt—CI3: 2.346 (4)A, Pt—Cl4:

2.446(5)A; 2Ge—Pt—Cl, 174.366(127)°; 2Cl-Ge—Pt, 116.443(178).

Complex 55 possesses a tetravalent platinum trichloride moiety analogous to that found in
complexes 20 and 21, which readily eliminate chlorine when irradiated in the presence of a trap
such as DMBD. Given its potential to eliminate chlorine, complex 55 was subjected to irradiation
in the presence of SMe as a trap, and the resulting product was confirmed by 3!PNMR to be the

reduced form, mainly complex 54.
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Figure 50. Comparison of photoreaction progress of compound 53 and 55.

Complexes 53-55 were also characterized by UV-Vis spectroscopy. Complex 54 has a Amax = 277

nm, and the maximum absorbance for complex 55 will appear at Amax = 300 and Amax = 345 nm,

while complex 53 does not show any notable absorbance features below 300 nm.
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Figure 51. Absorbance spectra of complexes 53-55 in CH2Cl».

In the process of HCI splitting to produce Clz and Ha, the reversibility of the process is of
great importance. The systems studied by our group on main group/ transition metal complexes,
oxidation of the reduced form by HCI have not been detected. It was observed that complex 54 in
this study tends to react with a trace of HCI impurity in the benchtop NMR solvent CDClz. By
using distilled CDCls, the oxidized form had not been detected. This leads to further investigation
of the oxidation process by HCI. A series of experiments were performed to shine more light on
the matter. The 3P NMR spectra of complex 54 have been followed in both CDCIlz and THF.
Concentrated HCI was added to a THF solution of complex 54 in the presence and absence of

oxygen. The results are summarized in Figure 52.
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Figure 52. The reaction of complex 54 with concentrated HCI in THF with and without the

presence of oxygen.

In pure THF, by adding concentrated HCI, a resonance at 36 ppm is detected, indicating
the presence of 55. However, under argon, this oxidation product is not observed. Furthermore,
bubbling oxygen in the THF solution increases the rate of the oxidation reaction. Figure 53 shows

a proposed mechanism for the oxygen assisted oxidation of the platinum center.
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Figure 53. A proposed mechanism for the oxygen assisted oxidation of the platinum center by HCI.

3.4 Conclusion

In this research, germanium-containing complexes have been investigated. A Pt(Il)
complex, complex 53, with Lewis acidic Ge(lV) in its ligand backbone showed that despite long
Ge-Pt distances, the platinum is positioned in a direction to be engaged in a weak donation from
the platinum lone pair to the ¢~ of Ge—Cl bond. This interaction will make the complex susceptible
to photoreduction of chlorine in the presence of the sacrificial reducing agent, which leads to

production of Pt(1)-Ge(lll) complex, complex 54.
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3.5  Experimental
Materials and methods. All chemicals were purchased from commercial sources and were used
without any further purification. The solvents were purified by distillation. Cl.Pt(SMe)'*8, o-
(Ph2P)CsHa4)2GeCl2%2, and PhICI,**" were prepared by following previously published procedures.
The photochemical experiments were carried out using a Nikon Microscope 100W mercury lamp
connected with Nikon HBO 100W power supply (Model 78591). During photolysis, the reaction
sample was placed in front of a cooling fan (SA-317, SLM Instruments) such that the temperature
was maintained at 30°C. UV-vis spectra were recorded in a Shimadzu UV-2501PC
spectrophotometer. NMR spectra were recorded on a Varian Unity Inova 500 FT NMR
spectrometer or Varian Inova 400 MHz or Bruker 400 MHz. Chemical shifts (8) are given in ppm
and are calibrated against residual solvent signals for *H and *3C and an external HsPO4 (85%)
standard (assigned as 0 ppm) for 3'P. Elemental analysis were performed in Atlantic Microlab,
Inc., Norcross, GA.
Computational Details. Density functional theory (DFT) structural optimizations were performed
using Gaussian 09 suite'® of programs with effective core potentials on all heavy atoms
(functional: BP86;%7 1% mixed basis set: Ge/Pt: cc—pVTZ—PP;1% P/Cl: 6-311g+(d,p);** 1 C, H:
6-319.1* Frequency calculations were also performed on the optimized geometries, showing no
imaginary frequencies. The optimized structures were subjected to an NBO analysis, using the
NBO 6.0 program.'* The resulting NBOs and Natural Localized Molecular Orbitals (NLMOSs)
were visualized and plotted using the Jimp 2 program.14% 50
[Cl2GePtCl2(o-dppp)2], 53

To a solution of 0-(Ph2P)C¢H4)2GeCl,, compound 52, (365.6 mg, 0.55 mmol) in CH.Cl; (4

ml) was added PtCl>(SMe2). (214.2 mg, 0.55 mmol) and the mixture was stirred for 2h. The solvent
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was removed under vacuum, washed with ether and hexane and dried under vacuum. Yield: 505.3
mg (98.2%). Single crystals were obtained by slow diffusion of hexanes into a CDClIs solution of
53. Elemental analysis for CasH2sCl4P.GePt with one mole of CH2Clz, C37H30CleP.GePt: Calcd:
C, 43.70; H, 2.97; Found: C, 43.46; H, 2.96. 'H NMR (400.20; CDCls): 8.59 (br d, 2H), 8.20-6.30
(m, 26H), BC{"H} NMR (125.76 MHz; CDCls): 143.0 (m), 136.5 (d, J = 13.3), 132.8 (br s), 131.4
(d,J=8.8),131.2(s), 128.6-126.8 (m). Not all expected peaks were. 3P {*H} NMR (161.70 MHz;
CDCl3): 21.7 ppm (s, Jptp: 3522 Hz).
[CIGePtCI (o-dppp)2], 54

Complex 54 could be prepared from chemical and photochemical pathway.
Photochemical pathway: To a solution of [Cl.GePtCl>(o-dppp)-], complex 53 (100 mg, 0.11 mmol)
in CH2Cl> (3ml) was added SMe>(0.35ml, 4.75mmol) as a radical trap. The solution was irradiated
overnight with a 100-Watt Hg lamp. The solvent was removed, and the residue was washed with
methanol to remove the decomposition side products. The remaining solid was dissolved in THF,
filtered and dried under vacuum (50 mg, 54.1%).
Chemical pathway: To a solution of 0-(Ph2P)CeH4).GeCl2, compound 52, (44.5 mg, 0.067 mmol)
in THF (10 ml) was added a solution of ethylenebis(triphenylphosphine)platinum(0) (50 mg, 0.067
mmol) in THF. The mixture was stirred for 20h. The solvent was evaporated. The product was
recrystallized by diffusion of hexanes into a THF solution of the compound.
Single crystals suitable for X-ray measurement were obtained by slow diffusion of hexanes into a
CH.Cl: solution of the compound that also contained a few drops of benzene.
IH NMR (400.20 MHz; CDCls): 8.27 (d, 2H, 0— P(Ge)CeHa, 3Jn-n = 7.6 Hz), 7.77-7.67 (m, 4H),
7.63-7.36 (M, 22H). 3C{"H} NMR (125.66 MHz; CDCls): 152.6 (t, J = 25.1), 140.0 (t, J = 31.9),

134.1 (t, J=6.7), 133.7 (t, J = 7.0), 133.5 (t, J = 4.0), 132.6 (t, J = 10.3), 131.5 (s), 130.9 (s), 130.7
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,128.8(t, J =5.3), 128.4 (t, J = 5.6), 128.2 (t, J = 5.4). 3'P{*H} NMR (202.16 MHz; CDCl5): 57.8
(s, Jetp = 2885.0 Hz).
Elemental analysis for CzsH2sCl2P2.GePt with one mole of THF, CaoH3sCI2.P2GeOPt: Calcd: C,
51.48; H, 3.89; Found: C, 51.1; H, 3.87.
[CIGePtCls (o-dppp)2], 55

To a solution of [CIGePtClI (o-dppp)-], complex 54, (32.3 mg, 0.038 mmol) in CH2Cl> (2
ml) was added PhICI, (12.4 mg, 0.045 mmol) and the mixture was stirred for 30 minutes. The
solvent was removed and washed with Et2O and crystallized from a CH>Cl> solution layered with
hexanes. (30.2 mg, 86.5% yield). Single crystals for X-ray measurement were obtained by solvent
diffusion of hexane in CH2Cl>. Elemental analysis for CasH2sClsP2GePt: Calcd: C, 45.26; H, 3.01;
Found: C, 44.80; H, 2.75. *H NMR (499.7 MHz; CDCls): 8.30 (d, 2H, o— P(Ge)CsHa, 3Jn-n = 7.36
Hz), 8.13-8.20 (m, 4H), 7.71 (t, 2H, 334 1 = 7.36 Hz, 3Ju p = 3.99 Hz), 7.47-7.60 (m, 10H), 7.30-
7.40 (M, 10H).3C{*H} NMR (125.66 MHz; CDCls): 136.6 (t, J = 5.6), 134.7 (t, J = 3.9), 134.1 (t,
J=5.1),132.8 (t,J =9.7), 132.2 (s), 131.9 (s), 131.5 (s), 130.9 (t, J = 4.5), 128.3 (t, = 5.6), 127.7
(t, J = 5.6), 124.6 (s). 3:P{*H} NMR (161.7 MHz; CDCl5): 37.4 (s, 3Jpep = 1845.8 Hz).
Crystallographic Measurements. All reflections were measured at 110(2) K using a Bruker
APEX-II CCD area detector diffractometer with Mo-Ka radiation (A = 0.71073 A). A specimen of
suitable size and quality was selected and mounted onto a nylon loop/glass wool. The semi-
empirical method SADABS was applied for absorption correction. The structures were solved by
direct methods, which successfully located most of the none-hydrogen atoms. Subsequent
refinement on F? using the SHELXTL/PC package (version 6.1)'*' and Olex2% allowed the
location of the remaining non-hydrogen atoms. All H-atoms were geometrically placed and refined

using a standard riding model.
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Figure 54. 'H NMR of [Cl.GePtCl,(o-dppp)2], complex 53.
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Figure 55. 1*C NMR of [Cl.GePtCl.(0-dppp)2], complex 53.
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Figure 56. 3'P NMR of [Cl,GePtCl2(o-dppp)2], complex 53.
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Figure 57. 3'P NMR of complex 53 at room temperature and 55°C.
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Figure 58. 3:PNMR of [CIGePtCI (o-dppp)z], complex 54.
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Figure 59. *H NMR of [CIGePtClI (o-dppp).], complex 54.
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Figure 60. *C NMR of [CIGePtCI (o-dppp).], complex 54.
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Figure 61. *C NMR of [CIGePtCI (o-dppp)2], complex 54.
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Figure 62. *'P NMR of [CIGePtCls (0-dppp)2], complex 55 in CDCls.
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Figure 63. TH NMR of [CIGePtCls (0-dppp)z], complex 55 in CDCls.
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Figure 64. *°C NMR of [CIGePtCls (0-dppp)2], complex 55 in CDCls.
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CHAPTER IV

INVESTIGATING GERMANIUM-CONTAINING PALLADIUM AND GOLD COMPLEXES

4.1 Introduction

Tetrahedral compounds of heavier group 14 elements E (E= Si, Ge, and Sn) are prone to
accept nucleophiles through donor-acceptor interactions with organic Lewis bases!? 153 |eading
to the formation of hypervalent compounds of trigonal bipyramidal or octahedral geometries. This
behavior stems from their larger atomic radius compare to carbon (C: 0.76 A, Si: 1.11 A, Ge: 1.20
A, sn: 1.39 A),*>* which leads to less steric repulsion among their substituents, and also their
electropositive properties allow them to interact with polarizable bases.*®

Saturated group 14 molecules forming a - complexes with transition metals are classified
into three categories*™ 156 157 as jllustrated in Figure 65. Complexes of type A feature a
ligand—metal donation from a filled o(E—H) orbital of the ligand to an empty d orbital of the
metal. Complexes of type B feature a metal—ligand back-donation from a filled d orbital of the
metal to an empty o*(E-E) orbital of the ligand. Saturated heavier group 14 complexes of type C
with a donation of an electron from an occupied d orbital at the metal to a low-lying vacant ¢*

orbital centered at E, are gaining more attention,*!: 52 61, 155
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Figure 65. Complexes A—C featuring Group 14 saturated molecules coordinated to transition

metals (E=Si, Ge, and Sn).

Metallosilatranes and metallostannatranes with buttressing bridges consisting of —
XCHzPMez groups (X=0, CHz ), ¥ 0-(R:P)CsHs groups (R=iPr, Ph). 6L 160. 161
methimazolyl,*62-165 pyridine-2-thionate,*%® 6" and azaindolyl*®® have been studied extensively.
However, investigations of the germanium analogs are limited.5%: 18- 15
4.2  Research objectives

The objective of this study is to investigate germanium containing complexes of palladium
and gold with the o-(Ph2P)CsHa buttress. The target complexes will be designed to possess M—Ge
interaction (M = Pd, Au). The properties and reactivities of the products will be compared to their

silatrane, stannatrane, and platinum analogs.
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4.3  Results and discussion
4.3.1 Complexes containing germanium and palladium
4.3.1.1 Reaction of compound 52 as a ligand with PdClI>(cod)

Reaction of compound 52 with PdClIz(cod) (cod = 1,8-cyclooctadiene) in CH2Cl. afforded
[Cl.GePdCl,(o-dppp)2] (complex 56, o-dppp = 0-(Ph2P)CsHa) as a result of fast Cl, reductive
elimination to produce [CIGePdCl(o-dppp)z], complex 57, and along with undefined

decomposition products.(see Figure 66)

PPh, C cl Cl

|
Cl \ |
/ PdCl,(cod) Ge fast Ge ,  decomposition
\ CH.CI > > \ products
2Clp

Ge
cl PhZHP—/Pd<PPh2 Ph,HP—Pd—PPh,
PPh, Cl o] él

52 56 57

Figure 66. A scheme of the reaction of compound 52 as a ligand with PdClIx(cod).

Upon mixing the ligand and PdCl,(cod), the solution turned orange and showed a *'P NMR
resonance at 6= 23.9 ppm. Upon stirring for another hour, the color turned from orange to yellow.
Following the reaction in an NMR tube by 3P NMR, indicated that the color change is
accompanied by the disappearance of the peak at 6= 23.9 and the appearance of a peak at 6= 56.3
ppm, which are respectively assigned to complexes 56 and 57. Besides the peak at 6= 56.3 ppm,
resonances between 6 = 22 ppm and 6 = 45 ppm were observed, and those were assigned to
decomposition products resulting from oxidation of the ligand by the released chlorine equivalent
(Figure 67). Complex 57 was also formed by the reaction of compound 52 with Pd(PPhs)s in
toluene, as confirmed by 3'P NMR spectroscopy analysis of an NMR scale reaction.
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Figure 67. 3'P NMR monitoring of the reaction of compound 52 and PdClz(cod) in CH2Cl. The
resonances are marked as follows, ¢ compound 52; e compound 56; A compound 57. All other

resonances correspond to undefined decomposition products.

Based on the fact that the platinum complex 53 ([Cl.GePtCl(o-dppp)-]) displays a 3P NMR signal
at 8 = 22.5 ppm, the peak at 5 = 23.9 ppm was attributed to [Cl.GePdCl,(o-dppp)2], complex 56.
The structure of complex 56 was later confirmed by X-ray diffraction analysis. With the hope that
complex 56 show the same insolubility in toluene as complex 53, single crystals appropriate for
X-ray measurement were obtained by solvent diffusion of a cold solution of PdCI,(cod) in CH2Cl;

to a cold solution of o-(dppp).GeCl. in toluene. According to the structure shown in Figure 68, the
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palladium center adopts a square planar geometry with the cis-coordination of the two phosphino
arms of the ligand to the palladium center. A noticeable feature of this structure is the Pd-Ge-CI1
angle which approaches linearity (162.990(51)°). The Ge—Pd bond distance of 3.3591(8) A is
beyond the sum of the covalent radii of germanium and palladium (2.61 A), but it is shorter than
the sum of van der Waals radii (3.74 A) with a covalent bond ratio (r) of 0.90. The geometry
around the germanium center is trigonal bipyramidal with the C1-Ge-ClI2, C1-Ge-C2, and C2-Ge-
Cl2 angles equal to 116.485(202)°, 117.423(269)°, and 112.784(199)° respectively. The palladium
atom appears to be positioned to engage the germanium center in a Pd—Ge interaction. In
agreement with this view, the Ge—CI1 bond (2.1721(17) A) is longer than the Ge—CI2 bond
(2.1456(17) A). Furthermore, NBO calculations confirm the donation of a palladium d-orbital lone
pair into the o* orbital of the Ge-CI1 bond. This donation is weak, as indicated by the second-

order perturbation energy of 1.04 Kcal/mol.
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Cl1

Ip Pd = ¢" (Ge-Cl1)

Figure 68. Left: Solid state structure of complex 56. Thermal ellipsoids are drawn at the 50%
probability level. Phenyl groups are drawn in wireframe. Hydrogen atoms are omitted for clarity.
Selected bonds and angles: Ge—Cl1 2.1721(17) A, Ge—CI2 2.1456(17) A, Pd—C13: 2.3605(15) A;
Pd—Cl4: 2.3702(15) A, £CI3-Pd—Cl4, 91.163(59)°; 2Cl11-Ge—Cl2, 99.104(66). Right: NBO plot
(isovalue = 0.05) showing the Ip(Pd) — " (Ge-CI1)) donor-acceptor interaction E(2) = 1.04

Kcal/mol.

Structural and spectroscopic comparison of complex 56 and the platinum analog, complex
53, show similarities and differences. They have a similar 3P NMR chemical shift. Both
complexes, due to the presence of an M—Ge interaction, adopt similar structures, with the metal
in a square planar geometry and the germanium center, in a trigonal bipyramidal geometry. The
platinum analog complex 53 is an air-stable white solid with partial solubility in chlorinated
solvents which undergoes reductive elimination of chlorine upon irradiation with UV light.
However, complex 56 is not stable. It quickly decomposes to form 57 as the product of Cl»

elimination along with many decomposition products.
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4.3.1.2 Reaction of ligand 52 with [PdCI(C3Hs)]2

In pursuit of a cleaner reaction, [PdCI(CsHs)]. was allowed to react with ligand 52 in

toluene (Figure 69). This reaction proceeded quickly to afford 57 and allyl chloride, as indicated
by *H NMR ( Figure 71).

QPPhZ ¢l

, Cl ") Cl Toluene/ CDCl; Ge

<k-Pdi >Pd—> + Ge” M AN
Cl - “cl

Ph,P—Pd—PPh;
PPh, '

Cl

52 57

Figure 69. The reaction of [PdCI(C3Hs)]2 with ligand 52 producing complex 57.
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Figure 70. 3'PNMR of [CIGePdCl(o-dppp)2], complex 57, in toluene.
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Figure 71. Formation of allylchloride during the reaction of compound 52 and [PdCI(CzHs)]2 in

CDCls. The inset is showing peaks related to the eliminated allylchloride.

The formation of complex 57 was confirmed by X-ray crystallography (Figure 72).
According to the crystal structure, complex 57 displays a similar structure as the platinum analog,
complex 54. The palladium center adopts a square planar geometry. In this complex, the
germanium and palladium centers form a short bond of 2.3185(5) A corresponding to a covalent
bond ratio of 0.90. An NBO analysis of the optimized structure of complex 57, shows that the two
central atoms are connected by an Ip(Pd)—p(Ge) interaction associated with second-order
perturbation energy of E(2) = 39.96 Kcal/mol. It is interesting to note that the NBO method
describes the Pt—Ge bond in complex 54 as covalent and that in complex 57 as donor-acceptor.
This discrepancy shows a limitation of the NBO method, which is not well adapted to analyze

bonding in these complexes.
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Ip (Pd) - P( Ge)

Figure 72. Left: Solid state structure of complex 57. Thermal ellipsoids are drawn at the 50%
probability level. Phenyl groups are drawn in wireframe. Hydrogen atoms are omitted for clarity.
Selected bonds and angles: Ge-Pd. 2.3185(5) A, Ge—Cl 2.2097(12) A, Pd—Cl: 2.33835(11) A;
2£Ge—Pd—Cl, 178.16(3)°; £C1—Ge—Pd 111.73(4). Right: NBO plot (isovalue = 0.05) showing the

Ip(Pd)—p(Ge) donor-acceptor interaction E(2) = 39.96 Kcal/mol

Inspired by the reductive elimination of allylchloride in the reaction of ligand 52 and
[PACI(C3Hs)]2, and on the other hand, the difficulty of reductive elimination of halobenzenes
(chlorobenzene and fluorobenzene) from transition metals, the probability of reductive elimination
of chlorobenzene from the palladium center using the germanium ligand 52 was examined. With
this idea in mind, ligand 52 was allowed to react with trans-Pd(PPh3)PhCl in ds-benzene. No
reaction was observed at room temperature. The reaction was followed by 3'P NMR and *H NMR
in de-benzene at 80°C to track any sign of formation of chlorobenzene. In *H NMR, no trace of

formation of PhCl was observed.
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4.3.2 Germanium gold complex

Herein, the synthesis and characterization of the gold complex formed by the reaction of
compound 52 with a gold(l) precursor are described. Reaction of 52 with Au(AsPh3)Cl in CH.Cl,
afforded [CIGeAuCl(o-dppp)2]Cl (complex 58, o-dppp = 0-(Ph2P)C¢H4) as an air-stable white

solid (Figure 73).

PPha  chycl, ¢
Cl Ge
Au(AsPh3)Cl  + Ge E—— Cl
Cl Ph,P—Au—PPh,
PPh, Al
52 58

Figure 73. The reaction of compound 20 with Au(AsPh3z)CI producing complex 58.

This new complex has been characterized by *'P NMR spectroscopy and X-ray diffraction.
Complex 58 displays a *'P NMR resonance at & = 58.5 ppm. The platinum and palladium analogs,
complexes 54 and 57, also show *!P NMR signals in the same region. The solid state structure of
58 has been determined experimentally. According to the X-ray diffraction (Figure 74), complex
58 adopts an ionic structure with a Cl™ as a counterion. The geometry around the gold center is
square planar with the P-Au-P and Ge—Au—Cl angles being respectively equal to 164.506(58)° and
178.405(42)°. The germanium-gold bond of 2.3941(8) A is quite short, as indicated by the covalent
bond ratio of 0.93, which is smaller than unity. The geometry around the germanium is best

described as a distorted tetrahedral.
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Figure 74. Solid state structure of complex 58. Thermal ellipsoids are drawn at the 50% probability
level. Phenyl groups are drawn in wireframe. Hydrogen atoms are omitted for clarity. Selected
bonds and angles: Ge—Au: 2.3941(8) A, Ge—Cl: 2.1960(19) A, Au—Cl: 2.4535(15) A;

£Ge—Au—Cl, 178.405(42)°; 2Cl1-Ge—Au, 106.512(59)

Complex 58 was compared with the previously reported*! silatrane and stannatrane gold
complexes, complexes 59 — 61 shown in Figure 75. The 3P NMR resonance of complex 59 appears
at & =57.1 ppm and falls in the same region as for complex 58, while the 3'P NMR resonance for
the tin-gold complexes 60 and 61 appears further downfield at & = 79.1 ppm and 6 = 74.5 ppm

respectively.
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Figure 75. Gold silane and stannane complexes of the type [o{(iPr.P)Cs Ha}2E(Ph)XAuCl].

In complex 59, the Au-Si distance (3.090(2) A) is longer than the sum of the covalent radii
of gold and silicon (2.47 A, r = 1.25), but significantly shorter than the sum of their van der Waals
radii (4.20 A). The Au-Sn distance in 60 (2.891(1) A) is shorter than the Au-Si distance in 59,
despite the larger covalent radius of tin (reov (SN) = 1.39 A; reov (Si) = 1.11 A). With an r factor of
0.93, the Au—Ge bond in complex 58 is comparatively a lot shorter and thus slightly stronger. As
a result, formation of this bond can be seen as the result of an Sn2 reaction in which the gold atom
acts as the nucleophile and induces the dissociation of a Ge—Cl bond with the chloride being the
leaving group.

4.4  Experimental

Materials and methods: All chemicals were purchased from commercial sources and were
used without any further purification. The solvents were purified by distillation. PdCI>(COD)°
(COD = 1,5- Cyclooctadiene) and 0-(Ph2P)CsH4)2GeCl2* were prepared by following previously
published procedures. NMR spectra were recorded on a Varian Unity Inova 500 FT NMR
spectrometer or Varian Inova 400 MHz or Bruker 400 MHz. Chemical shifts (8) are given in ppm
and are calibrated against residual solvent signals for *H and an external HsPO4 (85%) standard

(assigned as 0 ppm) for 3P.
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Computational Details: Density functional theory (DFT) structural optimizations were performed

using the Gaussian 09 suite of programs

with effective core potentials on all heavy atoms
(functional: BP86;1%"- 1% mixed basis set: Ge, Pd, Au: cc—pVTZ-PP;1% P/Cl: 6-311g+(d,p);11% 11
C, H: 6-319.1*2 Frequency calculations were also performed on the optimized geometry, showing
no imaginary frequencies. The optimized structures were subjected to an NBO analysis, using the
NBO 6.0 program.'*® The resulting NBOs and Natural Localized Molecular Orbitals (NLMOSs)
were visualized and plotted using the Jimp2 program. 4 150
Crystallographic Measurements: All reflections were measured at 110(2) K using a Bruker
APEX-11 CCD area detector diffractometer with Mo-Ka radiation (A =0.71073 A). A specimen of
suitable size and quality was selected and mounted onto a nylon loop/glass wool. The semi-
empirical method SADABS was applied for absorption correction. The structure was solved by
direct methods, which successfully located most of the non- hydrogen atoms. Subsequent
refinement on F? using the SHELXTL/PC package (version 6.1)'*' and Olex2% allowed the
location of the remaining non-hydrogen atoms. All H-atoms were geometrically placed and refined
using a standard riding model.
[Cl2GePdCl2(o-dppp)2], 56

To a solution of PdClz(cod) (5.1 mg, 0.018 mmol) in CH2Cl; (0.6ml) in an NMR tube was
added (0-(Ph2P)CeHa4)2GeCl> (11.9 mg, 0.018 mmol). Single crystals appropriate for X-ray
measurement were obtained by slow diffusion of a cold solution of PdCl2(cod) in CH2ClI; into a
cold solution of 0-(Ph2P)CeH4)GeCl2 in toluene.
[CIGePdCl(o-dppp)2], 57

To a solution of (0-(Ph2P)CsHa4)2GeCl2, compound 52, (50.0 mg, 0.075mmol) in toluene (5

ml) was added [PdCI(C3Hs)]2 (20.6 mg, 0.056 mmol) and the mixture was stirred overnight at 60
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°C. After filtration, the solution was evaporated, and the residue was washed with Et2O. Crystals
were obtained by diffusion of hexanes into a CH2Cl solution of the compound. 3P {*H} NMR
(202.2 MHz; CH2Cl): 57.3 ppm.
[(o-dppp)2Ge CIAUCI]CI, 58

To a solution of Au(AsPh3)Cl (50 mg, 0.093 mmol) in CH.Cl> (2 ml) was added (o-
(Ph2P)CeH4)2GeCl, compound 52, (61.8 mg, 0.093mmol). The mixture was stirred for 1 hour. The
solvent was removed and washed with hexane. The residue was recrystallized from
CH2Cly/Hexanes. Yield: 75.1 mg (90.1%). Crystals suitable for X-ray crystallography were
obtained by solvent diffusion of hexanes in a CDClIs solution of the compound. 3P {*H} NMR

(202.2 MHz; CH2Cly): 58.5 ppm.
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CHAPTER V
BIMETALLIC GOLD COMPLEXES AS CATALYSTS FOR THE CARBOPHILIC
ACTIVATION OF ALKYNES

5.1 Introduction

In the past few decades, homogeneous gold catalysis has gained widespread attention. Its
peculiar n-acidity and high functional group tolerance have made gold a coveted catalytic metal
for many organic transformations. %12 Most of the reactions catalyzed by gold are classified as
the nucleophilic addition to unsaturated carbon multiple bonds (Figure 76).1”® The soft Lewis
acidic gold center’ is prone to the electrophilic activation of multiple bonds.!” Gold(l) and
gold(l1l) containing complexes show catalyze nucleophilic addition to alkenes and alkynes.
Moreover, the +1 and +111 oxidation states that gold can adopt, allows to access a different level of
hardness at the metal center, providing control over the properties of the catalysts containing this
metal 1’8178 Most gold complexes used in catalysis are mononuclear derivatives of general formula
of [LAu][X] or LAUCI/AgX (L=
ancillary ligand, X= non-coordinating anion).”®> Some common gold (1) catalysts used in organic

transformations are shown in Figure 77.

R
R
. R——R 4 '/\:Nuc R %
L-Au ——M——> L—Au—|| - Nuc
Au
L

R

Figure 76. Schematic illustration of nucleophilic addition to unsaturated carbon multiple bonds

activated electrophilically by gold complexes.
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Figure 77. Examples of conventional catalysts and precatalysts used in homogenous gold catalysis.

Mechanistic studies show that the mono-ligated [LAu]™ moiety is an active component in these
systems, while species of general formula [LAuL]* are usually inactive. Recently, Mukai’*et al.
argued that [LAuL]* complexes such as 62 — 66 can be activated by introduction of a Lewis acidic
borane in the ligand backbone. This group supported this proposal by demonstrating that these
complexes catalyze enyne cyclization reactions. Later, the Gabbai'”® group introduced the
trifluorostiborane gold complex 67 and showed that this complex catalyzes hydroamination
reactions (Complex 67, Figure 79). A thorough literature survey showed that even small gold
clusters with significant metal-metal interactions are active in catalysis. It has also been proposed
that mono-ligated gold(l) complexes in the presence of a substrate will undergo a small amount of
cluster formation and that those clusters might be responsible for catalytic reactivity.'® These

results combined show that polynuclear complexes hold promise in the area of gold catalysis.
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Figure 78. Recently reported borane-gold catalysts used in Enyne cyclization.
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Figure 79. Trifluorostiborane gold complex as a catalyst for hydroamination reaction.

Utilizing bridging ligands is a common way to hold two gold nuclei in close proximity,
which usually results in the formation of dimeric compounds, although chain formation is also
possible.’®!  Dithiocarbamate (dtc),'® 1,1-bis(diphenylphosphino)methane (dppm),'®® (2-
pyridyl)dimethylphosphine,*®* methylenethiophosphinate (mtp)*e® and phosphorus bis(ylides) 8

187 illustrated in Figure 80 are common bridging ligands used to access dinuclear gold species.
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Asymmetric dimers obtained by ligand exchange reactions between two symmetrical dimers lead

to a variety of dimers with versatile electronic and steric properties.

Ph, Ph, )N\RZ 2+
P
A
U

Au Au Alu u Alu A.” Au Alu A.” Alu
kp) s\P) s\(s ©/PPh2 Ph,P._PPh,
Ph Ph
2 2 NR,
e | y
PhP™ "PPh; S7'S Ph,P”"PPh,
LI B s A
X X
P P
Ph, Ph,

Figure 80.Examples of dinuclear gold(l) complexes.

There are extensive studies on the structural and luminescence properties of gold dimers*&®-
190 put their potential catalytic reactivity has been neglected. There are a handful of reports using
gold of general formula of [Auz(L-L")]*(2X") as catalysts (complexes 68-71, Figure 81). 19119
Recently, Wade!’* reported an example of the doubly bridged gold dimer complex 72, as a Lewis

acid catalyst for Mukaiyama addition and alkyne hydroamination reactions (Figure 82).
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Figure 81. Examples of singly bridged gold dimers used in catalysis.
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Figure 82. Doubly bridged dinuclear gold complex used as a Lewis acid catalyst for Mukaiyama

addition and alkyne hydroamination reactions.

The cycloisomerization of N-propargyl carboxamides, which are highly functionalized
compounds, is a favorable reaction to test the activity of gold catalysts. The compatibility of gold
catalysts with mild reaction conditions’? 1%-1% s another favorable attribute when compared to

the other pathways'®® or other metal centers®® requiring harsh conditions. Hashmi2°-2% studied
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the cyclization of propargylic amides with a variety of gold (1) and gold (I11) complexes. Different
isomers of oxazoles were obtained?® depending on the catalyst or the substrate being used (Figure

83).

[Au'L] R2 [Au"'Cl3]
R'=H I R'= alkyl o
R%=H 2=
%o 20 Aok
B
R™ N R™ N H,0
R1
[Au'Cly] |
R'=H AL + HX
R H R'=H
R2= alkyl, aryl

X
(6] X +
)g\g )O\)j/ X= [Au'L] OJ} 1
N RSN or H AN NHR X

Figure 83. Illustration of the different outcomes observed in N-propargyl carboxamide cyclization

R

reactions.

5.2  Research objective

The above mentioned work of Wade (Figure 82) which appeared while our work was in
progress indicate that metal-metal bonded Au(ll) species display carbophilic reactivity. The
objective of this chapter is to test whether other supporting ligands can be used in such Au(ll)

catalysts.

92



Figure 84. Au(ll) catalyst targeted in this study.

5.3 Results and discussion
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Herein, a series of symmetric and asymmetric gold (1) and gold (1) dimers (Figure 85)

were synthesized, and their catalytic reactivity has been investigated. The cyclization of N-

propargyl carboximide!®” (Figure 86) was utilized as a probe reaction to test catalytic reactivity.
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Figure 85. Gold complexes synthesized and tested for catalytic reactivity in this project.
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Figure 86. Cyclization of N-propargyl carboxamide

5.3.1 Synthesis and catalytic reactivity of complexes 73-75

Complex 73%%° was synthesized as a bench-stable compound with some modifications to
the reported procedure (Figure 87). The reported method uses the air and moisture sensitive
compound [o0-LiCeH4sPPh2]. This compound can be converted into the more stable and easily
handled compound, [0-MesSnCeHsPPh2]?%7, compound 83, as a bench-stable compound.

Compound 83 was reacted later with the Au(tht)ClI to produce complex 73.

SnMeg PhaP
@[ - 5 Au A‘u
PPh, Au(tht)Cl ©/Pth

83 73

Figure 87. Modified synthetic pathway for making complex 73.

Gold(I1) dimers and their corresponding dications have been targeted for catalytic studies

as well. Complex 742% was obtained by oxidizing complex 73 with PhICl.. Conversion of 74 into
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a gold (I1) dications was first attempted by the addition of AgSbFs. This reaction failed and

afforded the hexameric gold cluster 84 first reported by Echavarren (Figure 88).2%°

Ph,

P 2 AgSbFg / CH,Cl,
Cl-Au—Au—Cl
Ph,P AgCl l
74

Figure 88. Gold hexamer formation.

The use of AgOAC as a halide abstractor afforded compound 75 as a stable compound
characterized by a 3P NMR signal at & = 4.5 ppm. The *H NMR spectra showed a resonance at &
= 1.4 ppm corresponding to the CHs groups of the acetate anion. Complex 75 could be obtained
from direct oxidation of complex 73 with PhI(OAC).. The structure of complex 75 was verified
by X-ray crystallography (Figure 89). The crystal structure confirmed that the acetate anion is
coordinated to the gold centers through an Au-O bond distance of 2.093(5) A. The gold centers in
this complex adopt a square planar geometry. Complex 75 features a short covalent Au—Au bond

of 2.5539(6) A.
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Figure 89. Crystal structure of complex 75. Thermal ellipsoids are drawn at the 50% probability
level. Phenyl groups are drawn in wireframe. Hydrogen atoms are omitted for clarity. Selected

bonds: Au-Au: 2.5539(6)A, Au-0: 2.093(5) A.

O v
0
)J\ [Au] 5mol% R\(f @
R™ °N NV \ R =
80 81

Figure 90. Catalytic reaction condition catalyzed by [Au] catalysts.

Next, all available complexes were tested in the reaction shown in Figure 90, with a 5%
catalyst loading. The reaction can be followed by 'H NMR spectroscopy, as the substrate,
compound 80, and the product, compound 81, have characteristic resonances. Compound 80 has a
distinct triplet at 6 = 2.29 ppm representing Ha hydrogen and two doublets very close to each other
at & = 4.02 ppm as Hy, and Hy. The cyclization product, 5-methylene-4,5-dihydro oxazole,
compound 81, shows three sets of distinct peaks, two sets of doublets of doublets at 6 = 4.2 and

4.6 ppm for Hgand Hg and a triplet at 6 = 4.4 ppm depicting Hc. (See Figure 91).
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Figure 91. IHNMR demonstration of compound 80 and 81.

Complexes 73 and 74 showed no catalytic activity even at high temperatures, 50°C.
Complex 74 is unstable while in solution and at temperatures higher than 60°C. The catalyst will
undergo C-C coupling of phenyl rings to form the gold(l) complex 85,2%% 210 making a study of its
catalytic properties rather complicated ( Figure 92). While some catalytic activity was observed
when 74 was activated with Bi(OTf)s (Figure 93), 3P NMR spectroscopy showed extensive

decomposition of the catalyst such that little could be learned from this experiment.

P—Au—Cl

Cl-Au—Au—Cl -
|'3ph Heating higher than 60°C P—Au—Cl
2 O Ph,
74 85

Figure 92. C-C coupling reaction of complex 74 in upon exposure to light or heat.
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Figure 93. 3P (left) and 'H (right) NMR spectra recorded during the conversion of 80 into 81

catalyzed by 74 and Bi(OTf)a.

Complex 75 showed weak to moderate reactivity at room temperature. Within the first 24
hours of the reaction, distinct progress was observed, but the reaction did not go to completion

very fast and took 100 h to reach completion. The reactivity of complex 75 was notably enhanced

xh )

T Ll

T
5.2 5.0 4.8 4.6 4.0 3.8 22 2.0

44 4.2
1 (ppm)

at higher temperatures (40° C), and the reaction completed within 48 hours (Figure 94).
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Figure 94. 'THNMR spectra recorded during the conversion of 80 into 81 catalyzed by 75 at room

temperature (left) and 40° C (right).

The 3P NMR spectra during the reaction showed that by proceeding the reaction, the peak
related to the catalyst at 6 = 4.5 ppm disappeared, and 3 peaks emerged at regions between & = 35
- 40 ppm. Complex 75 could be considered as a pre-catalyst, which in the presence of the substrate

would be converted to the active catalyst (Figure 95).
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Figure 95. 3P NMR spectra recorded during the conversion of 80 into 81 catalyzed by 75 at room

temperature.

5.3.2 Synthesis and catalytic reactivity of complexes 76 and 77

The second series of complexes studied in this research include 76 and 77, which feature
the mtp bridging ligand (mtp = methylenethiophosphinate). The mtp ligand provides a less
crowded environment around the gold centers. Also, the presence of a phosphorus atom provides

a convenient NMR spectroscopic handle. Complexes 76 and 77 were prepared by modification of
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the literature procedures.?!! The lithium salt PhoP(S)CH.Li was first converted to the bench stable
compound Ph,P(S)CH.SnMes (86) following similar literature procedure.?!? Further reaction of

86 with Au(tht)Cl yielded the corresponding dinuclear gold complex 76 (Figure 96).

Ph,
ghz S/P
Ph,P(S)CH,Li S PhICI, ]
A Ay —————— Cl-Au—Au—Cl
SnMe;Cl | (b) ' CH,Clp L _$
Ehz Ph;
Ph,P(S)CH,SnMe;
a6 76 77

| 1

Au(tht)Cl

Figure 96. Synthetic pathways used to obtain complexes 76 and 77.

Improved catalytic reactivity was observed for complexes 76 and 77. Although complex
76 showed a weak reactivity at room temperature (10% progress), decent reactivity was observed
at 50°C, and the reaction was completed within 20 hours to produce compound 81 (Figure 97,
right). The *'P NMR showed that the catalyst was intact in the course of the reaction (Figure 97,

left).
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Figure 97. 3P (left) and 'H (right) NMR spectra recorded during the conversion of 80 into 81

catalyzed by 76.

The gold (1) complex 77 showed catalytic reactivity at room temperature without any
additive to produce compound 82 within 18-24 hours. The formation of compound 82 was
confirmed by *H NMR with the characteristic resonances at § = 2.42 ppm as a doublet for the
hydrogens of CH3 group and a quartet at 8 = 6.87 ppm for He (Figure 98). It is noteworthy that

compound 82 is usually formed in gold(I11) mediated catalytic systems.
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Figure 98. *H NMR spectra recorded during the conversion of 80 into 82 catalyzed by 77. e

identifies characteristic peaks of 82.

5.3.3 Synthesis and catalytic reactivity of complexes 78 and 79

Complex 78 was synthesized as a cationic species by the reaction of diphenyl phosphino
methane (dppm) ligand with Au(tht)CI. No catalytic reactivity was observed for this complex. The
catalytic reactivity silence could be attributed to the steric hindrance imposed by the PPh; groups
around the gold centers, which would block the substrate from approaching the catalyst. It occurred
to us that 78 could be used in ligand exchange reactions to access an asymmetric gold complex in
which the presence of two ligands would provide additional opportunities for adjusting the
electronic and steric properties of the complex. With this in mind, complex 78 and 76 were mixed

in CH2Cly, leading to the formation of complex 79 (Figure 99). A low-quality X-ray diffraction
103



study suggested the proposed connectivity. The 3P NMR spectrum show three individual
resonances that display equal intensities. Two of these resonances, at 6 = 36 ppm and 6 = 38 ppm,
are coupled to each other (?Jpe = 62 Hz) and are assigned to the phosphorus atom of the dppm
ligand based on the observation. The third resonance at 6 =52 ppm corresponds to the mtp ligand.
Complex 79 showed catalytic reactivity at 40°C resulting in the formation of isomer 81 within 48
hours as a product of catalysis. Following the reaction by 3P NMR (Figure 100) showed that the
three resonances assigned to complex 79 disappear over time, casting doubt about the nature of

the catalytically active species.

2+ Ph2 +
P
Ph,P” “PPh, S Ph,P” > PPh,
1 | [ CH2C|2 1 [
Au AU g +AUAL ——— 1 AU AU
Ph,P__PPh, Kp/s Kp/s
Ph, Ph,

Figure 99. Synthetic pathway for complex 79.
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Figure 100. 3P NMR spectra recorded during the conversion of 80 into 81 catalyzed by 79.

5.4  Conclusion

The main conclusion of this section is that several of the dinuclear complexes investigated
are indeed catalytically active. However, these complexes are not stable in solution making the
assignment of structure-catalytic activity relationship impossible. The only exception might be
complex 76 which remain intact throughout the reaction. However, the slow conversion observed
raises the possibility of metallic impurities being responsible for the observed activity.
55 Experimental
Materials and methods: All chemicals were purchased from commercial sources and were used
without any further purification. The solvents were purified by distillation. PhICI>*#", Au(tht)CI,%2

[0-MesSnCeH4PPh2],2°" complexes 73,206 74,26 76,211 77 211 and 78214 were prepared by following
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previously published procedures with some modifications in the case of 73 and 76. NMR spectra
were recorded on a Varian Unity Inova 500 FT NMR spectrometer or Varian Inova 400 MHz or
Bruker 400 MHz. Chemical shifts (8) are given in ppm and are calibrated against residual solvent
signals for *H and an external HsPO4 (85%) standard (assigned as 0 ppm) for 3p.
[Auz(o-dppp)2], 73

The reported procedure for the synthesis of complex 73 involves an air and moisture
sensitive compound [0-LiCsH4PPh;]. As a modification, [0-MesSnCsH4PPh2]?" as a bench stable
compound was prepared and was reacted with the gold precursor Au(tht)Cl (tht =
tetrahydrothiophene) or Au(AsPhz)ClI to produce complex 73.
[Auz(o-dppp)2(OAc)2], 75

Complex 75 was synthesized by two different pathways. Path one: to a solution of complex
74 (61.3 mg, 0.062 mmol) in THF was added Ag(OAc) (20.72 mg, 0.124 mmol) as a halid2
abstractor. After stirring overnight, the mixture was filtered, and the solution was evaporated. The
residue was washed with hexane and dried under vacuum. Yield (58.9 mg, 91.7%). Path two: to a
solution of 73 (51 mg, 0.056 mmol) in CH2Cl> was added Phl(OAc)2 (26.8 mg, 0.083 mmol) and
mixture was stirred overnight to yield complex 75. The solvent was evaporated on rotavap. The
residue was dissolved in a small amount of CH2Cl, and precipitated with ether. Yield (45 mg,
78.17%).1 H NMR (499.7; CDCls): 1.4 (s, CHs of acetate), 6.78 (q), 7.20 (t), 7.34-7.52 (m),
7.78 (q). 3P {*H} NMR (161.70 MHz; CDCls): 4.5 (s).
[Au(dppm)(Ph2P(S)CH2)]CI, 79

The asymmetric gold complex 79 was synthesized by mixing complex 76 (41.8 mg, 0.049
mmol) and complex 78 (60.2 mg, 0.049 mmol) in CH2Cl>. The solution was concentrated at the

solvent was precipitated with hexanes. (Yield: 102 mg, 99%).1 H NMR (499.7; CDCls): 2.26 (dd),
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4.56 (t, 2Jnp = 12.7 Hz), 7.10-7.25 (m), 7.50-7.56 (m), 7.60 (M), 7.75-7.90 (m), 7.96 (dd). 3P {'H}
NMR (161.70 MHz; CDCls): 36 (dd, 2Jpp = 62 Hz, 3Jp =8.2), 38 (dd, 2Jpp = 62 Hz, 3Jpp = 15.7

Hz), 52 (dd, 3Jpp = 15.7 Hz and %J,, =8.2).
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Figure 101. 3P NMR of complex 79
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Figure 102. 1H NMR of complex 79.

107



CHAPTER VI

CONCLUSION
The main focus of this thesis has been the study of complexes containing a Lewis acidic
germanium-based Z-type ligand. The investigation of these complexes was stimulated by
computational results presented in chapter 2 that show that germanium(I1V) fluoride are effective
in silico Z-type ligands for low valent platinum species. These computational efforts explored the

reaction shown in Figure 103 and the properties of the resulting complexes.

|
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/T\
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! |
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HsC—N=C
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Si, Ge, Sn
As, Sb

X X X
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|
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|
HaC-N=C-Pt— EF,
/Fl’\

Figure 103. Interaction of metallobase adducts and the reporter fragments.

The Lewis acidity of the main group fluorides in these model complexes have been
correlated to the computed energies of v(CO), v(CN), and v(NC) and the enthalpy associated with
the coordination of the reporter ligand. The stretching frequencies of the reporter ligand reflect the
electron density on the metal center. Stronger Z-type ligands will make the Pt center more electron-
poor, leading to stronger coordination of the reporter ligand, thereby increasing the corresponding
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stretching frequencies. The data obtained in this study divulge that going down the group, the
Lewis acidity increases, and In(111), Ge(IV), Sn(IV), As(V), and Sh(V) fluorides appear to be the

most Lewis acidic.

Table 16. The computed energies of v(CO), v(CN), and v(NC) and the enthalpy associated with

the coordination of the reporter ligand.

co CHiCN CH3NC
ep,  V(C=0) AH »(C=N) AH »(C=N) AH
(cm™) (Kcal/mol) (cm™) (Kcal/mol) (cm™) (Kcal/mol)
BFs 1797.28 -22.475 2190.12 -1.268 2071.64 -16.949
AlF3 1832.99 -24.783 - - 2107.15 -21.557
GaFs 1865.43 -29.043 2214.68 -9.117 2129.67 -28.217
InF3 1891.50 -31.645 2215.09 -12.042 2136.38 -31.913
SiF4 - - 2213.11 -7.7484 2124.33 -25.315
GeFs 1885.53 -32.661 2220.31 -13.235 2139.66 -32.155
SnF4 1899.16 -34.205 2222.03 -14.82 2144 .54 -35.059

AsFs 1873.78 -30.068 2226.25 -11.332 2151.31 -30.149
SbFs = 1885.82 -30.643 2228.78 -12.091 2153.56 -31.873

Drawing on the conclusion of the above computational survey, Pt(1l), Pd(Il), and Au(l)
were used as a metallobase and a germanium (1) moiety as a Z-type ligand. These efforts have
resulted in the characterization of complex 53, which possess a weak Pt(11)—Ge(IV) interaction.
The structure of this complex, its spectroscopy, and computational analysis confirmed the
existence of the dative interaction. Remarkably, this complex can be photoreduced cleanly in the

presence of a sacrificial reducing agent to afford the corresponding Pt(l)-Ge(l11), complex 54 as a
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result of chlorine elimination. Reoxidizing complex 54 led to the formation of complex 55 as a
structural isomer of complex 53, which can go under photoreduction reaction to produce complex

54,

c. C ci PhICI, ¢
Ge
O w O-E e OO
| | c
PhoP—Pt—PPh,  -2CI  ph,p—pt—PPh, L hv Ph,P—Pt—PPh,
Cl Cl (I;| -2CI C|'(|:I

53 54 55
Figure 104. Photoreductive elimination of complex 53 to complex 54 and reoxidation to complex

55 as a structural isomer.

To test the generality of these findings, the synthesis of related Pd-Ge complex 56 and 57
and Au-Ge complex 58 have been explored. It was observed that in the case of palladium, the
reductive process described above for platinum takes place thermally, without the need for UV
irradiation. Complex 56 is not stable upon formation in CH2Cl>. It undergoes fast reductive
elimination leading to the corresponding Pd(1)-Ge(l11) complex 57. Characterization of complex

56 was possible via X-ray diffraction thanks to its insolubility in Toluene.
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Figure 105. Fast reductive elimination of chlorine from complex 56 in CH2Cl..

In the gold-containing complex 58, strong Au—Ge interaction was observed, leading to the
formation of a covalent Au-Ge bond. The establishment of this bond can be seen as the result of
an Sn2 reaction in which the gold acts as the nucleophile and induces the dissociation of a Ge—Cl

bond, with the chloride being the leaving group.

PPh, c Cl Cl

|
AN |
el [M] Ge -Cl, Ge

Ge _ > _— >

\C| PhoP—[M]-PPh, Ph,P—[M]—PPh,
PPh, c’ c c|:|
5

2 86 87
M = Ni, Rh, Ir

Figure 106. The reaction of compound 52 with different transition metal precursors.

As for future directions, there are stimulating possibilities. For example, using o-
(dppp)GeF> (88) as a ligand could provide complexes that either resists photoreductive
elimination or that eliminate high energy molecules such as XF as illustrated in Figure 107. If X

is an alkyl or aryl group, such reactions could provide a path for C-F bond formation.
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Figure 107. Schematic reaction of o-(dppp).GeF- (88) with [Pt'"]X, (X = F, ClI, alkyl or aryl) as

metallobase.

Last but not least, the germanium-containing gold complexes describe in chapter 3 deserve

additional investigation. The gold complex 58 being cationic is set to provide an interesting

platform for carbophilic catalysis that fellow group members are currently investigating.
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