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Abstract

Late Transition Metal Bimetallics for Photocatalytic Hydrogen
Production, M-X and C-H Bond Activation

By

Arthur J. Esswein

Submitted to the Department of Chemistry on July 5, 2007, in partial fulfillment of the

requirements for the degree of Doctor of Philosophy.

Abstract

Broadly defined this thesis has focused on the design and study of molecular catalysts that

engender multi-electron reactions and photoreactions on small molecule substrates relevant to

solar energy conversion. Specifically the molecular design elements employed have focused on

bimetallic complexes of late transition metals that exhibit an unusual two-electron mixed valence

ground state. Initial studies focused on the mechanistic elucidation of the reported photocatalytic

production of hydrogen from homogeneous hydrohalic acid solution using a two-electron mixed

valence dirhodium complex. Studies aimed at understanding and improving the photochemical

quantum efficiency for challenging M-X (X = CI, Br-) bond photoactivations were undertaken

by incorporating gold into a heterobimetallic rhodium-gold construct. Additionally the

organometallic reactivity of two-electron mixed valence diiridium cores was explored with a

specific emphasis on C-H bond activations in order to extend the cooperative bimetallic

reactivity observed in the dirhodium systems beyond HX and H2 substrates to alkanes and

arenes.

Thesis Supervisor: Daniel G. Nocera

Title: Henry Dreyfus Professor of Energy and Professor of Chemistry
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Chapter 1

1.1 Solar Photocatalysis

A great technological challenge facing our global future is the development of a secure,

clean, and renewable energy source.' Rising standards of living in a growing world population

will cause global energy consumption to increase dramatically over the next half century. Energy

consumption is predicted to increase at least two-fold, from our current burn rate of 12.8 TW to

28 - 35 TW by 2050.2.3 Proven reserves of coal, oil, and gas suggest that this energy need can be

met with conventional sources.4 However unless supplemented, increases in energy intensity

derived from economic and population growth will be inextricably linked to increased carbon

emissions. While the precise climatological response to continued runaway CO 2 emissions is not

known, it is abundantly clear that the current atmospheric CO 2 levels of 380 ppm are

significantly higher than anything seen in the last 650,000 years.5' 6 A "wait and see" policy

towards human impact on global climate change amounts to nothing more than a grand

experiment on global scale.

Hydrogen presents itself as one potential alternative to carboniferous fossil fuels, but

many "grand challenges" remain before hydrogen can replace fossil fuels as a widespread energy

source.7 A short-term response to this challenge is the use of methane and other petroleum-based

fuels as hydrogen sources.8 However, external factors of economy, environment, and security

dictate that this energy need be met eventually by renewable and sustainable sources, 9 10 with

water emerging prominently as the primary carbon-neutral hydrogen source and light as an

energy input.

The benefits of solar energy conversion for energy production, dubbed the

"photochemistry of the future", were recognized nearly a century ago." The goal of such

photochemistry is to use the energy of solar photons to drive catalytic cycles composed of

thermodynamically uphill chemical transformations. In this way solar energy can be stored in the

form of chemical bonds, or simply, solar fuels. The photogeneration of molecular hydrogen is

appealing in this regard as H2 represents perhaps one of the simplest targets for such reactivity

studies. Although significant technological challenges remain before hydrogen can be used

directly as a fuel source, such as storage and fuel cell design, mature chemistries are already in

hand for the use of hydrogen as an energy carrier to drive downhill transformations to generate

liquid fuels, especially in the area of CO 2 hydrogenations,12 and thus as the phosphate bond of
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ATP is the basic energy currency of biology, so should the H-H bond of hydrogen become the

basic energy unit for our carbon neutral society.

1.2 Molecular Photocatalytic Hydrogen Production

As an introduction to the thesis work presented herein an outline of the literature

precedent for molecular photocatalytic hydrogen production schemes would be instructive. The

discussion is broken into four classes loosely differentiated by the substrates from which the

proton and electron equivalents that compose the hydrogen product originate.

(a) Direct RH Substrates. Hydrogen production from RH substrates derives electron and

proton equivalents from either the homo- or heterolysis of C-H or O-H bonds, and

typically involves inner sphere mechanisms that invoke intermediates with substrate

directly bound to the catalyst. Common substrates include alkanes and primary or

secondary alcohols. The products of this photocatalysis are hydrogen and the respective

dehydrogenation product, alkenes, aldehydes or ketones.

(b) Indirect RH Substrates. The most prevalent approach to hydrogen-producing

photocatalysis is the construction of three-component systems comprising a sensitizer to

absorb light, a proton reduction catalyst and an electron relay to shuttle reducing

equivalents from the sensitizer to the catalyst. In these systems, the electron equivalents

are derived from sacrificial reducing agents that involve either the homo- or heterolytic

cleavage of C-H or O-H bonds of RH substrates and acids. Unlike direct RH

dehydrogenations, substrate activation is coupled indirectly to hydrogen production via

the relay catalysts and cleavage of the substrate typically proceeds by an outer sphere

mechanism.

(c) Carbon Monoxide. The water-gas shift (WGS) reaction couples the oxidation of CO

to CO 2 with the reduction of water to hydrogen.

(d) Acids. Acids can be the direct substrate for hydrogen production. The challenge to

turnover is catalyst regeneration by oxidation of the conjugate base.

In the interests of brevity this introduction will not cover research approaches to produce

hydrogen photoelectrochemically, by biomass conversion, or in biological systems, and will be

confined to homogenous systems; hydrogen production at solid or semiconductor surfaces from

direct bandgap or sensitized photoexcitation will not be considered.
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1.2.1.1 Direct RH Dehydrogenations

1.2.1.2 Alkane Dehydrogenations

Alkane dehydrogenations are among the most well defined schemes for photocatalytic

hydrogen production. The reaction type is characterized by the following:

CnHm : 1 CnHm-2 + H2  (1)

Hydrogen production occurs generally by classical organometallic mechanisms involving

alkane C-H bond activation followed by fl-hydride elimination. As a consequence many of these

reactions are catalyzed by Group 9 transition metal complexes. The discovery and mechanistic

understanding of photochemical alkane dehydrogenation reactions has been derived largely from

cycles constructed for the thermal, as opposed to photochemical, dehydrogenation of alkanes.

Accordingly, a presentation of thermal alkane dehydrogenation will precede that promoted along

photochemical pathways.

The discovery of the hydrogenation of alkenes using Wilkinson's complex, and the

intensive study of Group 9 complexes with alkenes and hydrogen provided a backdrop for

elucidating the reverse process: alkane dehydrogenation. Generally the reaction of hydrogen with

a coordinatively unsaturated metal complex is thermodynamically favorable,

Mn+  + H2  " Mn+2(H) 2  AG < 0 (2)

and thus the dehydrogenation of alkanes typically requires an external thermodynamic driving

force. Many thermal systems derive a thermodynamic advantage by coupling a hydrogen donor

such as cyclooctane to the high heat of hydrogenation of a sacrificial hydrogen acceptor such as

tert-butylethylene (TBE), eq 3-5:

O + H2  - O AH = -23.3 kcal/mol (3)

+ H2 - AH = -34.0 kcal/mol (4)
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+ - 1 1 + AHrxn = -10.7 kcal/mol (5)

Early studies used iridium complexes to model and isolate intermediates in alkane

hydrogenation cycles."3 Following up on previous work involving dihydride olefin complexes of

iridium, 14 Crabtree and coworkers noted that the trans-Irl(COE)2L2
+ complex (COE =

cyclooctene, L = PPh 3) converted to the cyclooctadiene (COD) complex Ir'(COD)L-2 and free

cyclooctane when heated to 40 OC in CH 2Cl2. The product distribution indicated that a transfer

hydrogenation had occurred and suggested that iridium complexes could serve as alkane

dehydrogenation catalysts under appropriate conditions. Several reports followed where the

substrate scope was expanded to cyclohexene and cyclopentene to generate arenes and

cyclopentadienyls, respectively. 15- 17 A rhenium polyhydride, ReL 2H7 (L= PPh3, PEt2Ph) was

observed to engage in similar reactivity. 18 22 In both cases the reactions were stoichiometric

owing to the strength of the metal arene and cyclopentadienyl interactions that resulted from

dehydrogenation chemistry.

A host of Ir"' dihydrides were developed as alkane dehydrogenation catalysts, and are

believed to operate in general by the mechanism shown in Figure 1.1 (left) for the specific case

of cyclooctane dehydrogenation by Ir"'H 2(CF 3CO 2)(PR 3)2. 23' 4 For PR3 = P(p-F-C 6H4) 3,

dehydrogenation proceeds from the dihydride Ir"'H2(CF 3CO 2)(PR3)2 via a proposed initial

conversion of the K2 -CF3 CO2 to an K' binding mode to open a coordination site, followed by

coordination of TBE. Presumably the ability of CF3CO2- to interchange binding modes is

important, as the use of CH 3CO2- in place of CF3CO2- gave a catalytically inactive complex. The

TBE is then hydrogenated to give 2,2-dimethylbutane which binds weakly to the Ir' center and

upon dissociation generates a reactive three-coordinate, 14 electron Ir' complex as a proposed

intermediate. Alkane binding and C-H activation proceed to give a hydrido alkyl complex,

which then fl-hydride eliminates to give a dihydrido olefin species. Subsequent dissociation of

alkene and conversion of the Kc-CF 3CO 2 to a c2-binding mode regenerates the starting

Ir"'H 2(CF 3CO 2)(PR3)2 complex and closes the catalytic cycle. The overall determinant to the

effectiveness of this catalysis appears to involve removal of the dihydride ligands from the

coordination sphere of the metal center. With the P(p-F-C 6H4)3 ligand, this is accomplished by

the transfer hydrogenation of TBE, which has an unusually high heat of hydrogenation and
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therefore provides the thermodynamic driving force for the overall reaction. Under these

conditions using the R = p-F-C6H4 ligand, a maximum of 16 turnovers for cyclooctane

dehydrogenation in the presence of excess TBE at 150 'C was observed.

In principle, the driving force for alkane dehydrogenation can be supplied by a photon

instead of hydrogenation of a sacrificial alkene such as TBE.25 27 This reactivity mode was first

reported by Crabtree for Ir"'H2(CF 3CO 2)(PR 3)2 for R = Cy.2'" 4 The cyclohexyl derivative gave

only 2 equivalents of COE under thermal conditions, analogous to those used for R = p-F-C 6H4

L I

'Bu
tBu

H Or COCF 3  H2  L

Ir hv L O
L I R

'Bu I BU L

L LL
,COCF 3  H I O H I /OCOCF3

Ir L = P(p-F-C6H4 F)3  H Ir >-• CF3  L = P(Cy)3  H, \r

L Thermal L Photochemical H\c C

Dehydrogenation Dehydrogenation a

R L L H,, I,0COCF:
H OCOCF3  H OCOCF3 HrOCOCF3

Ir H R
H ; '., CH2 H I L R

HC L R

R

Figure 1.1. Proposed mechanism for alkane dehydrogenation catalyzed by Ir"'H2(CF 3CO 2)(PR 3)2 (R = p-F-C6H4,
Cy) by photochemical (right) and thermal transfer hydrogenation (left) pathways.

(150 'C, neat cyclooctane, 2 days). The activity of the system increases when room temperature

solutions are subject to photolysis conditions. In the presence of TBE, 28 turnovers of COE were

observed after prolonged photolysis with 254 nm light (25 'C, 7 days). Activity was maintained

upon removal of TBE from the system, though at decreased turnover numbers. In the absence of

the H2 acceptor, 7 turnovers were obtained after 7 days, indicating that the dehydrogenation

reaction can be driven by the energy derived from photon absorption. The photocatalysis was

proposed to proceed by a similar C-H activation/fl-hydride elimination mechanism to that of the

thermal dehydrogenation where photons were thought to generate the active Ir'(CF 3CO 2)(PCy 3)2

intermediate by expulsion of H2 from Ir"'H 2(CF 3CO 2)(PCy3)2 (Figure 1.1, right).
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Photocatalytic alkane dehydrogenations were also reported using monomeric rhodium

complexes of the Vaska type, Rh'(PR3)2(CO)C1. Saito and coworkers were the first to report

catalysis using Rh'(PR3)2(CO)CI (R = Me, Et, Ph) complexes in neat n-alkane solvent (heptane

or octane) at elevated temperatures (60 - 92 'C) under constant irradiation. 28 The activity of these

catalysts is high compared to the dehydrogenation catalysts based on iridium or rhenium, with a

maximum turnover frequency observed of 795 h-1 for PR 3 = PMe 3 at 92 'C. No appreciable rate

differences were observed for the dehydrogenation of n-heptane vs. n-octane, suggesting that the

rate determining step is not particularly sensitive to minor substrate modifications. Catalyst

activity increased with increasing temperature and also increased with the donating ability of the

phosphine along the series PMe3 > PEt3 > PPh 3. Catalyst initiation proceeded by CO

photodissociation from Rh'(PR3)2(CO)CI (Xmax > 340 nm), suggesting that the active

intermediate is the 14 electron, 3-coordinate fragment Rh'(PR3)2C1. 29 31' The substrate scope was

subsequently expanded to include cyclic alkanes such as cyclohexane and cyclooctane. 32 38

Thorough mechanistic studies were not undertaken, but the evidence suggesting initiation from

the 14 electron Rh' fragment led to the generally accepted proposition of an oxidative addition/fl-

hydride elimination pathway, similar to that for the iridium complexes reported by Crabtree.

Detailed mechanistic studies for the Rh'(PMe 3)2(CO)Cl catalyzed photodehydrogenation

of alkanes were carried out by Goldman and coworkers. 39-4 In the proposed mechanism shown

in Figure 1.2, photoinitiated dissociation of CO generates a reactive Rh'(PMe 3)2C1, fragment as

initially deduced by Saito. This fragment then oxidatively adds alkane C-H bonds (cyclooctane

in Figure 1.2) to generate an alkyl hydride species, which f8-hydride eliminates to generate the

dihydrido alkene complex. Alkene dissociation followed by H2 loss, induced by CO

coordination, regenerates the starting complex and closes the catalytic cycle. Notably the initial

photodissociation of CO is the only photochemical step in the cycle, contrasting the mechanism

proposed by Crabtree for Ir"'H 2(CF 3CO 2)(PCy 3)2 where H2 is eliminated from the dihydride in a

photochemical step. Additionally, in neat cyclooctane and cyclohexane, dehydrogenation to give

cyclooctene and cyclohexene proceeds with identical quantum yields, consistent with a rate

determining step that does not involve alkane. CO inhibition of the reaction was not attributed to

its reaction with the photogenerated Rh'(PMe 3)2C1 fragment, but rather to CO coordination to the

alkyl hydride intermediate, thereby preventing fl-hydride elimination. This suggests that even
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Figure 1.2. Proposed mechanism for the photocatalytic cyclooctane dehydrogenation by Rh'(PMe 3)2(CO)Cl as
determined by Goldman and coworkers.

under high CO pressures, CO coordination to Rh'(PMe 3)2C1 cannot compete kinetically with

alkane C-H bond activation, which was found to be reversible.

1.2.1.3 Alcohol Dehydrogenations

The dehydrogenation of alcohols to either ketones or aldehydes is another avenue for

photocatalytic hydrogen production schemes. In some cases, the same catalysts may catalyze the

dehydrogenation of both alkanes and alcohol substrate classes. In addition to the typical

oxidative addition/fl-hydride elimination pathways for alkane dehydrogenation, alcohol

dehydrogenations can involve H atom transfers, fast stepwise electron transfer followed by

proton transfer, or other radical pathways. As a result, unlike alkane dehydrogenation, these

reactivity modes are not limited to late transition metal centers. Any catalyst that can open a

coordination site and/or support two electron redox couples can potentially generate hydrogen by

alcohol dehydrogenation. Some examples include: rhodium complexes of the Wilkinson and

Vaska types, late metal d8 - . -d8 dimers, rhodium porphyrins, and polyoxometalates (POMs).

1.2.1.3.1 Late Metal Derived Catalysts

Several Rh' phosphine complexes of the Wilkinson type have been used as photocatalysts

for alcohol dehydrogenations. For the case of Wilkinson's complex, Rh'(PPh3)3CI, Sugi and

coworkers observed the photocatalytic production of hydrogen from isopropanol solution with a

24



Chapter I

maximum turnover of 670 h- '. 4 Interestingly, the catalysis was more efficient when exposed to

air, although the role of oxygen in the reaction remains unclear. Irradiation with UV light (exc <

300 nm) is required for catalysis, which nevertheless exhibits a significant induction period (1 to

1.5 hours) before hydrogen evolution is observed. Subsequent work by Smith and coworkers

using Rh'(PPh 3)3C1, Rh'(P(OPh))3)3C1, and mixtures of [Rh'(COD)C1] 2 or [Rh'(CO) 2C1] 2 with

PPh3 or OPPh3 reported increased turnover numbers for isopropanol dehydrogenation.43 The

most active catalyst was found to be Rh'(P(OPh)3)3C1, which exhibited a turnover number of

-6400 when irradiated with UV light (,ex < 300 nm) at 21 OC. While a complete mechanistic

scheme remains undefined, it was suggested that the rate enhancement was attendant to oxygen

exposure and the induction period is due to a slow oxidation of dissociated PR 3 to OPR3. As

opposed to PR 3, OPR 3 more weakly coordinates the metal; the inability of the oxidized

phosphine to fill a coordination site could allow for more facile binding of substrate to a putative

14 electron 3 coordinate fragment for activation. The role of the photon in this case remains

undefined, but is likely involved in the photoextrusion of hydrogen from an octahedral

Rh"'(PPh3)2X(H) 2C1 intermediate (X = PPh3, OPPh3, or substrate) by analogy to the observations

made by Ford et al. for Rh"'(PPh 3)3(H) 2C1.4 4

Rhodium phosphine complexes of the Vaska type, Rhi(PR 3)2(CO)X (where PR 3 = PPh3,

P'Pr3, PEtPh2, PEt2Ph, PEt 3, and PMe3; and X = Cl, Br, and I), have also been employed as

isopropanol dehydrogenation photocatalysts.4 5,46 The catalytic activity was found to increase

with increasing donating ability of the phosphine and halide substituents. The role of the photon

in the dehydrogenation cycle is revealed by the action spectrum, i.e., wavelength dependence, of

the photocatalysis. Significant hydrogen photogeneration was observed when irradiation

wavelengths were coincident with that required for photoexpulsion of CO from the

Rh'(PR3)2(CO)X coordination sphere (340 nm < Xex < 420 nm). Additionally the turnover

frequencies were observed to drop when conducted under a CO atmosphere. Based on these

results, the active species is surmised to be a three coordinate 14 electron Rhi(PR3)2X fragment,

consistent with that postulated for alkane dehydrogenations from similar Vaska type complexes.

1.2.1.3.2 Bimetallic Photocatalysts

Alcohol dehydrogenation accompanied by hydrogen evolution may also be accomplished

by bimetallic late transition metal complexes. Methanol and isopropanol can be
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photocatalytically dehydrogenated upon irradiation of solutions of cis-Rh2"'(dppm) 2C12(CO)2 and

Pd 2 
1'(dppm) 2Cl2. 47-49 For methanol dehydrogenation, photoreactions were performed in refluxing

9:1 methanol:acetone solutions. Turnovers of 130 and 156 h-I were obtained for the rhodium and

palladium catalysts, respectively. Interestingly, the addition of acetone appears to be a requisite

for catalytic activity. The photolysis was performed under full spectrum irradiation conditions,

prompting the suggestion that direct excitation into the acetone n - n* transition (,,ex < -312

nm) photoinitiates the reaction. The n7* excited state was proposed to abstract a methyl H atom

from methanol to generate the methoxy radical. The observed product distributions reflect this

radical reactivity as ethylene glycol and formaldehyde dimethyl acetal are observed, in addition

to formaldehyde, which is the product expected from simple dehydrogenation. Control

experiments using only acetone and no transition metal catalyst showed low catalytic activity

and a markedly different product ratio. The major products in the liquid phase were ethylene

glycol and isopropanol; formaldehyde was obtained in only small quantities. The gaseous

products were composed primarily of methane and only small quantities of hydrogen

(methane:hydrogen = -70:1). These results establish that the bimetallic complex is needed to

support high turnovers. Accordingly, it was proposed that the initial methanol activation occurs

by H atom abstraction from a C-H bond of methanol by the directly excited acetone to generate

a ketyl radical and HOCH 2*. Hydrogen generation is then achieved in subsequent steps by

reaction of the bimetallic transition metal catalysts with the organic radicals to give

formaldehyde and acetone. This strategy was later applied to isopropanol dehydrogenation using

cis-Rh21"(dppm) 2C12(CO)2.49 An induction period was ascribed to an initial slow

dehydrogenation of isopropanol to generate acetone. As in the methanol dehydrogenation case,

the acetone was proposed to act as a sensitizer once an appreciable concentration accumulated.

Consistent with this contention, the induction period was eliminated when acetone was added to

the solution.

Arguably, the most extensively examined system for the photocatalytic dehydrogenation

of alcohols by a dinuclear complex is that of Pt2"I"(P 20sH2)4 , better known as PtPOP. 50 First

crystallized in 1990,51 PtPOP is a face-to-face dimer of two square planar d8 Pt" metal centers.

Penetrating spectroscopic studies 52-55 reveal that the frontier metal centered molecular orbitals

(MO) arises from the overlap of the dz2 orbitals in do and do* linear combinations.50 In the four-

fold symmetry of the D4h ligand environment, an allowed do* -+ po electronic transition is
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assigned to an intense absorption feature at 367 nm (& - 3 x 104 M- cm-). 56 Excitation into this

band generates a long lived phosphorescent 3(do*po) excited state that exhibits diradical

character, 50 from which the photoreactivity of PtPOP is derived. Roundhill irradiated the d"* --

po absorption manifold in the presence of isopropanol to form hydrogen with a turnover of >400

after 3 hours of irradiation at ambient temperature. 7 The photoreaction mechanism shown in

Figure 1.3 was deciphered by Gray and co-workers by undertaking a series of comprehensive

studies. Initial photon absorption generates the Pt 2"1 " 3(do*po) excited state, which abstracts a

hydrogen atom from isopropanol and forms the mixed valent hydride complex, Pt 2
11""H. The

H 2  Pta2
11  hv

hv

r1 Pt2 11," =

Pt21'""H2 Pt211',11(P205H2)4- [Pt2Ill ]

(CH 3)2 00CO (CH3)2CHOH

(CH3)2COH Pt2
11'1 H (CH 3)2COH

Figure 1.3. Proposed mechanism for the photocatalytic isopropanol dehydrogenation at PtPOP (POP = P20 5H2
2-).

existence of this mixed valence complex was verified directly in pulse radiolysis spectra.'8 This

intermediate abstracts a second H atom to form the valence symmetric dihydride, Pt 2
11'111(H) 2 by

analogy with previous work concerning the thermal oxidation chemistry of Pt2
1 'l" cores. 59 An

independent synthesis of the Pt2
1"'"'(H)2 provided and independent confirmation of binuclear

axial dihydride formulation. 60 Hydrogen release from the dihydride requires a photon, though the

precise mechanism for this effective reductive elimination has eluded identification.60 The

photocycle of Figure 1.3 has been extended to numerous secondary alcohols and also to d8 ... d 8

complexes of iridium.6163

1.2.1.3.3 Rhodium porphyrins

Rhodium porphyrin complexes are active for the photochemical dehydrogenation of

alcohols. A chloro rhodium tetraphenyl porphyrin complex [Rh(TPP)Cl] was found to

dehydrogenate isopropanol 64-66 and cyclohexanol 64 ,67 to the corresponding ketones in neat
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alcohol at reflux temperatures under visible light irradiation (Xexc> 360 nm). Extended photolysis

(520 h) gave 3430 turnovers with exclusive formation of hydrogen and ketone products as

determined by GC analysis.66 The reaction was proposed to proceed through the intermediacy of

a Rh"'(TPP)H complex by the following reaction cascade (for the example of isopropanol):

[Rh"'(TPP)CI] + HOCH(CH 3)2  ---- [Rh"'(TPP)(OCH[CH 3]2)] + HCI (6)

[RhII"(TPP)(OCH[CH 3]2)] - [Rh'(TPP)]-  + (CH3)2CO + H+  (7)

[Rh'(TPP)] -  + H [Rh"l(TPP)H] (8)

[Rhl"(TPP)H] hv [Rhl"(TPP)H]- (9)

[Rhi'(TPP)H]* + [Rhl"(TPP)H] - [Rh"'(TPP)]+ + [Rh'(TPP)]- + H2  (10)

[Rh"'(TPP)] +  + HOCH(CH 3)2  - [Rh'(TPP)]-  + (CH 3 )2 CO + 2 H+  (11)

No intermediates are observed along the pathway, but precedent for a bimolecular

reactivity mode was found in the stoichiometric thermal generation of hydrogen observed by

Ogoshi et al. from a reaction of a related Rh"'(OEP)H complex (OEP = octaethylporphyrin) with

concomitant formation of [Rh"(OEP)] 2.68 Wayland et al. later reported that the reaction is

significantly enhanced under photolysis conditions indicating the involvement of Rh"'(OEP)H

excited states along the reaction pathway.69 The authors suggest that the increased steric

demands of TPP vs. OEP prevent the formation of the metal-metal bonded d'-d7 Rh"(TPP)

dimer, and thus dimerization of a photoexcited [Rh"'(TPP)H]* and a ground state Rh"'(TPP)H

are proposed to give hydrogen and the valence disproportionated products [Rh"'(TPP)]+ and

[Rh'(TPP)] - . The [Rh"'(TPP)]+ is then suggested to oxidize isopropanol by two electrons to

generate [Rh'(TPP)] - , acetone, and two proton equivalents. The authors at this point chose to

invoke successive proton and electron transfers at this stage, but the possibility of hydrogen atom

transfers along the pathway, as seen for PtPOP for example, cannot be ignored.

1.2.1.3.4 Early Metal Photocatalysts

Polyoxometalates (POMs) are typically composed of molybdates and tungstates of the

Keggin [XW 12040]
n- (X = P, Si, Fe, H2) or Dawson [P2W 8O6] -- type. POMs have been widely
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studied and the rich electrochemical and photochemical properties of these compounds have

been reviewed. 70 7' POMs are excellent oxidation catalysts and have been reported to

photooxidize alcohols in acidic solutions.72-74 Upon one electron reduction, the initially colorless

or pale yellow solutions of POMs acquire the bright blue hue (Xmax = 500 - 800 nm) of the

heteropolyblues (HPB). The low energy electronic transitions are attributed to intervalence

charge transfer (IVCT) bands within the lattice. The HPBs are ESR active, and at low

temperatures, give signals with hyperfine couplings indicative of localization of the unpaired

spin on a single metal center. The observed signal broadens upon warming of the sample,

suggesting extensive electron delocalization over the POM. The two electron reduction products

are ESR silent, indicating strong antiferromagnetic coupling of the unpaired spins within the

lattice, as is characteristic for oxo-bridged metal centers.75

In anaerobic solution, photoexcitation of POMs in the presence of oxidizable substrates

such as alcohols gives the blue solution of HPB accompanied by hydrogen production. 76 85 The

rate of hydrogen production is enhanced in the presence of a colloidal Pt catalyst. In the presence

of oxygen, hydrogen production is circumvented in favor of the reduction of oxygen to water

instead.86 Wavelength selection of the excitation light shows the irradiation into the HPB blue

absorption bands gives no hydrogen. Catalysis is induced when the excitation light is coincident

with the higher energy oxo --+ metal, ligand to metal charge transfer transition (LMCT).

Transient spectroscopic studies indicate that the active oxidant of a related POM, [W100 32]4 - ,

forms within 30 ps of excitation into the O -+ W LMCT absorption band. This excited state has a

relatively long lifetime for a LMCT excited state of >15 ns, and it was found to possess

significant radical character on oxygen. 87 In the presence of an oxidizable substrate, the oxygen

radical abstracts an H atom, which then gives the one electron reduced HPB after the loss of a

proton (Figure 1.4). The observation of H atom abstractions with rates above the diffusion limit

suggest that the initial event proceeds through a pre-associated complex,8 8 and the preassociation

of substrate with the POM in ground state has been supported by X-ray structural evidence and

shifted substrate NMR signals.89-9 1 In the absence of water, H atom abstraction from the alcohol

occurs directly, 92,93 but in aqueous solutions, water preferentially binds to the surface of the POM

over alcohol, disposing the initial H atom abstraction process to proceed from water to yield

hydroxyl radicals. 94 The hydroxyl radicals react with alcoholic substrates at a diffusion
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Figure 1.4. Proposed mechanism for the polyoxometalate catalyzed anaerobic photocatalytic dehydrogenation of
isopropanol. Hydrogen production is accelerated in the presence of colloidal Pt, but the Pt catalyst is not required.

controlled rate, eventually giving hydrogen and acetone for the case of isopropanol

dehydrogenations as shown in Figure 1.4.)'

The selectivity for acetone is under kinetic rather than thermodynamic control as POMs

are known to fully degrade alcohols to H20 and CO2.96"99 The complete oxidation pathway is

circumvented by much slower reaction kinetics (100 times slower) as compared to the kinetics

for the oxidation of isopropanol to acetone. The generation of hydroxyl radicals is further

supported by the observation of identical kinetics and product distributions for the

dehydrogenation of isopropanol by -OH generated using 60Co-y-radiation.l00

1.2.2 Indirect RH Substrates

Oxidation-reduction reactions of electronically excited transition metal complexes

customarily proceed by single electron mechanisms. The molecule in its excited state is

simultaneously a more potent oxidant and reductant than in its ground state. By itself, single

electron transfer is confining inasmuch as the reduction of protons to evolve molecular hydrogen

is a two electron process. It follows that in order to employ a traditional one electron excited

state, the primary photoredox event must be coupled to hydrogen reduction, remote to the excited

state. In the absence of such novel excited states, the one-electron excited state must be conveyed
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to a homogeneous or heterogeneous site capable of storing multiple redox equivalents. Such

constructs are achieved with the so called "three component system".

The most prevalent design of three component schemes is shown in Figure 1.5. The

scheme comprises a one-electron photosensitizer (S), a redox mediator (M), and the redox-

storing catalyst (Cat). The sensitizer, S, functions as both a light harvesting complex for photon

absorption and the primary photoreductant, and may be a metal complex or organic compound.

Most metal based sensitizers are metal polypyridyl complexes or porphyrins. Organic

KA-

S*

hv M

S S+

H+

It u

/2 n2
D+ D

Figure 1.5. A generalized three component photocatalytic system for hydrogen production where S
photosensitizer, D = sacrificial electron donor, M = electron shuttle or relay, Cat = proton reduction catalyst.

photosensitizers are typically conjugated organic molecules with accessible cn* excited states.

The mediator is any molecule that can be reversibly reduced by one- or two- electrons. In most

cases, the mediator serves as a bimolecular quencher of the photosensitizer by outer sphere

electron transfer. Diffusion of the reduced mediator from the oxidized sensitizer aids in the

prevention of energy wasting back electron transfer. The catalyst is any species that carries out

the reduction of protons to hydrogen. These are typically chosen for low proton reduction

overpotentials and most commonly are colloidal noble metals such as platinum, biological

constructs such as hydrogenase or small molecule catalysts. The photooxidized sensitizer, S+,

must be re-reduced to effect catalysis. The reducing equivalents for this process are typically

derived from sacrificial donors such as triethylamine (TEA),o'0 triethanolamine (TEOA),o0 2

ascorbic acid (H2A), NADH, EDTA'O3 or cysteine, which decomposes upon oxidation. The

decomposition pathways for some of the more common sacrificial electron donors are outlined in

Figure 1.6. Alternative three component systems are designed to reduce the system complexity

by eliminating or combining the roles of one or more components. Wherein, reduction chemistry

beyond simple proton reduction has been investigated including the simultaneous photocatalytic

reduction of CO 2 to CO and H+ to H2. These schemes employ photosensitizers for light
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TEAITEOA Oxidation

R2.N-RCH2 R -- R2 --CH2--R' R2N-CH-R' + H+

R2N-CH-R' -e-- R2N=CH-R' H20- R2NH + R'COH

TEA: R = CH 2CH 3, R' = CH 3
TEOA: R = CH 2CH 20H, R'= CH 20H

EDTA Oxidation

Thiol Oxidation

Figure 1.6. Decomposition pathways for TEA, TEOA, EDTA, and thiol derived sacrificial electron donors.

harvesting and sacrificial electron donors for reducing equivalents but differ from the three

component system of Figure 1.5 inasmuch as no redox mediator or colloidal catalyst is

employed. Table 1.1 compiles the sensitizers, redox shuttles and catalysts discussed below.

1.2.2.1 Inorganic Sensitizers

Classical three component systems commonly employ Ru"(bpy) 3
2+ as a light harvesting

complex. Ru"(bpy) 32+ and derivatives thereof have a rich and long history in inorganic chemistry

and photochemistry. The parent compound, first prepared in 1936,104 was later obtained by a

more practical synthesis,10 5 thus opening the way for Adamson's first use of the Ruu(bpy) 3
2+*

excited state as a photochemical reductant in 1972.106 The potential of this excited state for water

splitting was quickly noted by other authors'107,108 and the numerous attempts to realize this

reactivity directly grew into the field of three component catalysis. The first reports using

Ru"(bpy) 3
2+ for "water splitting" focused on the hydrogen half reaction, using a modified

photosensitizer that can be cast into films.109-112 Though the hydrogen generating properties of

the systems were ill-defined, this work was the predecessor of three component systems

composed of a Ru"(bpy) 32+ sensitizer, colloidal platinum as a hydrogen production catalyst, and

methylviologen (MV2+) as a electron shuttle." 3
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Table 1.1. Compilation of Photosensitizers, Redox Shuttles, Sacrificial Donors, and Catalysts used in three
component photocatalytic hydrogen production schemes.
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The primary photoprocess occurs by fast oxidative quenching of the Ru"(bpy) 3
2+* excited state

by electron transfer to MV2+ to generate Ru"'(bpy) 33+ and the cation radical MV' +. Hydrogen

production is catalyzed at the surface of colloidal Pt, which efficiently couples the one-electron

MV' oxidation to two-electron proton reduction.'01,102,113-115 The photoreactant is returned to its

resting state by reduction of Ru"'(bpy) 33+ with a sacrificial donor. Although MV2+ serves as a

paradigm, other alkylated bipyridine derivatives have been employed as redox shuttles including

tetramethyl- or hexamethyl-viologen and diquats of various substitution patterns (Table 3).

Functionally these derivatives are largely the same and in all cases the efficiency of the MV2+ or

diquat based systems are gradually attenuated by the irreversible hydrogenation of the redox

shuttle catalyzed by the Pt surface. 16,117 The efficiency of the MV 2+ based system is attenuated

by the irreversible hydrogenation of MV 2+, which is thought to be initiated by protonation of the

MV'" . The protonated cation radical is proposed to be an active intermediate for the direct

production of hydrogen at low pH. At higher pH, hydrogen production is believed to be

dominated by electron transfer from reduced MV' to the Pt surface.103 '11s" 119 The efficiency of

the system is observed to increase with more reducing viologen or diquat derivatives and is

typically attributed to the increased driving force for electron transfer from the cation radicals of

more reducing shuttles to the Pt surface. 20- 22

Sauvage and coworkers, 123,124 modified the three component approach by using a Rh

polypyridyl complex as the redox mediator. The advantage of this approach is that the mediator

is both a proton carrier and two-electron shuttle. Initial mechanistic proposals invoked a

dihydride of the formula Rh"'(bpy) 2(H)2+ as the critical shuttle. 123 ,124 This proposal was

subsequently modified by Cruetz and Sutin 125' 126 and using Ruu(bpy) 32+, Rh"'(bpy) 3
3 +, TEOA

system at neutral pH (7-8) in the absence of platinum. The one electron reduction product

Rh"(bpy) 32+ was found to be unstable with respect to a disproportionation driven by the loss of

bpy to yield RhI"(bpy) 3
3+ and Rh'(bpy)2+, which reacts with a proton to yield the hydride

Rh"'(bpy) 2(H20)H2 + at low pH. Rh"(bpy) 32+ may serve as a one-electron reductant to generate

Rh"(bpy) 2(H20)H +, which was thought to produce hydrogen either by protonation of the hydride

or by the bimolecular reaction of two hydride species. The same mechanism is believed to be

operative if Rh'"(bpy) 33+ is replaced by Co"'(bpy) 3
3 +.127-13 The foregoing mechanism does not

require Pt as a catalyst for H2 generation. Indeed, the systems are operative in the absence of the

noble metal. If present, the Rh bpy complex functions simply as a redox reservoir, similar to
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MV 2+ , as the electron transfer from Rh"(bpy) 3
2+ to the Pt surface is faster than disproportionation

and bpy loss that gives Rh'(bpy)2+. 126

Iridium coordination complexes have also been employed as sensitizers for hydrogen

production in three component systems. 3 2" '3 3 Anionic donors derived from 2-phenylpyridine

(ppy) replace the ubiquitous bpy ligands of Ru-based photosensitizers. The electronic properties

of the Ir excited state may be modulated by the functionalization of ppy, as has routinely been

performed for the development of OLED devices.134 Using high throughput techniques to screen

a library of ppy-modified complexes, it was found that the heteroleptic

[Ir"'(dF[DF 3]ppy)2(dtbbpy)]PF 6 (where dF[DF3]ppy = 2-(2,4-difluoromethyl)-5-trifluoromethyl-

pyridine and dtbbpy = 4,4'-di-tert-butyl-2,2'-bipyridine) was the most active photocatalyst

(Co'(bpy)3Cl2 = electron relay and TEOA = sacrificial electron donor), achieving 430

equivalents of H2 with quantum yields of -37 times greater than that of Ru'(bpy) 3
2+ sensitized

systems. The authors suggest that the enhanced efficiencies are a result of the long lifetime and

increased reducing strength of the Ir"' excited state.

Recent efforts have sought to eliminate the electron relay and colloidal Pt catalyst by

appending Pt"(bpy)Cl2 to Ru"(bpy) 2(phen) (phen = 1,10-phenanthroline), Figure 1.7 (left).'35

This complex was active for photocatalytic hydrogen production in the presence of EDTA,

however at low turnover and quantum yield (-5 and 0.01). At about the same time Rau and

coworkers presented a similar construct linking a Ru" polypyridyl complex to a Pd" center via a

tetrapyridophenazine unit as a conjugated and reducible bridge, Figure 1.7 (right).' 36 Hydrogen

r ý ". I
N 0N |I/

Ru
NI \N N

N HCI

Pt

N N CI
Pd

N N CI

(C1)2 0 N CI (PF6-)2

HOOC

N

tBu

Figure 1.7. Heterobimetallic constructs of Sakai (left) and Rau (left) for photocatalytic hydrogen production.
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production proceeded with TEA as a sacrificial electron donor giving 56 turnovers after -30

hours of irradiation. This assembly was also active for the hydrogenation of tolane to cis-stilbene

without added hydrogen, leading the authors to suggest that hydrogen production proceeds

through a palladium hydride species.

Zinc porphyrins (PZn) may be used in place of Ru polypyridyl complexes as light

harvesters in a three component system. In a parallel function to Ru"(bpy) 3
2+, photon absorption

the initially formed PZn singlet excited state relaxes to the long lived triplet from which electron

transfer to MV2+ occurs. As is generally the case for a three component system, a sacrificial
electron donor reduces the oxidized porphyrin macrocycle and MV' + oxidation is attendant to

hydrogen generation at a Pt surface. McClendon et al. were the first to report such a strategy

using both Zn(II) tetra(N-methylpyridyl)porphyrin (Zn"TMPP) and Zn(II) tetra(sulphonato-

phenyl)porphyrin (Zn"TPPS4) with EDTA and a Pt catalyst in aqueous solutions.'37 Using

Zn"TMPP, a maximum rate of 175 equivalents of hydrogen per hour was attained. The hydrogen

was derived from the protons of water as evidenced by the production of >95% D2 when the

photolysis was conducted in D20. Similar results are obtained for other PZn sensitizers. 138-142

Zn"TMPP can also function as a photosensitizer when adsorbed onto the exterior of a

zeolite. 14 3 Photocatalytic hydrogen was produced from acidic aqueous solutions (pH = 4) when

the zeolite channel was platinized and the sodium cations were replaced with MV2+. Interestingly

electron transfer from the Zn"TMPP sensitizer originates from the singlet excited state as the

normally facile intersystem crossing to the triplet is circumvented by an adsorption-induced 200

mV shift of the Zn"TMPP redox potential.

1.2.2.2 Organic Sensitizers

Photosensitization is not an exclusive perquisite of metal polypyridyls and porphyrins -

organic excited states may function as sensitizers of hydrogen production as well. Benzophenone

has seen some use for photocatalytic hydrogen production in a role that is similar to the metal

complexes alcohol dehydrogenation cycles. UV excitation of the n -+ n* transition of

benzophenone generates the reactive diradical, which has long been known to rapidly abstract H

atoms to form a stable ketyl radical.144,145 The reaction can be diverted towards photocatalytic

hydrogen production under certain conditions. For instance, irradiation of isopropanol solutions

of benzophenone in the presence of colloidal platinum under anaerobic conditions favors
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photocatalytic hydrogen production over radical dimerization to form pinacols. 146'147 The

mechanism is proposed to proceed by direct n - an* excitation of benzophenone to generate a

ketyl radical after H atom abstraction from isopropanol. A second H atom abstraction from the

isopropanol derived organic radical intermediate by another benzophenone excited state

generates acetone. Colloidal platinum re-oxidizes the ketyl radicals to regenerate benzophenone

and hydrogen is evolved by the coupling of two hydrogen atoms at the heterogeneous surface.

The isopropanol dehydrogenation is similar to those reported using late metal phosphine

complexes, excepting the requirement of the heterogeneous noble metal catalyst. The

benzophenone excited state is sufficiently reactive to carry out the dehydrogenation of

cyclohexane to cyclohexene, 148 in this case however the dehydrogenation was performed

aerobically generating H20 as the terminal reduction product as opposed to hydrogen.

Hydrogen generation may be promoted by a host of other organic photosensitizers. 9-

anthracenecarboxylate, in the presence of MV 2+ and Pt, produces hydrogen according to the

scheme shown in Figure 15. The triplet form of 9-anthracenecarboxylate can either be formed by

direct excitation "9 or by energy transfer from photoexcited Ru"l(bpy) 3
2+ or Cu'(dpp) 2+* (dpp =

2,9-diphenylphenanthroline). •I50,1' Krasna first reported the use of proflavin to photocatalytically

generate hydrogen from a variety of sacrificial electron donors, using MV2+ and either platinum

or isolated hydrogenase (vide infra) as a catalyst.' 5 2 The triplet excited state of proflavin is

reduced by EDTA (for example), and in turn, the reduced proflavin reduces MV 2+ followed by

electron transfer from MV' to the colloidal platinum or hydrogenase that effects hydrogen

production. 1  The efficiencies for MV2+ reduction using proflavin sensitizers were

approximately twice as high as those using Ru"(bpy) 3
2+. The maximum quantum yields for MV' +

generation were observed at pH 6-8. Although the reductive quenching reaction is more efficient

at higher pH, the hydrogen production reactions were slow, presumably due to the low

concentrations of protons. The rate of MV 2+ reduction may be accelerated if the proflavin

sensitizer is substituted with deazariboflavin; a fivefold increase in the rate of MV "' formation

was observed in some cases. 154 In these systems, the scope of the sacrificial reagent was

expanded to include amino acids and also simple sugars such as glucose and fructose. In an

interesting application, flavin-sensitized hydrogen production has been elaborated in a

photogalvanic cell. Excitation of the flavin followed by one electron reduction by EDTA

furnishes the reduced flavin, which is rapidly oxidized at a Pt disk anode. The circuit may be
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completed by proton reduction at the cathode in a separate compartment linked via a salt

bridge.'55

1.2.2.3 CO2 Reduction Systems

Sacrificial electron donors may be employed to simultaneously reduce protons to H2 and

CO 2 to CO. Photocatalytic hydrogen production linked to carbon dioxide reduction has been

observed using Co(II) and Ni(II) complexes of macrocyclic tetradentate nitrogen donors ligands

for which cyclam (L) is the prototype.156 -159 The [LM"] 2+ (M = Co, Ni) complex serves as both

the redox shuttle and catalyst in the presence of a Ru"(bpy) 3
2' photosensitizer and an ascorbate

sacrificial electron donor. Figure 1.8 shows the reaction sequence that leads to H2 and CO

production.

The reaction cascade is initiated by reductive quenching of the Ru'(bpy)3
2+* excited state

by ascorbate to generate Rui(bpy) 3+,which goes on to reduce the [LMI"]2+ to [LM'] ÷. The reduced

macrocyclic complex is proposed to either react either with CO 2 or H+ to generate [LM(CO 2)1+

or [LM"'H]2+. Hydrogen may then evolve from the hydride directly by net H atom transfer to

regenerate the [LM" ]2+, or [LM"'H] 2+ can insert CO 2 to generate a metal formate complex (a

Initiation
r------~--~-~--

Hydrogen Production

SM'(L)+ + H - M"'(L)H2+

M"'(L)H2+ + H+ + e ---- M"(L)"2 + H2

C02 Reduction

M'(L) + + C02 -- M'(L)(C02)+

M"I(L)H2 + + C02 -- M11(L)(CO2H) 2 +

M'(L)(CO 2)+ + H+ + e- 7 M"(L)2+ + CO + OH-

M"'(L)(CO 2H) 2+ + e --- M"(L) 2+ + HCOO-

Figure 1.8. Reactions of nickel or cobalt cyclams (or cyclam derivatives) leading to the simultaneous photocatalytic
reduction of protons to hydrogen and CO 2 to CO.
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Ru"(bpy) 3
2+  hv , RuI(bpy)3
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Ru'(bpy)3+  + M"(L)2 +  Ru'(bpy)3
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metal carboxylato complex however cannot be ruled out as the precise nature of the CO2

insertion product is not known). The formate species can either react by H atom transfer to

generate the [LM"] 2+ complex along with hydroxide and carbon monoxide or by a one electron

reduction to generate [LM"] 2+ and free formate ion. A critical feature of this catalytic scheme is

that the [LM'] + intermediate is reactive towards both protons and CO 2. As a result of the

catalyst's promiscuity, the CO and H2 yields are not stoichiometrically defined. Additionally, the

CO/H 2 ratios appear to be very sensitive to the experimental conditions as differing ratios are

reported by different investigators, even when the same catalyst (e.g., Ni"cyclam) is employed.

For the case where the reducing equivalents are provided electrochemically rather than in

homogeneous solution, H2 production is completely shut down.'60 "6 ' Strategies for enhancing

selectivity for H2 over CO include the use of p-terphenyl as a sensitizer and TEA as a sacrificial

electron donor, although the reasons for this selectivity enhancement is not clear.162,163 Attempts

to increase the efficiency of the process has led to the development of constructs wherein the

nickel macrocycle is covalently tethered to the ruthenium polypyridyl sensitizer. 164' 165

Nonetheless, no significant gains in efficiency or selectivity were observed over bimolecular

constructs.

1.2.3 Carbon Monoxide

The water gas shift reaction (WGS),

CO + H20 C02 + H2  (12)

is widely employed in industry to enrich the hydrogen content in water gas (synthesis

gas) after the steam reforming of methane. The WGS reaction is typically performed at high

temperatures over heterogeneous iron oxide or copper oxide catalysts. Interest in the WGS shift

reaction under mild, homogenous conditions has been longstanding. 66", 67 Many soluble

transition metal carbonyl complexes show activity for thermal WGS catalysis,168 usually in basic

media and rarely in acidic media.' 69 In some cases, WGS activity is promoted photocatalytically,

where the photons are typically used to open coordination sites by the expulsion of CO or

photoextrusion of H2 from the transition metal center.

1.2.3.1 Homoleptic Metal Carbonyls
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King and Ford employed M(CO)6 complexes (M = Cr, Mo, W) for homogenous WGS

catalysis initially under thermal conditions 7 0"' 7' according to the cycle shown in Figure 1.9.

Thermal expulsion of a CO ligand from M(CO)6 generates an open coordination site at the metal

center, which is rapidly coordinated by a formate ion that is produced in situ by the reaction of

OH- and CO. Dissociation of an additional CO opens a coordination site for fl-hydride

elimination from the formatel 72 accompanied by CO 2 elimination. Uptake of an equivalent of CO

generates the M(CO)5 H- complex, which is proposed to abstract a proton from H20 to regenerate

O-F and the M(CO)5(H2) dihydrogen complex. Thermal dissociation of H2 regenerates the active

M(CO) 5 species for catalytic turnover. 173 ,174 This catalytic cycle involving homogeneous

reagents operates at significantly reduced temperatures (100 - 170 'C) as compared to the

heterogeneous systems using Fe or Cu oxide catalysts (200 and 300+ 'C). The highest turnover

frequencies were observed for W(CO)6, with 900 molecules of hydrogen produced per day.

The initiation step of the WGS cycle in Figure 1.9 is the thermal dissociation of CO from

M(CO) 6 to generate the active M(CO) 5 for reaction with formate ion (M = Cr, Mo, W). In

principle the active WGS catalyst may be accessed by the photochemical elimination of CO at

even milder temperatures. Indeed, the benefit of the photon for WGS was recognized shortly

after reports of M(CO)6 catalyzed WGS appeared. Using W(CO) 6, King reported sluggish

thermal WGS chemistry at 75 'C with a turnover frequency for hydrogen of -5 day-'; exposure

to sunlight enhanced this turnover frequency to 83 day-'.175 The mechanism was proposed to

M(CO)s HC02- CO + OH-

H2  CO + COCO

(OC)5M (OC) 4M-O
C= 0

M(CO) 6  I H

OH-

H20 /

I (OC) 4M-O
(OC)M \

C=O

CO CO2

Figure 1.9. Proposed mechanism for the thermal WGS reaction catalyzed by homoleptic group 6 carbonyls.
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largely follow that outlined in Figure 1.9 with the notable distinction of the introduction of the

photon to remove CO from the hexacarbonyl starting complex. King reports that irradiated

solutions retain catalytic activity for hours after the cessation of illumination, indicating that the

catalysis was catalytic in photons. This observation is entirely consistent with the mechanism of

Figure 1.9 since the photon is needed only once to extrude CO.

Detailed kinetic analysis of the photochemical WGS reaction using H20/methanol

solvent mixtures under pseudo first order conditions with respect to substrate allowed for an

analysis of the post formate binding steps.176.177 Dissociation of an additional CO and

replacement by solvent gives active intermediates of the general formula M(CO)4-x(S)xOCOH-

(S = H20 or methanol). Additionally, in the absence of a rate determining CO dissociation from

M(CO) 6 to activate the catalyst, a second rate-determining step was reported to result from

decarboxylation of M(CO)4-x(S)xOCOH- to give M(CO)4-x(S)xH- and CO 2. This was determined

on the basis of the observed normal kinetic isotope effect of 3.4 ± 0.9 for Cr and 4.4 ± 0.2 for W

upon deuterium substitution. An enhanced rate of this secondary reaction with photolysis was

attributed to photoinduced dissociation of another CO ligand to open a coordination site for the

fl-hydride elimination. Hydrogen production was postulated to proceed by subsequent

protonation of the M(CO)4_x(S)xH- by H20 in a thermal step.'78

Iron pentacarbonyl can also support WGS upon the in situ treatment of the complex with

three equivalents of NaOH to furnish Fe(CO)4H-. 179 Photolysis of 9:1 THF:H 20 solutions of

Fe(CO) 4H- furnishes a 1:1 ratio of H2:CO 2 at -6 turnovers after -60 hours of irradiation.

Interestingly, the hydrogen production step was not proposed to stem from deprotonation of

water by the hydride as is the case for M(CO)5H- (M = Cr, Mo, or W), but rather from reaction

of Fe(CO) 4H- with photochemically generated Fe(CO)3H- via the dinuclear elimination

mechanism.' 80- 1'8 2 In this mechanism, hydrogen evolution proceeds from a bridging hydride

intermediate formed by the association of Fe(CO)4H- and Fe(CO) 3W.

1.2.3.2 Heteroleptic Metal Carbonyls

The M(CO)6 pre-catalysts (M = Cr, Mo, or W) perform WGS by acting on HCO2- that

results from the reaction of free CO with hydroxide in solution as opposed to a direct reaction

with a coordinated carbonyl. In the case of cis-Ru"(bpy) 2Cl2 (bpy = 2,2'-bipyridine), CO is

proposed to trap the metal center upon dissociation of CI- and a metallocarboxylic acid is formed
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by attack of Of- on the coordinated CO. The WGS with these systems operates at 100 - 140 oC

in water under 1 - 3 atm of CO and under white light irradiation.!83 Decarboxylation of the

metallocarboxylic acid complex generates Ru"(bpy) 2HCI followed by its protonation to yield

Ru"(bpy) 2(H2) Cl1. Hydrogen elimination is rate-determining and proposed to be photoinduced.

The product of this photoreaction is Ru"(bpy)2Cl÷, which is available to re-enter the catalytic

cycle. Turnovers frequencies as high as 20 hl' were reported and the catalysis was observed to

proceed at relatively low pressures of CO and in moderately acidic solutions. These experimental

conditions disfavor production of formate from free CO. As expected for reactivity derived from

both H+ and OH- induced transformations, a complicated dependence of the hydrogen

production rate on pH was observed, with significant rate enhancement observed at both slightly

basic (pH 8.9) and slightly acidic (pH 6.88) conditions. The role of photons in the catalysis is

unclear, however, as subsequent reports indicated that the catalysis proceeds at nearly the same

efficiency without irradiation. 14,15

Ziessel reported that Ir"'(qS-CsMes)(bpy)Cl + catalyzes WGS at room temperature, 1 atm

CO, neutral pH and with a high quantum yield using visible light irradiation. 186-18 The bpy =

4,4'-COOH-2,2'-bipyridine catalyst, was especially active, proceeding with a 12.7%

photoreaction quantum yield (37 turnovers after 2 hours) at 410 nm. The proposed photoinduced

mechanism for WGS catalysis is outlined in Figure 1.10. The chloride ligand of the starting

complex is liberated by CO coordination to give a dicationic Ir"'(q5-CsMes)(bpy)CO 2+ species.

Attack of CO by water generates the Ir"'(qS-C 5Mes)(bpy)(COOH) + cation, which is proposed to

undergo a rate-determining decarboxylation accompanied by proton loss. The overall

transformation Ir"'(qS5-CsMe 5)(bpy)(COOH) + -+ Ir'(q 5S-CsMes)(bpy) amounts to a two-electron

reduction of the iridium center. Subsequent protonation to generate the hydride, Irm 1( 5-

CsMes)(bpy)H+, offers the intermediate needed for hydrogen production. The electronic excited

state of the hydride, [Ir"'(qS-CsMes)(bpy)H+]*, is proposed to be protonated by HCl to give

hydrogen and return the starting complex, Ir"'(qS-CsMes)(bpy)C1+.

It is interesting to note that Ziessel chooses a stepwise path for the decarboxylation and

protonation steps as opposed to the concerted P-hydride elimination as proposed in other WGS

systems. This appears to be based on the fact that Ir'(y5-CsMes)(bpy) is an isolable compound

and not a high energy intermediate. Hydride protonation of the excited state is also unusual. This

reactivity mode is supported by 1H NMR studies where the Ir"'(rq'-CsMes)(bpy)H+ hydride signal
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Figure 1.10. Proposed mechanism for photocatalytic WGS chemistry by an Ir"'(i5-C Me5)(bpy)Cl + complex.

at -11.45 ppm is stable in the dark but rapidly vanishes upon exposure of the solution to visible

light. This suggests that visible light irradiation of Ir"'(qS-CsMes)(bpy)H + complex pumps a

transition that engenders significant hydridic character to coordinated hydride.

1.2.4 Acids

In contrast to the numerous photocatalytic hydrogen generation schemes employing

substrates such as alkanes, alcohols or sacrificial electron donors outlined in the previous

sections, photodriven hydrogen generation processes directly from acidic solutions are rare. In

the former examples (vide supra) the electron and proton equivalents that constitute the

hydrogen product are derived from organic molecules, which upon oxidation by H atom

abstraction or ET/PT reaction pathways, generate organic fragments that do not form strong

covalent interactions with catalytic center (Figure 1.6 for example) and often have a strong

thermodynamic bias for further reactivity. Simple mineral acids like HCI and HBr on the other

hand, have conjugate bases that form very strong M-X bonds (X = Cl, Br) with many transition

metals. Therefore a potential catalyst must be able to activate stable M-X bonds in order to

achieve turnover. Equivalently, the catalyst must not only simultaneously be sufficiently

reducing to generate H2 from H+, but must also be capable of driving a thermodynamically

7+ ~
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challenging oxidation of X to X2 to close the HX redox cycle. Correspondingly, few systems

have been able to achieve this type of reactivity to date.

1.2.4.1 Mononuclear Catalysts

Some of the earliest reports of hydrogen photogeneration involve acidic solutions of

simple metal salts. Whereas most reduced metal ions produce H2 promptly upon their addition to

mineral acids, some are thermally stable towards acid. In these cases, photoexcitation leads to the

generation of hydrogen stoichiometrically: Eu2+, 189 Cr2+1 90 Fe2+,191 Ce3+,192 Cu+193 are all active

under photolysis conditions.

A photocatalytic system for hydrogen production using a simple metal salt from aqueous

HCl solutions was reported by Gray and coworkers using Ir"'C1 6
3- and was proposed to proceed

by the series of reactions shown in Figure 1.11.194'195 Irradiation into the Cl --+ Ir"' LMCT bands

with 254 nm light evidenced the disappearance of Ir"'C163- and produced the one electron

oxidized species IrVC162- with the concomitant production of half an equivalent of molecular

hydrogen. The steps leading to this reactivity are proposed to involve a proton coordination pre-

equilibrium between Iri'C16
3- and HIr"'C162- followed by photoexcitation of HIr"'C162- to

generate the excited state [HIr"ICl 6 -]* (possessing significant Ir"-CF1 character), which is then

Proton Reduction Chlorine Oxidation

irIVC162-  [IrlVC162*

C [IrVC-2-]* 3- + CI[Ir -]*  Ir

2 CIO • Ci2

CI- + CI C012-

CI2 + IrllCCl63- o  lrlVCl 6
2- + Cl2

Cl2- + Irl"Cl63- rlVCl62- + 2 Cl-

J9

Overall

hv = 254 nm
H+ + CI- = 1/2H 2  + 1/2C12

IrIll/IvCleC /2-

Figure 1.11. Proposed reactions involved in the photocatalytic production of hydrogen from aqueous HCI solutions
using an Ir"'C16

3- catalyst.
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proposed to decompose to a hydrogen atom and IrVCl 62-. Possible reaction pathways for the

resulting hydrogen atoms include dimerization to generate H2, reaction with a proton to generate

H2
+ which is subsequently reduced to H2 by another equivalent of Ir"'Cl63-. Catalysis is

accomplished by secondary photolysis of the IrLVC162- generated during the course of hydrogen

production. In a similar fashion to proton reduction, Cl -* IrIV LMCT excitation generates a

charge transfer complex with Ir"'-Cl' character, which is capable of oxidizing a free CF ion from

the aqueous mineral acid solution to furnish unbound chlorine radicals and Ir"'C16
3-. The chlorine

radicals are then proposed to undergo radical-based reactivity similar to that of the hydrogen

atoms to eventually generate chlorine and the starting IrIVC16- photoreactant. The catalytic cycle

is closed with the recovery of Ir"'C163- by the secondary photolysis reaction of IrVC162 - and

provides the net conversion of HCI to ½ H2 and ½ C12 . The quantum efficiency of the overall

conversion is 0.28 in 12 M HCI using 254 nm irradiation. This quantum efficiency is observed to

drop off sharply with decreasing photon energy and turns off completely when using

wavelengths longer than 366 nm, consistent with photoreactivity derived from high energy Cl

Ir charge transfer excited states. Although the system carries out the photocatalytic splitting of

HCI to ½ H2 and ½ Cl 2 while under constant irradiation, the Cl 2 produced is observed to

reoxidize the Ir"'Cl63- to IrVCl6"- when the photolysis is ceased.

1.2.4.2 Binuclear Catalysts

Some of the first reports of binuclear photocatalysts for hydrogen production from acidic

solution are simply a direct extension of the stoichiometric photochemical oxidations of

dissolved mononuclear metal ions (vide supra). The quadruply bonded MO2
1 "'I(SO4)44- dimer was

reported by Gray to react photochemically in aqueous H2SO 4 solutions upon UV excitation (•,x

= 254 nm) to give the single electron oxidation product, Mo 2 'III(S0 4)43- , and half an equivalent

of hydrogen. In this case the redox chemistry is restricted to single electron pathways due to the

stability of the Mo2
1'1" dimer. 196 ,197 Substituting the SO 4

2- bridging ligands with simple halo or

aquo ligands allowed for multiple electron photooxidations of the bimetallic core. In these

reports the photoreactions of MO2
1"'IIX 8

4- (X = C-, Br-) and MO2"'(H 20)s4+ dimeric complexes

in aqueous strong acid were not arrested at the Mo 2
1 1,"I" mixed valence state and gave hydroxide

bridged M02
111,I.. dimers and molecular hydrogen as final photoproducts.197
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Two-electron photochemistry could also be achieved from a bimetallic Rh' bridged by

1,3-diisocyanopropane (bridge) ligands. Similarly, under irradiation with photons coincident

with the do* -- p7 absorption manifold (Xexe = 546 nm) the d8 ...d' Rh 2
1,(bridge) 42+ starting

material was observed to generate one equivalent of hydrogen and the metal metal bonded d7-d7

Rh 2I"'(bridge)4X22+ complex. 198-200 A stepwise mechanism was proposed invoking a

Rh4H,'1'"1(bridge) 8Cl 2
4+ dimer of dimers resulting from a thermal reaction of the Rh2"' core with

HCl, eq 13 and 14.

2 Rh2'a(bridge) 42+ 12 M HCI - Rh4
11"',ll(bridge) 8C124+ + H2  (13)

Rh41""1,,"i(bridge)aC124+ 546 nm 2 Rh2"l'(bridge)4C 2
2  + H2  (14)

The photochemical step was reasoned to involve the photoinduced scission of the putative Rh'-

Rh' bond in the Rh2-''"""(bridge) 8Cl2
4+ tetranuclear complex followed by reaction of the two

resulting Rh 2" (bridge)4Cl 2+ fragments with HCI to generate two equivalents of

Rh 2,1"'(bridge) 4Cl 2
2+ and hydrogen via an undefined mechanism, eq 14.201,202 Proton reduction is

limited to stoichiometric conversion in this case as the oxidized Rh2
11 "'(bridge)4Cl2

2+ is unable to

activate the strong Rh"-Cl bonds to regenerate the active Rh2 "'(bridge)42+ for reentry into a

catalytic cycle.

Stoichiometric two-electron proton reduction photochemistry was observed for a

quadruply bonded d4d4 molybdenum dimmer, Mo 2
1"'(HPO 4)4

4- , bridged by HPO42- ligands.

Attempts to facilitate proton reduction chemistry out of a zwitterionic (M+-M-) excited state,

pumped by photochemical excitation into a 6 -* 8* transition,20 3 showed that although the M +-

M- 8* excited state was efficiently quenched by protons, hydrogen production was not

observed.204 Instead careful mechanistic work has shown that hydrogen production from the

starting Mo2
11"'(HPO4)44- complex proceeds via a dn -- dln* photoexcitation (254 nm < x,, <

400 nm) whereupon two stepwise one electron oxidations by H+ give the triply bonded

Mo2Il,"'(HPO 4)42- and two hydrogen atoms.20 5 Coupling of two hydrogen atoms eventually gives

hydrogen, and although the mechanism was not expressly determined, the intermediacy of Mo-H

species was not postulated. The reaction in this case is limited to stoichiometric conversion due

to the inability of the Mo2I'I
11 (HP04)42- complex to close the catalytic cycle by reforming the

reduced Mo2"'"'(HPO4)4 4- complex.
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1.2.5 Summary of Literature Precedent

Molecular photocatalytic hydrogen production schemes elucidated to date are generally

inefficient and do not achieve appreciable conversion of solar energy. Inefficiencies generally

arise from poor matching of the chromophore absorption manifold to the solar spectrum and also

from low photochemical quantum yields for either excited state population or the following

reactions from the primary excited state. In the specific case of three component systems,

shuttles are needed for coupling one-electron redox events to a hydrogen generating catalyst,

usually colloidal Pt. The relay catalyst, upon its reduction by the photosensitizer, often

participates in energy wasting recombination reactions that regenerate ground state materials.

Additionally photocatalytic hydrogen production schemes generally rely on the use of high

energy substrates such as alkanes, alcohols, or sacrificial electron donors and thus do not store

the energy of absorbed solar photons. Moreover many of these schemes are require the use of

noble metals, rendering large scale application economically unfeasible. Strategies for the use of

low energy substrates for hydrogen production, such as inorganic acids or water, suffer from

extreme difficulty in achieving turnover as either the catalysts form strong bonds with substrate

or the oxidized catalysts cannot regenerate complexes active for reduction so that the redox

cycles may be closed.

1.3 Multielectron Chemistry and Photochemistry

Current research has focused on the development of new excited states that lead to the

efficient production of hydrogen via photochemical mechanisms that confront minimal energetic

barriers. For instance, hydrogen may be produced along one-electron pathways to produce H*.

However, this production of H* requires 1.8 V, which is recovered upon the second one-electron

reduction. Thus, though 2H+ + 2e--- H2 is thermoneutral, its production along the one-electron

pathway minimally confronts a 1.8 V barrier. This barrier may be obviated if efficient two-

electron redox pathways are developed. Moreover concerted two-electron redox proton reduction

pathways would avoid inefficiencies derived from energy wasting back reactions that plague

single electron redox mechanisms.

Although standard oxidative addition/reductive elimination cycles represent common

multielectron transformations for monometallic sites, these reactivity modes are typically

restricted to the 16/18e- cycles of the noble metals. One promising approach for metal catalyzed

47
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multielectron redox chemistry is to store redox equivalents in an organic ligand as has been

observed for metal porphyrinogens 20 6-20 8 and o-catecholate, 20 9 o-iminocatecholate,2 10 ,2 11 or o-

phenylenediamide 21 2 derived ligands. Another common approach for multielectron redox

chemistry is to employ a bimetallic complex, wherein an overall multiple electron redox

transformation can be achieved by the cooperation of two metal centers.21 3-216 Not surprisingly

inspiration for this strategy can be found in natural systems where dinuclear or higher nuclearity

metal sites are commonly encountered: in the diiron enzymes 217 soluble methane

monooxygenase 218,2 19 and class I ribonucleotide reductase, 220' 22 1 in the dicopper and iron-copper

sites of cytochrome c oxidase, 222,223 in the dinickel center of urease,224 in the O02-transport

proteins hemerythrin 217' 2 25 and hemocyanin, 226 in the photosystem II oxygen-evolving

complex,227  in the nitrogenase enzymes, 228-230  and in nickel-carbon monoxide

dehydrogenase/acetyl coenzyme A synthase23 1-234 in at least a dozen zinc enzymes, 235,236 and in

certain iron-sulfur clusters,237,238 inter alia,239' 240 and of course the iron only and Ni-Fe active

sites of hydrogenase. 24 1-24 6 Most of these enzymes activate small molecules by multielectron

transformations. Though the precise mechanistic details of substrate activation in many such

systems await elucidation, reactivity and spectroscopic studies indicate that the metals of the

bioactive site may work cooperatively to activate substrates one electron at a time. 247

Synthetic bimetallic catalysts are attractive for small molecule activations of pertinence

to energy catalysis as the two and four electron redox events of pertinence to HX dismutation (X

= Cl, Br, OH) can potentially be shared over multiple metal sites, Figure 1.12. In this way

energetically costly redox intermediates such as He or redox cycles involving extreme formal

HX H HX H

n n+2 In+4
M ' M H-M-X

I I
X X

'et -i HX H HX H H

n n In+2 I n+2 I n+2M Mn M M M - M
I I I
X X X

Figure 1.12. Demonstrative schemes involving two sequential activations of HX at monometallic and bimetallic
metal complexes, in the bimetallic case the redox and coordination site equivalents are distributed over the entire
bimetallic core.
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oxidation state swings can be avoided, leading to attenuated energetic barriers for the overall

transformation.

Binuclear complexes of noble metals are perhaps the most well studied and have been

shown to largely maintain the chemistries of their mononuclear analogs, both at single metal

sites of the binuclear core and also distributed over both metals. For example, facile oxidative

additions to bimetallic complexes have been the subject of numerous reports, whether it is the

two-center oxidative additions typified by the biradical excited states [.M-M*]* of dS- -d8

complexes outlined in Section 1.2.1, the one-center oxidative additions of A-frames 248 252 or the

one- and two-center additions of pyrazolate bridged d8 dimers.2532 58 The corresponding reductive

elimination chemistry is less developed, and while direct reductive eliminations across a

bimetallic core are symmetry forbidden,259 the elimination can be facilitated by a so called

dinuclear elimination mechanism,8 - 182 eq 15. This reactivity mode has primarily been observed

for the elimination of H-R (R = H, Me) from mononuclear fragments that are able to open a

coordination site to achieve coordinative unsaturatation. The requirement of hydride ligation in

the dinuclear elimination mechanism stems from an intermediate bridging hydride complex that

participates in three center two-electron bonding interaction prior to H-R bond coupling, eq 15.

H R H, R
I I W 'I, ".. (15)

LnM + M'L1 LnM------- M'L (15)

In this way binuclear complexes have shown some precedence for multielectron reactivity but

this reactivity is often difficult to realize in practice. In particular Bosnich has argued that unless

flexible ligand sets are employed, redox chemistry at one metal center in a dinuclear construct

will only serve to deactivate the second due to strong "mechanical coupling", thereby precluding

bimetallic cooperation. 3' 2 14

1.3.1 Two-Electron Mixed Valence Bimetallics

Although challenging, bimetallic cooperation has been successfully employed for the

photocatalytic production of hydrogen from homogeneous acidic solutions when using a

bimetallic rhodium complex that exhibits an unusual two-electron mixed valence ground state.

The use of two-electron mixed valence catalysts for multielectron redox chemistry is a logical

extension of the single electron redox chemistry of classical one-electron mixed valence

complexes.260,261 Designing molecules with the valance asymmetry built into the ground state,
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Vacc acc

M M

S Mn MnA-D-A

n+1 M-M n+1 .0 - 1 Mr M n+2

Figure 1.13. Thermal ellipsoid plot of Rh2
0,'(dfpma) 3Cl 2PPh 3 (left), and the Acceptor-Donor-Acceptor asymmetric

n-donation that is believed to stabilize the two-electron mixed valence ground state (right). Thermal ellipsoids are
drawn at the 50% probability level with hydrogens omitted for clarity.

rather than an MMCT excited state grew out of the inability of the zwitterionic M+-M - excited

states of Mo2
1"'(HPO4)44- to engender direct proton reductions in concerted multielectron steps.

Following up on the synthetic work of King concerning the coordination chemistry of cobalt

with a fluorinated diphosphazane ligand dfpma (dfpma = bis[difluorophosphino]methylamine,

CH3N[PF2]2), 262-267 two-electron mixed valence rhodium bimetallics of the general formula

Rh2
0 "'(dfpma)3X2L (X = Cl, Br; L = PR 3, CNtBu, CO) were synthesized, Figure 1.13, left.268,269

The parent complex is composed of a trigonal bipyramidal Rho center and an octahedral Rhn

center with a formal Rh-Rh bond. The metal-metal single bond can be envisioned as arising

from the pairing -of odd electrons in the out of plane dZ2 orbitals on the d9-d 7 (or [d8]dl-d'[d6])

bimetallic core. 270 In the dfpma architecture, n-accepting PF2 groups are adjacent to the lone pair

of an amine bridgehead, giving rise to an acceptor-donor-acceptor (A-D-A) electronic motif,

Figure 1.13, right. Because the PF2 groups may n-accept electrons from the metal or from the

lone pair of nitrogen, asymmetric a-donation of the bridgehead amine lone pair along the ligand

backbone allows the ligand to concomitantly accommodate metals both in low and moderate

oxidation states. The A-D-A model is supported crystallographically as the dfpma P-N bond

lengths for the PF2 units bound to the Rh" center are -0.03 A shorter than those bound to the Rho

center. Notably the Rh dfpma architecture is able to support four-electron redox chemistry in

discrete two-electron steps: Rh2
0'0(dfpma) 3L2, Rh2

0 II(dfpma) 3X2L, and Rh2
1 'II(dfpma)3X4 with

the maintenance of the Rh-Rh bond along the series, Figure 1.14.271 When a photolabile ligand

such as CO is coordinated to the Rho center, proton reduction is observed upon excitation.



Chapter 1

I I IN N p/N.
Br P P H2  2 HBr P P H2  2HBr P P

\ I Br hv Br Ihv  I
Br-Rh"-•Rh"-Br B L-Rho-Rh"-Br ___•R_ L-Rho-Rho-L

/ / hv (X > 305 nm) / / hv (k > 305 nm) / /
P P P THF P F ,P THF 1% P> P.*

N N -2 HBr N N - 2 HBr N N
/ \ (lutidene trap) / \ (lutidene trap) / \
P = PF 2

Figure 1.14. Four-electron chemistry and photochemistry supported by dirhodium cores bridged by dfpma ligands.

Notably the Rh dfpma architecture is able to support four-electron redox chemistry in discrete

two-electron steps: Rh 2
0'o(dfpma)3L2, Rh2

0 'II(dfpma)3X2L, and Rh2""'(dfpma) 3X4 with the

maintenance of the Rh-Rh bond along the series, Figure 1.14.272 When a photolabile ligand such

as CO is coordinated to the Rho center, proton reduction is observed upon excitation.

Moreover the oxidized cores are capable of Rh'-X bond photoactivations with the

expulsion of halogen radicals by excitation into a Rh-Rh dz2dz2 do -+ do* transition. 272

Population of this excited state formally nullifies the metal-metal bond and is simultaneously o*

with respect to the axial halogen ligands. The related ligand tfepma (tfepma =

CH 3N[P(OCH 2CF 3)2] 2) can also achieve this Rh-X bond photoactivation chemistry.273 Excitation

into this absorption manifold leads to Rh-X bond homolysis and in the presence of a suitable

halogen radical trap (such as THF or 2,3-dimethyl-1,3-butadiene) and a suitable two-electron

hv 1 -L"
2 trap-X

n n

2 trap

LRhoRh"X
2

XI enm v•V

Blue
Intermediate

Figure 1.15. Photocycle for H2 production by Rh 2
0'0 dfpma in HX solutions. Observed photoproducts of the cycle

are indicated with their accompanying color-coded absorption spectra.
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donor ligand (such as PPh3) eventually gives the reduced complexes in discrete two-electron

steps, Figure 1.14. The ambidextrous ability of these compounds to not only reduce protons but

also photochemically recover reduced metal centers suggested that a photocatalytic hydrogen

production cycle can be closed. In keeping with this, solutions of the reduced complex,

Rh2.' 0(dfpma) 3(PPh 3)(CO), in THF were observed to photocatalytically reduce HCI to hydrogen

upon light excitation (Xexc > 338 nm), Figure 1.15.274 In this case the Cl radicals generated in the

photochemical M-X bond activation were trapped by the abstraction of hydrogen atoms from the

THF solvent. At 20'C in 0.1 M HCI in THF the catalyst Rh2
0',(dfpma)3(PPh 3)(CO) was able to

achieve - 80 turnovers of hydrogen with (,exc > 338 nm). Monitoring the solution during the

course of the photocatalysis by UV-Vis spectroscopy showed a new band at 580 nm that quickly

converted into the isolable two-electron mixed valence Rhf"' (dfpma) 3X2L complex. While this

study provided a landmark achievement for homogenous photocatalysis many details remained

unknown, especially the nature of the putative HX addition products and the identity of the

elusive blue intermediate.

1.4 Closing Remarks

The preceding sections cull the literature for the most relevant and well defined schemes

for photocatalytic hydrogen production from molecular based catalysts and serve as an

introduction to the research described herein. In summary, previous schemes typically require

sacrificial high energy substrates or very high energy photons in order to engender catalysis. The

C=C and C=O bond formation of alkane and alcohol photodehydrogenations, sacrificial electron

donor decompositions of three component systems, CO2 formation of water gas shift reactivity,

and halogen radical trapping of HX splitting are all downhill processes that engender

thermodynamic driving forces for hydrogen production. In these examples the goal of converting

the energy of solar photons into chemical potential energy has been sidelined for thermochemical

considerations required for catalyst turnover; where the photon, at best, can be described as

simply providing the activation energy for an ensuing cascade of thermodynamically favorable

reactions. In order to achieve net energy storage, low energy, and consequently very stable,

starting substrates must be employed such as H20 and HX. In order to achieve efficient redox

catalysis of thermodynamically challenging substrates new systems must be elucidated that
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provide platforms from which the basic science of solar energy conversion can be examined in

detail.
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2.1 Introduction

The final section of Chapter 1 detailed the successful implementation of two-electron

mixed valence dirhodium cores (Rho-Rh") for the photocatalytic production of hydrogen from

homogenous HX (X = Cl, Br) solutions.' While this work established the overall photocycle, the

process by which H2 photogeneration proceeds was not precisely known, and accordingly, at the

completion of that study the following questions remained unanswered: (1) What is the nature of

the initial hydrogen-halide addition product? (2) What is the nature of the blue photointermediate

and what is the photoreaction that leads to its production? (3) How does the blue intermediate

convert to the Rho-Rh"X 2 complex, thereby allowing the photocycle to be closed? and with

intermediates defined, (4) What is the step in the photocycle that limits the overall H2 production

efficiency?

This chapter describes studies designed to address these outstanding issues by tuning the

electronic properties of the ligands bridging the bimetallic core. Specifically, the two-electron

mixed valency required for the photocycle of Figure 1.15 is enforced by the three MeN(PF2)2

(dfpma = bis(difluorophosphino)methylamine) bidentate diphosphazane ligands.2 By tuning the

electronic accepting properties of the ligand from -PF 2 to the slightly less n-accepting and more

bulky -P(OCH 2CF 3)2 of MeN[P(OCH 2CF 3)2]2 (bis[bis(trifluoroethoxy)phosphino]methylamine,

tfepma) 3 and the amine donor bridgehead to the methylene group of H2C[P(OCH 2CF 3)2] 2

(bis[bis(trifluoroethoxy)phosphino]methane, tfepm) the nature of the intermediates relevant to

the photocatalytic hydrogen production can be revealed. In doing so, each step of the photocycle

can be examined independently and the factors controlling the photoefficiency for H2 production

can be ascertained expressly. Additionally, with the knowledge from this model chemistry in

hand reaction conditions can be designed to target the catalytic intermediates in the original

dfpma system for the final verification of the catalytic model.

2.2 Rhodium Hydrido Halides

2.2.1 Synthesis and Thermal Reactivity

Tfepma complexes of iridium are distinguished by the ability to manage both hydrogen

activation and elimination across the binuclear core as well as stabilize hydrido halide species,4 7

and therefore tfepma presented a promising ligand environment upon which to explore the

corresponding rhodium chemistry. In this work the two-electron mixed valence species
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Rh"o.(tfepma) 3C12 (1) is the keystone for the dihydride/hydrogen model chemistry of pertinence

to the hydrogen production photocycle shown in Figure 1.15. The complex, whose crystal

structure is shown in Figure 2.1, is distinguished by the disposition of the three A-D-A ligands

about the bimetallic core. In contrast to the coordination chemistry dfpma, where the sterically

less-encumbering -PF 2 groups engender a preference for bridging binding modes, in 1, one

tfepma ligand chelates the Rho center. This affords an overall trigonal bipyramidal coordination

sphere, defined by the average Z(P-Rh-P)avg = 1200 in the trigonal plane and a nearly linear Pax-

Rho-Rh" axis. Computational and synthetic studies suggest that bulky substituents on the

phosphorus atoms, such as the trifluoroethoxy groups of tfepma, increases the chelating power of

the ligand.8 ,9 The absence of a third phosphorus ligand in the equatorial plane of Rh" demands

the equatorial coordination of the two halides at the Rh" center, leaving its axial coordination site

vacant and engendering an overall square pyramidal geometry. This precise coordination motif

has been observed previously for diiridium centers.5 Indeed, 1 and its diiridium congener are

structurally homologous. The most noted deviation is a slight decrease in the metal-metal

bonding distance from 2.7871(8) A in Ir20 "'(tfepma)3Cl2 to 2.7450(12) A in 1.

Coordinative unsaturation trans to the metal-metal axis of the M2 0, core results in an

extensive reaction chemistry for the structurally congruent Ir20."'(tfepma) 3C12 with small molecule

substrates 5'10 including hydrogen and hydrogen halides.6'7 As exemplified by Figure 2.1, this

chemistry is preserved for the structurally analogous dirhodium complex; hydrogen reacts with 1

to yield products of the formula: Rh2
1I'1 I(tfepma) 3(H)2C12 in three isomeric forms. The crystal

structures of the three isomers are shown in Figure 2.1 and relevant bond distances and angles

for the three complexes in Table 2.1. Compound 2 is the predominate product and single crystals

may be isolated by repeated recrystallizations from slowly cooled CH 2Cl2 solutions containing

the mixture of isomers obtained from the hydrogenation reaction. X-ray structural determination

reveals an octahedral coordination geometry about each rhodium center with the chlorides

ligated trans to the metal-metal bond and the tfepma ligands strapping the bimetallic core in a

triply bridging motif. The coordination of the phosphite ligands about the rhodium centers

exhibits a meridonal geometry with the P-Rh-P bond angles approaching 900.
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Figure 2.1. Hydrogenation of Rh 2
0'°(tfepma)3C12 (1) yields three dihydrido-dihalide isomers: syn-

Rh2
1"'(tfepma) 3(H) 2C12 (2), anti-Rh2"'"I(tfepma)3(H)2C12 (3), and cis-Rh2II"'(tfepma)3(H)2C1 2 (4) (bottom, left to right

respectively). Thermal ellipsoids drawn at the 50% probability level and the -Me and -CH 2CF 3 groups of the
tfepma ligand have been omitted for clarity. Only the crystallographically located hydrides and atom numbers of
pertinence to Table 2.1 are included.

The presence of two hydrides, although not located crystallographically, is implied by

two open coordination sites in equatorial planes trans to P(2) and P(5). A strong trans influence

is evidenced by the increased bond length of 2.303(3) A for the Rh-P bond diametrically

opposed to the hydride as compared to Rh-P bonds that are not (davg(Rh-P) = 2.240 A).
Additionally the P(1)-Rh(1)-P(3) angle of 160.58(13)0 is indicative of the reduced steric

Chapter 2
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requirements for the hydride as compared to the bulky bis(trifluoroethoxy)phosphino unit of the

tfepma ligand. The P(2)-Rh(1)-Rh(2)-P(5) dihedral angle of 22.55(12)0 for the trans phosphite

ligand is indicative of a syn disposition of the hydrides. Coordination of a chloride and a hydride

to each Rh center is consistent with the formulation of a valence symmetric Rh2" '11  core that

results from the formal oxidative addition of hydrogen to the Rh2
°0 ' core of 1. The Rh-Rh bond

length of 2.7087(12) A is typical of d7-d7 bimetallic systems. - " The 'H NMR spectrum of 2 in

THF-d8 concurs with the observed crystal structure. Two N-Me resonances are observed that

integrate in a 2:1 ratio at 2.89 and 3.06 ppm, respectively, and a complicated hydride pattern,

integrating as two protons, is centered at -9.77 ppm. The 31P• {H} NMR again is consistent with

the observed solid state structure, with two resonances observed in a 2:1 ratio at 136.76 and

131.40 ppm respectively.

Concentrated solutions of 2 in CH 3CN left undisturbed deposit yellow blocks of anti-

Rh 2
1"'"(tfepma) 3(H)2C12 (3). The crystal structure of 3, shown in Figure 2.1, reveals it to be an

isomeric form of 2 with three bridging tfepma ligands spanning the core, two chlorides in axial

positions trans to the metal-metal bond, and equatorially coordinated hydrides. As in 2, the Rh-

Rh bond of 2.7127(13) A is well within the range of distances expected for a single metal-metal

bond. The octahedral coordination geometry is maintained as defined by the P-Rh-P bond

Table 2.1. Selected Bond Lengths (A) and Angles (") for syn-Rh2"'."(tfepma)3(H)2Cl2 (2), and anti-
Rh2"'(tfepma) 3(H)2Cl2 (3), and cis-Rh2P"'"(tfepma)3(H)2Cl 2 (4).

Bond Lengths/A

2 3" 4h  2 3" 4h

Rh(1)-Rh(2) 2.7087(12) 2.7127(13) 2.7657(8) Rh(1)-P(3) 2.231(3) 2.244(2) 2.1930(19)

Rh(1)-CI(1) 2.451(3) 2.459(2) 2.5442(19) Rh(2)-P(4) 2.243(3) - 2.2892(19)
Rh(2)-Cl(2) 2.446(3) - 2.4110(19) Rh(2)-P(5) 2.305(3) - 2.284(2)
Rh(1)-P(1) 2.249(3) 2.255(2) 2.2643(19) Rh(2)-P(6) 2.245(3) - 2.217(2)
Rh(1)-P(2) 2.303(3) 2.293(2) 2.7657(8)

Bond Angles/!

2 3" 4 2 3" 4

P(l)-Rh(1)-P(2) 96.97(12) 102.95(8) 92.96(7) P(4)-Rh(2)-P(5) 100.02(12) - 95.19(7)
P(1)-Rh(1)-P(3) 160.58(13) 158.62(9) 165.07(7) P(4)-Rh(2)-P(6) 163.34(12) - 106.44(8)
P(2)-Rh(1)-P(3) 102.38(12) 98.41(8) 100.80(7) P(5)-Rh(2)-P(6) 96.48(12) - 158.18(9)

" Distances and angles of symmetry equivalent groups, denoted by -, are reported only once. Rh(2) = Rh(1 A); P(4)
P(IA); P(5)= P(3A); P(6)= P(2A).
b The Rh(2)-CI(2) distance reported in the table corresponds to the Rh(1)-CI(2) distance in the structure of 4.
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angles listed in Table 2.1. Unlike 2 however, where both arms of one tfepma ligand are

coordinated trans to the hydrides, the phosphite arms trans to the hydrides originate from two

different tfepma ligands resulting in an anti presentation of the hydrides. The large trans

influence of the hydrides'14 is again evidenced by the increased Rh-P bond length of 2.293(3) A

as compared to dag(Rh-P) = 2.25 A for the other Rh-P bonds.

A third isomer, cis-Rh2
11'"(tfepma)3(H)2C12 (4), is also obtained from CH 2Cl2/pentane

washings set aside from the isolation of 2. As shown by the crystal structure reproduced in

Figure 2.1, one Rh" center is coordinated by two chlorides and the other Rh" center is

coordinated by two hydrides. The chlorides and void spaces for the hydrides are disposed in an

anti conformation about the bimetallic core. The coordination geometry about the Rh center

bonded to the hydrides is similar to that observed for both 2 and 3, with increased lengths

observed for Rh--P bonds trans to hydride (see Table 2.1). Additionally, the P(5)-Rh(2)-P(6)

bond angle of 158.18(9)0 agrees well with those observed in 2 and 3, where phosphite ligands

are in a trans position to hydride. Although the same octahedral geometry is obtained for 4 as in

2 and 3, the cis coordination of two hydrides and chlorides brings about some notable metric

deviations. Trans ligation of Cl to P yields a d(Rh-P) = 2.1930(19) A, which is markedly shorter

than the mutually trans Rh(l)-P(1) and Rh(l)-P(3) bonds on the metal center coordinated by the

chlorides. This observation is consistent with the diminished trans influence of chloride vs.

phosphines.'" The Rh-Rh bond length of 2.7657(8) A and Rh-Clax bond length of 2.5442(19) A

are significantly increased from the analogous bond lengths observed in 2 and 3. These bond

length increases are indicative of the presence of a strong G-donating hydride in the axial position

of Rh(2).

The results of nonlocal density functional theory show that complexes 2, 3 and 4 are

nearly isoenergetic (AE = 470 cm- ', see Table 2.2). Analytical frequency calculations were

undertaken to asses the nature of the energy minima as determined by geometry optimization and

allowed for zero point correction to the calculated energies of each of the ground state molecules.

For computed molecules, fluorine atoms act as surrogates for trifluoroethoxy groups on

phosphorus of the tfepma ligands, and hydrides, not located crystallographically, were placed at

idealized positions with an M-H bond length of 1.600 A. Agreement between calculated and

observed structures suggests that these simplifications are reasonable. Consistent with the

prediction that 2 is less stable than 3/4 (see Table 2.2), solutions of 2 left to stand in the dark
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Table 2.2. Gas phase Energies of truncated derivatives of complexes 2, 3 and 4."

2 3 4

2 -4671.693634

3 1.168 -4671.695496
4 0.534 0.633 -4671.694487

" Diagonal entries represent the calculated gas phase molecular energies (corrected for the zero point energy) vs.
neutral atoms in Hartrees, off-diagonal elements represent the energy difference (AE) in kcal/mol (AE = Ecolumn -
Erow,).

show the growth of new products in the 'H NMR with time (-24 h). This is evidenced by the

appearance of N-Me resonances that are consistent with 3 and 4.

Because conversion of 2 to 3 and 4 is slow, hydrogen elimination from freshly prepared

solutions of the 2 may be examined without the complication of the participation of the other

isomers. Solutions of 2 in THF-d8 maintained in the dark showed no reaction upon exposure to

HCL. 1H NMR spectra obtained periodically over one week exhibited only the growth of

resonances consistent with the aforementioned isomerization of 2 to 3 and 4. The absence of an

acid-base chemistry, which is not unusual in light of the well known relative acidities of late

transition metal hydrides,16 discounts a pathway for H2 production in which the metal bound

hydride reacts directly with a proton.

NMR experiments also establish that the hydrides of complexes 2-4 once installed, do not

exchange rapidly in solution with hydrogen. Although 2 isomerizes slowly to 3 and 4, H2

exchange may be examined by monitoring the ratio of the integrated 'H NMR resonances for N-

Me and hydride of all isomers. Initially solutions of 2 maintained under a D2 atmosphere in THF-

d8 show the expected N-Me to hydride ratio of 9:2, and after 8 days in the dark, an observed

ratio of 9:1.7 suggests minimal H/D exchange for the fully isomerized mixture of 2, 3, and 4.

The observation of minor isotopic exchange, even after long periods of exposure of 2 to D2,

indicates that the hydrides do not rapidly dissociate from the bimetallic core.

2.2.2 Photochemistry

Dihydride complexes of late metals are often thermally stable with respect to hydrogen

elimination, but promptly reductively eliminate hydrogen upon photoexcitation. 7- 9 A classic

mononuclear example is the photoinduced extrusion of H2 from Rhl"'(PPh 3)3(H)2C1 to regenerate

Wilkinson's complex. 20 This reactivity mode is common in photocatalytic alkane and alcohol

dehydrogenation schemes (vide supra). Photoinduced reductive elimination of hydrogen from
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binuclear complexes has also been observed. A demonstrative example by Puddephatt describes

the facile elimination of hydrogen from a binuclear Pt trihydride, [Pt2
1"'I(dppm)2(H)2ý(-H)]÷, to

give a solvento complex formulated as [Pt2"'(dppm)2(H)(S)] ÷ (S = pyridine, CH 3CN).21 The

thermal stability of the hydrides of 2 was surprising in light of the instability of the putative

hydrido halide intermediates of the dirhodium dfpma architecture, and thus photochemical

experiments were undertaken to ascertain the excited state chemistry of 2.

2.2.3 Hydrogen Photoelimination

Irradiation into the do --+ da* absorption manifold (300 nm < 2ec < 400 nm) of 2 in THF

induces an immediate color change from yellow to blue. As indicated by Figure 2.2, the color

change results from the appearance of bands centered at 450 and 600 nm and the concomitant

loss of the absorbance band at 308 nm. The 600 nm band promptly disappears and the

absorbance signatures of 1 are eventually recovered. iH NMR spectra of completely photolyzed

solutions confirm that 1 is the final product. The conversion of the blue species to 1 is not

markedly accelerated by UV or full spectrum radiation (2xc > 295 nm), as compared with

solutions maintained in the dark after UV irradiation, and consequently attempts to halt the

photoreaction at the stage when the blue intermediate appeared were unsuccessful. These results

suggest the overall reaction proceeds in a stepwise manner, beginning with a photoinduced

process to give an initial blue photoproduct, which thermally rearranges to give 1. Toepler pump

1.u

0.8

c 0.6
.0
o

- 0.4

0.2

0.0
300 400 500 600 700

/I nm

Figure 2.2. Changes in the electronic absorption spectrum during the photolysis (300 nm < Xexc < 400 nm) of syn-
Rh 2 "'II(tfepma)3(H) 2C12 (2) in THF. A blue photointermediate (-), produced within 30 sec of irradiation,
subsequently disappears over the course of 30 sec (- - -) and I min (- - -) after the excitation beam is blocked.
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experiments conducted on photolyzed solutions of 2 in THF-d 8 show the production of 0.94

equivalents of a non-condensable gas, which burns over hot CuO. This result is consistent with

the production of 1 equiv of H2 per equiv of 2, eq 1:

I
N

H PH P N-P CI
\ '. \1hv Blue I I I

CI--Rh"-Rh"-CI - [ P -Rh -- Rh" + H2  (1)S Intermediate o
P/ P P\ P

N N N N

An independent iH NMR spectrum of the evolved gas shows only the sharp singlet of H2

(4.52 ppm, CD 3CN); HD was not observed, thus ruling out the production of H2 by an H-atom

photo-abstraction involving THF-ds. Further insight into the H2 photoprocess comes from

performing photolysis on equimolar mixtures of 2 and 2-d2 in THF-ds; H2 and D2 are

predominantly obtained with HD produced in only minor yields (4.50 ppm, 'JH-D = 43 Hz,

CD 3CN). The absence of a statistical quantity of the isotopically scrambled HD supports a

photoreaction in which hydrogen is produced by intramolecular reductive elimination. The minor

occurrence of HD can be potentially attributed to one of the isomers of 2. This contention

however, has not been tested owing to the inability to obtain pure bulk samples of complexes 3

and 4.

2.3 Valence Symmetric Rhodium Dimers

The observation of a transient blue species in these experiments is striking as it indicates

that the intramolecular photoelimination of hydrogen from 2 shares an intermediate with a

common electronic structure to the blue intermediate in the authentic dfpma system. The simple

end product analyses of section 2.2.3 allowed for the postulation of a stepwise reaction sequence,

namely the photochemical generation of a blue product followed by thermal rearrangement to 1.

However this fell short of a full mechanistic picture, as these observations are consistent with

intramolecular hydrogen loss from the bimetallic core in either the photochemical step or the

subsequent thermal rearrangement. In order to elucidate these ambiguities synthetic

methodologies for the stabilization of complexes with low energy absorption features analogous

to the blue intermediate of eq 1 were sought.
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2.3.1 Tfepm Coordination Chemistry

The photochemistry of eq 1 corresponds to a formal reductive elimination of hydrogen

from the bimetallic core of 2, and although direct reductive eliminations across bimetallic cores

are symmetry forbidden,22 the involvement of bridging hydride along the reaction coordinate can

overcome these symmetry restrictions akin to binuclear elimination mechanisms.23-25 Bridging

hydrides have been implicated in facile thermal activations of hydrogen across bimetallic group

9 complexes 26 and also diiridium cores ligated with tfepma.5- 7 Where the reversible thermal

activation of hydrogen across the bimetallic core of Ir2
0'II(tfepma) 3C12 is one example eq 2:

N-P CI
I I I .,CI + H2P-IrO 10r1

/ pI - H2

/ \

N-P H

Ir--Cl
/" P# I

P\ P/N P
N N

N-P H
I ,H i .,CI

P-Ir - Iril-Cl (2)

N N
/II

In this case the addition of hydrogen results in a two-electron mixed valence hydrido halide

Ir2 1"(tfepma) 3(H) 2C12 where the bridging hydride intermediate has been confirmed

computationally.6 On this backdrop it is reasonable to postulate that the photoinduced

elimination of hydrogen from 2 might proceed via a similar bridging hydride according to the

sequence of eq 3:

H H H H H--H X X
I I / %I" I IX-M M X -- X--M ILX ---- X--M - M ---+ ---M +H2  (3)

As described in Section 1.3.1 the A-D-A binding motif of diphosphazane ligands engenders

two-electron mixed valence ground states, however eq 3 posits the intermediacy of valence

symmetric bimetallic cores, and thus in order to test this hypothesis the stabilization of valence

symmetric bimetallic products were sought. The strategy involved the relaxation of the

asymmetric A-D-A n-donation of diphosphazane ligands by replacement of the N-Me

bridgehead of tfepma with a methylene unit of tfepm: H2C[P(OCH2CF 3)2] 2. Treatment of

saturated CH2Cl 2 solutions of [Rh'(COD)Cl] 2 with three equivalents of tfepm provides the blue-

purple compound, 5, in good yield. An X-ray crystal structure of 5 (Figure 2.3) shows it to be a

CIRh'---RhICl complex where three phosphite ligands and a chloride assume an approximately
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Figure 2.3. X-ray structure of Rh 2
1"(tfepm) 3C12 (5). Thermal ellipsoids are drawn at the 50% probability level with

hydrogens and -CH 2CF3 groups of the tfepm ligand omitted for clarity.

Table 2.3. Selected Bond Lengths (A) and Angles (0) for Rh2
1'(tfepm) 3C1 2 (5).

Bond Lengths/A

Rh(l) ... Rh(1A) 3.2780(4) Rh(i')-P(2) 2.2538(6)
Rh(1)-CI(1) 2.3801(8) Rh(1)-P(3) 2.2641(7)
Rh(l)-P(1) 2.1608(7)

Bond Angles/!

P(1)-Rh(l)-P(2) 94.46(3) P(2)-Rh(l)-P(3) 158.80(3)
P(1)-Rh(l)-P(3) 100.44(3)

square planar geometry about both rhodium centers. Deviation from a perfect square plane is

slight as indicated by the nearly orthogonal Cl-Rh-P and a P-Rh-P bond angles listed in Table

2.3. The Rh-P bond, trans to chloride, is slightly shorter (-0.1 A) than those trans to another Rh-

P bond; the Rh-Cl bond distances are similar to those observed in 2 - 4. The Rh...Rh distance of

3.2780(4) A is significantly elongated from that expected for a single metal-metal bond, but

shorter than that for non-interacting metal centers. These observations are consistent with a

stabilized metal-metal interaction engendered by configurational mixing of the out of plane dz2

and pz orbitals that gives rise to filled da-do* and empty po-po* orbital manifolds; the metal-

metal interaction resulting from this configuration interaction has been estimated to be on the

order of 10 - 20 kcal/mol.27

The presence of an intense, low energy band centered at 507 nm in the absorption

spectrum of 5 (Figure 2.4, left) is a hallmark of the electronic structure of face-to-face d8 -- d8'

dimers. Simple electronic structure considerations lead to an assignment of a da* --+ pa

transition for the absorption profile of 5 (Figure 2.4. right),28-32 which exhibits both the low
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Figure 2.4. Left, electronic absorption spectra for complexes 5 (--) and 6 (- ) in toluene and 8 (- ) in Et20.
Right, qualitative MO description for the d8 . - d8 interaction that gives rise to the low energy absorption features
observed for complexes 6 and 7.

energy and intensity characteristic of such transitions. The similarity in electronic structure

between the d8 . -d8 core of 5 and the transient blue intermediate observed upon photolysis of 2,

suggests that the blue intermediate in eq 1 is the valence symmetric, face-to-face d8 -d8 dimer,

Rh2
"'(tfepma) 3C12, which is the compound expected to be produced in the reductive elimination

of H2 from 2 by the mechanism of eq 3.

The face-to-face d8...d8 iridium congener of 5 is also afforded by a similar reaction of

[Ir'(COD)Cl] 2 and tfepm. In this case however, crystallized samples show two chemically

distinct molecules, 6 and 7, in the asymmetric unit. Complex 6 is structurally similar to 5 and is

entirely consistent with the assignment of a valence symmetric Ir 2 
I core (see Figure 2.5 and

Table 2.4). The metal-metal distance in 6 of 3.2641(4) A is slightly shorter (by - 0.01 A) than

that observed for 5 but still outside that expected for a formal single bond. The shorter metal-

metal distance is consistent with a larger configuration interaction arising from greater overlap of

5d orbitals. Where the increased orbital overlap leads to larger do-do* and po-po* splittings,

which in turn are manifested in an attenuated energy gap for the do* -> pa electronic transition

as compared to 5; accounting for the red-shift shown in the left side of Figure 2.4 for the low

energy absorption of 6. The other molecule in the asymmetric unit, 7, is a fascinating complex

with a chloride ion folded over into a bridging position between the diiridium centers. The

crystal structure of the compound shown in Figure 2.5 is a snapshot of the intermetal chloride

migration that takes the symmetric CIM' .. M'C1 core to an internally disproportionated MO-

. -,* - a*
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1711 P(12) CI(3)

Figure 2.5. X-ray structures of the co-crystallized lr 2,"'(tfepm) 3C12 (6, left) and Ir21,(tfepm) 3(P-C1)Cl (7, right).
Thermal ellipsoids are drawn at the 50% probability level with hydrogens and -CH 2CF 3 groups of the tfepm ligand
omitted for clarity.

Table 2.4. Selected Bond Lengths (A) and Angles (0) for Ir2z,(tfepm) 3Cl2 (6) and Ir2z'i(tfepm)3 (-Cl)Cl (7).

Bond Lengths/A

6 7" 6 7"

Ir(1)-Ir(2) 3.2641(4) 2.7412(4) Ir(1)-P(2) 2.1635(16) 2.1688(15)

Ir(l)-Cl(1) 2.4010(17) 2.4659(14) lr(l)-P(3) 2.2592(16) 2.3112(15)

Ir(2)-CI(2) 2.3976(17) 2.4814(15) Ir(2)-P(4) 2.2495(16) 2.3113(16)

Ir(1)-CI(2) - 2.5449(15) Ir(2)-P(5) 2.2604(14) 2.1565(16)

Ir(l)-P(1) 2.2423(16) 2.255(2) Ir(2)-P(6) 2.1670(16) 2.3179(15)

Bond Angles/"

6 7a 6 7a

P(l)-Ir(l)-P(2) 96.97(12) 102.95(8) Cl(1)-Ir(l)-Ir(2) 100.02(12) 58.23(3)

P(l)-Ir(1)-P(3) 160.58(13) 158.62(9) Cl(2)-Ir(2)-Ir(l) 163.34(12) 156.49(4)

P(2)-Ir(1)-P(3) 102.38(12) 98.41(8)

a The atom enumerations on the left correspond to a naming scheme of M(n)
P(n) = P(n+6) in the thermal ellipsoid plot.

= M(n+2), Cl(n) = Cl(n+2),

M"C12 core. An asymmetry in the Ir-Cl(bridge) bond lengths, d(Ir(3)-Cl(3)) = 2.4659(14) A and

d(Ir(4)-Cl(3)) = 2.5449(15) A, suggests that a chloride lone pair participates in a dative Cl -- Ir

bonding interaction. A significant metal-metal interaction is also indicated by an Ir-Ir distance of

2.7412(4) A, which is well within the range expected for a single metal-metal bond. The bridging

tfepm ligands are nearly eclipsed, with an average P-Ir-Ir-P dihedral angle of 20.

The terminal chloride cants significantly from the plane defined by the phosphorus atoms

of the tfepm ligands as signified by a Cl-Ir-P bond angle of 114.61(6) °, engendering an overall

trigonal bipyramidal geometry about Ir(4). The void space on Ir(3) in 7 is suspicious, especially

in light of the coordination chemistry of 2-4, as coordination of an additional ligand would
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engender the common A-frame geometry to the bimetallic core. No evidence was found for

hydride ligation by 'H NMR however, confirming the unusual coordination geometry about

Ir(3).

The coordination geometry observed for compound 7 indicates that bimetallic cores

ligated by tfepm are on the razor's edge of mixed valency, and the reaction chemistry of 5 with

a-donor ligands confirms this contention. While the exposure of 5 to PPh3 and CO gave no

reaction, treatment of 5 with one equivalent of tert-butylisonitrile leads to rapid and quantitative

conversion to 8, eq 4:

P.- I P P P.

Rhi  Rh' L-RhOR-Rh-CI (4)
/ / L = tBuNC / I
P P~~P PP P

In the course of the reaction, the low energy absorption band of 5 is lost and an electronic

absorption spectrum of a complex containing a Rh 2o" core is obtained (Figure 2.4, left).33 An X-

ray crystal structure of 8 (Figure 2.6, right) reveals the familiar ligand environment observed

previously for metal-metal bonded Rh2°0'I cores spanned by three diphosphazane ligands (vide

supra). The Rh" center assumes an octahedral coordination geometry with the phosphite arms of

the tfepm ligands assuming a meridonal configuration. Bonding interactions with the

neighboring Rho center and chlorides complete the primary coordination sphere. The equatorial

plane of the trigonal bipyramidal Rho center is occupied by the three phosphorus donors of the

tfepm with the isonitrile and Rh" center occupying the axial coordination sites. The crystal

structure of 8, however, is notable from typical Rh2
0 ", diphosphazane complexes in one regard:

an alteration in bond lengths of the ligand backbone is absent. The average P-C bond lengths

proximal to the Rho and Rh" centers are identical within error, and are -0.15 A longer than the

P-N bonds observed in the crystal structure of congener 9 (Figure 2.6, left),

Rh2
0 ',(dfpma)3C12(CN tBu), in which tfepm is replaced with the A-D-A stereoelectronic motif of

dfpma. For the latter, the average P-N bond length proximal to Rh" is -0.03 A shorter than that

of the P-N bonds proximal to Rho. This bond alteration is believed to play a pivotal role in

enforcing two-electron mixed valency (vide infra). The series is completed by the isolation and

crystallization of two-electron mixed valence complex Rh 2o0,(tfepma) 3Cl2(CNtBu) 10 (Figure

2.6, middle). Although the average P-N bonds lengths are lengthened slightly from the dfpma
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Figure 2.6. Top, line drawings of two-electron mixed valence dirhodium cores ligated by dfpma, tfepma, and tfepm
ligands respectively. Middle (left to right), X-ray structures of Rh2

0"'(dfpma)3C12(CN tBu) (9),
Rh 2

0",(tfepma)3C12(CN tBu) (10), and Rh2
0"'(tfepm)3C12(CNtBu) (8). Thermal ellipsoids are drawn at the 50%

probability level with hydrogens, bridgehead -Me, and -CH 2CF3 groups of the bridging ligands omitted for clarity.
Bottom, selected metrics for complexes 8, 9, and 10 highlighting the variances in Rh-Rh bond lengths and the
average ligand P-N bond distances associated with asymmetric x-donation of the bridgehead amine lone pair in the
A-D-A model.

case, the structure maintains the characteristic bond length alternations of the ligand backbone.

Indeed, in no case has a Rh2
1'l center been isolated when coordinated by three A-D-A ligands.

Only when the stereoelectronic asymmetry is absent in the ligand backbone, as in the case of

tfepm, are the valence symmetric bimetallic cores isolable.

2.4 Photocycle for Hydrogen Production

Taken together the foregoing chemistry of tfepma and tfepm dirhodium models allow for

the proposition of a photoprocess by which the Rh2 dfpma complexes produce H2 from HX,

Figure 2.7. In brief, the addition of two equivalents of HX to a Rh2
0',0 core produces the Rh2

11'II

dihydride-dihalide, similar to complex 2, which eliminates one equivalent of H2 upon do --- d"*

photoexcitation. The elimination likely proceeds through a bridging hydride intermediate in

Chapter 2
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Figure 2.7. The photocycle for H2 generation by a dirhodium dfpma photocatalyst. The proposed intermediates of
the cycle are based on the chemistry of dirhodium and diiridium tfepma and tfepm synthetic analogs.

accordance with the mechanism of other dinuclear eliminations, the chemistry of dirhodium

tetraphosphine complexes, and also computational results on diiridium tfepma systems. The

photoelimination generates a blue, valence symmetric, face-to-face d"...d8 dimer XRh' .- Rh'X

(X = Cl, Br) complex based on the tfepm coordination chemistry of complexes 5 and 6. This

valence symmetric, primary photoproduct when bridged by three A-D-A ligands, is unstable

with respect to internal disproportionation to the Rho-Rh"X 2 core. The valence

disproportionation likely proceeds by folding a terminal halide into the bridging position of the

dirhodium core, as evidenced by the X-ray structure of 7. Photoexcitation of the two-electron

mixed valence Rho-Rh"X 2 core leads to halogen atom elimination and regeneration of the

coordinatively unsaturated Rho-Rho complex for re-entry into the photocycle.3 4' 3 5

The proposition above is distinguished from that of Figure 1.15 by invoking redox

chemistry at both Rh centers in the bimetallic core. In the initial report of H2 photocatalysis,' the

addition of HX to give Rh2
0z',HX cores was tentatively proposed to precede a dimerization

reaction wherein hydrogen is eliminated, resulting in a tetranuclear Rh species. This contention

was largely based on the observations of dirhodium isonitrile chemistry, 36-40 wherein oxidation

of Rh2
1' cores bridged by bidentate isonitriles yields blue [Rh'Rh"Rh"Rh'] 6+ tetramers.40 The

N"

I
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tfepma and tfepm chemistry reported here clearly shows this not to be the case. Instead in the

scheme of Figure 2.7 the two-electron reduction of HX to H2 is managed by the cooperation of

both Rh centers of the bimetallic core. In this way the unusual ability of the A-D-A bridged

dirhodium core to support four-electron redox chemistry is critical for the formation of

Rh2"'"(H)2X2 cores from which H-H bond coupling is facile.

The blue color of 5/6 is characteristic of a transition resulting from a da* -+ pa transition

of a face-to-face d8... d8 dimer. It must be noted however, that the dfpma bridged blue

compounds observed in the photocycle of Figure 1.15 and the H2 photoelimination chemistry of

tfepma bridged complex 2 possess low energy maxima (580 and 600 nm respectively in THF)

that are red-shifted from that of the tfepm bridged 5 (507 nm in toluene). The sensitivity of the

do* -- pa transition energy to metal-metal distance most likely explains this variation in

absorption maxima. Inspection of the MO diagram of Figure 2.5 suggests that a decreased metal-

metal separation would serve to increase the da-da* splitting, effectively decreasing the HOMO-

LUMO gap and redshifting the do* -- pa absorption manifold. The increased P-CH2-P bond

length of tfepm in 8 as compared to P-N(Me)-P of dfpma in 9 (by -0. 15 A) manifests itself in an

increased M-M bond distance. A similar increase in M... M distance in 5 would serve to increase

the do* - pa transition energy of this complex as compared to a ClRh I - - .Rh'Cl cores bridged by

diphosphazane ligands. In light of the structural sensitivity of the absorption maximum to metal-

metal distance, the blue species observed in HX photocatalysis can be attributed to a valence

symmetric Rh 2l'(dfpma)3Cl2 complex.

2.5 Rhodium Hydrido Halides of Dfpma

Previous attempts to prepare hydrido halide complexes of dfpma have met with failure,

perhaps in part because the synthetic target was the two-electron mixed valence hydrides,

Rh20°'HC1, and not the Rh2
1 "'(H)2X2 cores implicated in Figure 2.7. While dirhodium dfpma

cores structurally congruent to 1 are not synthetically accessible, attempts were made to access

Rh 2
1Il"(dfpma) 3(H)2X2 derivatives by halogen replacement on the readily available anti-

Rh2
11,'(dfpma)3C14.41 Previous attempts to prepare hydrido halides of dirhodium cores ligated by

dfpma employed hydride sources such as NaBH4 or superhydride and failed to give isolable

products. Notwithstanding, experiments targeting hydrido halides were initiated from the anti-

Rh 2 II,"(dfpma) 3C14 platform using the hydride transfer reagent bis(cyclopentadienyl)
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zirconiumhydridochloride (Zr(q5-C5sH) 2HC1) made popular by Jones for the rapid installation of

hydrides on trispyrazolyl alkyl halides of rhodium.42,43 Upon the addition of two equivalents of

Zr(q5-C5sH) 2HC1, green/brown solutions of anti-Rh2 i"'(dfpma)3C14 in CH 2C12, THF or benzene

immediately turn bright purple; and although 'H NMR analysis of the final solution shows

multiple dfpma N-Me resonances, the spectrum shows complete consumption of Zr(q7 5-

C5Hs) 2HCI with the corresponding formation of Zr(q,5-CsH5 )2C12.

The reaction rate can be attenuated by replacing the Zr(qr-C 5sH) 2HCI hydride transfer

reagent with Et 3SiH. In this case treatment of anti-Rh2
11'1(dfpma)3Cl4 with 2 equivalents of

Et3SiH in THF evidenced a slow solution color change from green/brown to purple. Notably, the

absorption features of anti-Rh2_ 1 "' (dfpma)3Cl4 are lost concomitantly with the increase of a low

energy absorption feature centered at 580 nm consistent with the blue intermediate observed in

HX catalysis, Figure 2.8. These data suggest that two hydrides are transferred to the bimetallic

i.u

0.8

8 0.6

p 0.4

0.2

0.0

Wavelength (nm)

Figure 2.8. Changes in the electronic absorption spectrum during the reaction of anti-Rh21 "'(dfpma)3Cl4 and two
equivalents of Et3SiH in THF at 22 'C. The appearance of a band at 580 nm exactly coincides with the blue
intermediate observed in the dfpma photocatalysis.

core of anti-Rh2U"'I(dfpma)3C14  to generate either cis-Rh2
1111(dfpma)3(H)2Cl2 or anti-

Rh 2
11 "'(dfpma)3(H)2C12, from which hydrogen is eliminated (although rapid isomerization to syn-

Rh2II"'(dfpma) 3(H) 2Cl2 from either the cis or anti isomers cannot be ruled out), to give the

valence symmetric Rh2
1"(dfpma)3Cl2 product as evidenced by the absorption band at 580 nm.

These results are not conclusive however as the purple Rh21'(dfpma)3C12 complex is unstable and

quickly decomposes to a complicated product mixture (tl 2 - 1 hour at 22 °C), frustrating
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repeated attempts at isolation or unambiguous NMR characterizations even when conducted at

low temperatures.

2.6 Concluding Remarks

2.6.1 Ligand Bridgehead Electronics

The tfepma and tfepm coordination chemistry of this chapter shows that the formal

oxidation states for binuclear cores comprised of Group 9 metals may be controlled by

modifying the stereoelectronic properties of a bidentate phosphine ligand as outlined in Figure

2.9. Ligands possessing an A-D-A motif stabilize Mn M n+2 cores (Figure 2.9, left). Conversely,

a wealth of dirhodium chemistry shows that a valence symmetric Mn+' ...M n+l core is obtained

for "electronically neutral" ligands such as bridging phosphines (Figure 2.9, right).44-4 9

Complexes at these formal oxidation state limits may be obtained by tuning the electron donating

properties of the bridgehead and the electron withdrawing properties of the phosphine (Figure

2.9, middle), thus allowing the relevant intermediates of the H2 photocycle shown to be unveiled.
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Figure 2.9. Schematic that summarizes the relation between the electronic structure of a bridging bidentate ligand
and the formal oxidation state of a dirhodium binuclear core.
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2.6.2 HX Photocatalysis

The overall photoefficiency for H2 production by the photocycle in Figure 1.15 is less than

1%, commensurate with that observed for Rh-X bond photoactivation.' Whereas H2

photoelimination from the Rh 2
1n"'(H) 2C12 is efficient, as deduced from the photochemistry of 2, the

photoconversion of Rh2
0'11(dfpma) 3X2L to Rh2

0'o(dfpma) 3L2 has been independently measured to

proceed with a quantum efficiency of ca 0.005 (Op = 0.006(2) for X = Cl, and O, = 0.0035(3) for X

= Br),"34 3 5 indicating that the activation of the Rh-X bond is the critical determinant to overall

photocatalytic activity. Accordingly, the work described herein establishes that the issue of H2

photoefficiency is not directly related to the primary photoprocess of H2 photoelimination from the

dihydride, but rather is equated to halogen atom elimination from the bimetallic core. Moreover

the hydrogen photocatalysis described here falls short of true energy storing catalysis, as a halogen

radical trap (THF) is necessary to permit turnover of the oxidized catalyst. Toward this end,

current studies aimed at achieving higher H2 yields target strategies to promote the efficient

photoactivation of M-X bonds.
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2.7 Experimental Section

2.7.1 General Considerations

All manipulations were carried out in an N2-filled glovebox or under an inert atmosphere

provided by a Schlenk line unless otherwise noted. All solvents were reagent grade (Aldrich) or

better and were dried and degassed by standard methods.)0 MeN(P[OCH 2CF 3] 2)2 (tfepma), 5 '

CH2(P[OCH2 CF 3]2) 2  (tfepm), 53j 54  MeN(PF2)2 (dfpma), 55  anti-Rh211'"(dfpma)3C14,4 1  and

Rh 2
11"'(tfepma) 3C1456 were prepared by literature methods. H2 (BOC gases, grade 5.0) and D,

(Cambridge Isotope Labs) were passed through a U-tube immersed in liquid nitrogen prior to

admission into the reaction vessels. [Rh'(COD)CI] 2 and [Ir'(COD)Cl]2 (COD = 1,5-

cyclooctadiene) (Strem), HCI and tert-butylisonitrile (Aldrich) were purchased from the

suppliers indicated and used without further purification.

2.7.2 Physical Methods

NMR data were collected at the MIT Department of Chemistry Instrument Facility

(DCIF) on a Varian Inova Unity 500 spectrometer. NMR solvents (CD 3CN,CD2C12, toluene-d8

and THF-d8 ) were purchased from Cambridge Isotope labs and purified by standard procedures

prior to use. s: 1H NMR spectra (500 MHz) were referenced to the residual protean impurities of

the given solvent. 1 "P{'H} NMR (202.5 MHz) spectra were referenced to an external 85%

H3P0 4 standard. H NMR spectra (76.8 MHz) were collected in protio solvent and reference to

the natural abundance deuterium signal of the given solvent. All chemical shifts are reported in

the standard 6 notation in parts per million; positive chemical shifts are to higher frequency from

the given reference. Elemental analyses were performed by Robertson Microlit Laboratories,

Madison NJ. Photolysis experiments were conducted using a 1000 W Xe/Hg lamp in an Oriel

model 66021 lamp housing. Wavelength selection of the excitation light was accomplished by

employing appropriate glass filters. Photolysis experiments were conducted in 1-cm quartz cells

isolated from the ambient atmosphere by two Teflon valves. NMR photolysis experiments were

conducted in quartz J. Young NMR tubes. Solutions were freeze-pump-thaw degassed for three

cycles (1 x 10- Torr) prior to photolysis. UV-vis spectra were recorded on a Spectral

Instruments 400 series diode array spectrometer and referenced against the appropriate solvent.
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The Toepler pump was calibrated by introducing a known pressure of hydrogen into a gas bulb

of known volume and burning over hot CuO.

2.7.3 Crystallographic Procedures

Single crystals were immersed in a drop of Paratone N oil on a clean microscope slide,

affixed to either a glass fiber or a human hair coated in epoxy resin and then cooled to either -

75(2) or -173(2) 'C. The crystals were then mounted on a Bruker K8 three circle goniometer

platform equipped with an APEX CCD detector. A graphite monochromator was employed for

wavelength selection of the Mo Ka radiation (2 = 0.71073 A). The data were processed and

refined using the program SAINT supplied by Siemens Industrial Automation Inc. Structures

were solved by a Patterson heavy atom map and refined by standard difference Fourier

techniques in the SHELXTL program suite (6.10 v., Sheldrick G. M., and Siemens Industrial

Automation Inc., 2000). Disordered atoms in the -CH 2CF 3 groups were fixed at idealized bond

lengths where necessary, site occupancies refined, and refined anisotropically for those groups

that were split evenly. Otherwise the minor components of unevenly split -CH 2CF 3 groups were

refined isotropically. Hydrogen atoms were placed in calculated positions using the standard

riding model and refined isotropically; all other atoms were refined anisotropically. Unit cell

parameters, morphology, and solution statistics for complexes 1 - 10 are summarized in Tables

2.5 - 2.8. All thermal ellipsoid plots are drawn at the 50% probability level, with -CH 2CF3

groups, -N-Me groups, and solvents of crystallization omitted for clarity.

2.7.4 Computational Details

The Gaussian 98 program suite was employed for computational studies.57 Geometry

optimizations were initiated using atomic coordinates obtained from X-ray diffraction data.

Trifluoroethoxy groups on the tfepma and tfepm ligands were replaced with fluorines. Hydrides

not located crystallographically were placed at idealized positions with an M-H bond length of

1.600 A. DFT calculations were carried out using the exchange functional of Becke58 in

conjunction with the P86 correlation functional of Perdew. 59 Relativistic core potentials were

used for rhodium along with the standard Hay-Wadt double zeta basis set,60 augmented by the

optimized Rh 5p function of Couty and Hall.61 The 6-3 1G(d,p) basis of Pople and co-workers 62' 63

was applied to all other atoms. Optimized geometries were confirmed as energy minima by

analytical frequency calculations. Reported energies are the sum of electronic and thermal free
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energies and are corrected for zero point energies. The calculations reported here are for

molecules in the gas phase and no attempt has been made to correct for the effects of solvation.

2.7.5 Preparation of Rh2
0'"(tfepma) 3C12 (1)

To a saturated CH 2C12 solution of [Rh'(COD)CI] 2 (778 mg, 1.58 mmol), tfepma (2.305 g,

4.73 mmol, 3 equiv) was added dropwise to effect an immediate color change from dark orange

to green. The solution was allowed to stir overnight, the green precipitate allowed to settle, and

the supernatant removed. The solid was collected on a frit, washed with CH 2C12 (5 mL), pentane

(4 x 5 mL), and dried under vacuum to yield 2.279 g (83%) of 1 as a green powder. Broadened

NMR resonances are symptomatic of the dynamic solution behavior of 1 in polar solvents.' 'H

NMR (THF-dy): 2.74 ppm (bs, 3H), 2.96 ppm (bs, 6H), 4.54 ppm (m, 8H), 4.68 - 5.07 ppm (m,

16H). 3'pI'H} NMR (THF-d8 ): 101 ppm (b, lP), 126 - 135 ppm (m, 5P). Anal. Calc. for

C27H 33N3C12F36012P6Rh 2: C, 18.69; H, 1.91; N, 2.42. Found: C, 18.69; H, 1.68; N, 2.34. Crystals

suitable for X-ray diffraction were grown from CH 2C12/pentane solution as green shards.

2.7.6 Preparation of Rh2
1 "'(tfepma) 3(H)2C12 (2 - 4)

In a thick walled 200-mL glass bomb, 1.995 g (1.15 mmol) of 1 was dissolved in 15 mL

THF. The bomb was attached to a high vacuum line, the solution was freeze pump thawed (three

cycles), and 1 atm of H2 was added. The solution was thawed and allowed to stir in the dark for

one week during which time the solution had turned from green/brown to dark red. The solvent

was removed in vacuo, and the resulting sticky solid was washed with pentane (5 x 5 mL) and

finally CH 2CI2 (5 mL) to give a yellow solid. The solid was recrystallized twice from a minimum

of hot CH 2CL2 to give 0.574 g (29%) of 2 as a yellow crystalline solid. NMR spectra of the

crystalline material dissolved in THF-d, reveals multiple products with 2 as the - 95%

constituent. 'H NMR (THF-ds) 6 / ppm: -9.77 (m, 2H), 2.89 (t, 3.4 Hz, 6H), 3.06 (t, 6.1 Hz, 3H),

4.48 - 4.82 (m, 24 H). 31P{'H} NMR (THF-ds) 6 / ppm: 131.40 (bs, 2P), 136.77 (bd, 131.0 Hz,
4P). Anal. Calc. for C27H35N3C12F36012 P6Rh 2: C, 18.64; H, 2.03; N, 2.41. Found: C, 18.63; H,
1.95; N, 2.56. Yellow block crystals suitable for X-ray diffraction were obtained from repeated

recrystallizations of solid from hot CH 2C12 solutions. Deuterated material (2-d 2) was synthesized

by the addition of deuterium to 2.030 g of 1 in an analogous procedure and workup to give 0.732

g (35%) of 2-d2 after two recrystallizations from CH 2C12. IH NMR (THF-d 8) 6 / ppm: 2.89 (t, 3.4

Hz, 6H), 3.06 (t, 6.1 Hz, 3H), 4.48 - 4.82 (m, 24 H). 2H NMR (THF) 6 / ppm: --10.3 (m). 31p{'H}
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NMR (THF-d8 ) 6 / ppm: 134.20 (bs, 2P), 139.55 (bd, 134.3 Hz, 4P). Anal. Calc. for

C27H33D2N3C12F36012P6Rh 2: C, 18.61; H, 2.14; N, 2.41. Found: C, 18.60; H, 2.04; N, 2.36.

Undisturbed CH 3CN solutions of 2 promote the deposition of 3 as crystalline yellow

blocks suitable for X-ray diffraction. The asymmetric unit contained half the molecule with the

remaining portion generated by a crystallographic C2 axis. Dissolution of these crystals in THF-

ds revealed multiple products by 'H NMR, the major product of which has N-Me resonances at

3.03 and 2.78 ppm integrating in a 2:1 ratio. Multiple overlapping hydride resonances precluded

assignment. After standing for long periods (> 1 week), CH 2Cl 2/pentane solutions collected from

the isolation of 2 afforded yellow/green blocks of 4 suitable for X-ray diffraction. Dissolution of

the yellow green single crystals of 4 in THF-d8 initially gives a light green solution that rapidly

changes to yellow. Multiple components are observed in the 1H NMR, with N-Me resonances at

2.78, 2.86, and 2.97 (a shoulder at 3.03 ppm accords with a resonance of 3). Consistent with the

dynamic behavior of 2, solutions of the compound maintained in the dark show the growth of the

N-Me resonances diagnostic of 3 and 4 at the expense of N-Me resonances of 2 at 2.89 and 3.06

ppm.

2.7.7 Preparation of Rh2
1"(tfepm) 3CI2 (5)

To a minimum amount of CH 2C12, 731 mg (1.48 mmol) of [Rh'(COD)Cl]2 was added to

afford an orange solution. 2.1 g (4.45 mmol, 3 equiv) of tfepm was then added dropwise,

immediately effecting a color change to dark purple. The solution was stirred for 12 h after

which a microcrystalline precipitate was allowed to settle. The purple supernatant was removed

and the solid was washed repeatedly with pentane until the washings showed no discernable

color. Residual solvent was removed in vacuo, giving 2.07 g (82%) of 5 as a purple solid. 'H

NMR (CD 2Cl2) 6 / ppm: 3.04 (q, 13.4 Hz, 2H), 3.32 (t, 12.2Hz, 2H), 3.51 (dt, 12.5 Hz, 9.8 Hz,

2H), 3.97 (q, 9.2 Hz, 2H), 4.2 - 4.7 (m, 22H). 3 1pI'H} NMR (CD 2CI 2) 6 / ppm: 158.03 (dm,

625.8 Hz, 2P), 165.64 (m, 2P), 171.28 (dm, 625.8 Hz, 2P). Anal. Calc. for

C27 H30C12F36012P 6Rh 2: C, 19.15; H, 1.79. Found: C, 19.10; H, 1.35. Amax/nm (e/M-lcm- ') in

toluene: 293 (4800); 376 (2400); 507 (9300). Crystals suitable for X-ray diffraction were grown

from CH 2Cl2/pentane solution as dark pink blocks.
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2.7.8 Preparation of Ir2 '"(tfepm) 3CI2 (6)

To a stirred suspension of [Ir'(COD)Cl] 2 (141 mg, 0.210 mmol) in 10 mL of toluene 297

mg (3.0 equiv), tfepm was added dropwise immediately causing a color change from light orange

to dark brown/red. The solution was allowed to stir for 3 days during which the solution color

turned to dark purple. The solution was placed in the freezer (-40 'C) overnight, filtered,

concentrated to a volume of 5 mL, and then recrystallized with pentane. The resulting solid was

then washed with pentane (3 x 5 mL) giving 114 mg (29%) of 6 as a purple solid. 'H NMR

(toluene-ds) 6 / ppm: 2.77 (q, 14.5 Hz, 2H), 2.84 (t, 13.1 Hz, 2H), 3.09 (dt, 12.5 Hz, 11.9 Hz,

2H), 3.63 (quint, 9.2 Hz, 2H), 3.83 (m, 4H), 4.1- 4.7 (m, 18H). "'P{'H} NMR (toluene-ds) 6 /

ppm: 116.61 (m, 2P), 142.29 (dm, 623.8 Hz, 2P), 155.15 (dm, 623.8 Hz, 2P). Anal. Calc. for

C27H30Cl2F36012P6Ir2: C, 17.33; H, 1.61. Found: C, 17.61; H, 1.69. Amax/nm (E/M-Icm - 1) in

toluene: 313 (5800); 352 (3800); 571 (7100). Crystals suitable for X-ray diffraction were grown

from slowly evaporated toluene solutions as purple blocks. The asymmetric unit contained two

crystallographically and chemically distinct molecules (6 and 7) and five and a half toluene

molecules. Two toluenes were disordered over two positions, and the half toluene was disordered

over a crystallographic inversion center. Crystals of 6 and 7 isolated from each other could be

obtained from slowly evaporating benzene solutions. 6 grew as purple blocks; the asymmetric

unit contained half the molecule and two benzene molecules as solvents of crystallization 7 grew

as yellow shards from the purple benzene solutions of 6. The asymmetric unit contained two

molecules of benzene as solvents of crystallization. Attempts to synthesize 7 directly have so far

proven unsuccessful, obviating a full NMR characterization.

2.7.9 Preparation of Rh20"I(tfepm) 3CI2CNtBu (8)

To a stirred solution of Rh 2
1"'(tfepm) 3C12 (5) (500 mg, 0.295 mmol) in CH 2C12, 25 mg

(0.301 mmol, 1 equiv) of tert-butylisonitrile was added causing an immediate color change from

purple to dark red. The reaction was allowed to stir for 3 h and then solvent was removed. The

resulting orange solid was washed with pentane to yield 520 mg (99%) of 7. 'H NMR (CD 3CN)

6 / ppm: 1.40 (s, 9H), 3.63 (bd, 11.6 Hz, 2H), 3.79 (dd, 7.6 Hz, 6.7 Hz, 2H), 4.27 - 4.67 (m,

20H), 4.88 (d, 14.0 Hz, 2H), 5.02 (m, 4H). 3"P{'H} NMR (CD 3CN) 6 / ppm: 157.68 (m, IP),
159.55 (m, 2P), 168.82 (ov m, 3P). Anal. Calc. for C32H 39Cl 2F36NOz2P6Rh2 : C, 21.64; H, 2.21;

N, 0.79. Found: C, 21.62; H, 2.19; N, 0.73. ,Ama,/nm (c/M 'cm - ') in Et20: 342 (11600); 389
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(7000); 498 (2500). Crystals suitable for X-ray diffraction were grown from CH2Cl2/pentane

solution as red blocks. The asymmetric unit contained two crystallographically distinct but

chemically equivalent molecules and a molecule each of pentane and CH 2Cl 2 as solvents of

crystallization.

2.7.10 Preparation of Rh 20,"(dfpma)3C12CN'Bu (9)

To a stirred solution of [Rh'(COD)CI] 2 (272 mg, 0.551 mmol) in 10 mL of CH 2CI2, 46 mg

(0.551 mmol, I equiv) of tert-butylisonitrile was added. Dropwise addition of 276 mg (1.655

mmol, 3 equiv) of dfpma dissolved in 2 mL of CH 2CI2 affected an immediate color change to

dark red. The solution was allowed to stir for 3 h and the solvent stripped. The resulting solid

was then suspended in Et20, filtered, washed with Et2O (4 x 5 mL), and then washed off the

filter with CH2 C12. The solvent was stripped to give 167 mg (35 %) of 9 as an orange solid. 'H

NMR (CD 3CN) 6 / ppm: 1.52 (s, 9H), 2.99 (bt, 3H), 3.06 (bs, 6H). Anal. Calc. for

CsHs8 C12F12N4P6Rh2: C, 11.16; H, 2.11; N, 6.51 Found: C, 11.40; H, 1.88; N, 6.35. Crystals

suitable for X-ray diffraction were grown from CH 2Cl 2/pentane solution as orange blocks.

2.7.11 Preparation of Rh20,"(tfepma)3C12CNtBu (10)

In a scintillation vial 265 mg of Rh 2-"'"(tfepma) 3C1l4 (0.147 mmol, 1 equiv) was dissolved

in 10 mL of THF and 13 mg of tert-butylisonitrile (0.161 mmol, 1.1 equiv) was added, and then

the solution was frozen in a Coldwell. In a separate vial 56 mg of cobaltocene (Cp 2Co", Cp =

C5H5-) (0.296 mmol, 2 equiv) was dissolved in 5 mL of THF and frozen in a Coldwell. Upon

thawing the cobaltocene solution was added to the Rh2"'"(tfepma) 3C14 solution dropwise with

stirring. A large amount of yellow precipitate immediately formed, and the solution was allowed

to stir overnight. The THF was then stripped, the resulting sticky solid triturated once with Et20,

and then dissolved in 10 mL of Et20 and filtered. The Et2O was stripped, and the resulting solid

was washed with pentane (2 x 4 mL) before being redissolved in Et2O and then placed in a

freezer at -20 'C overnight to give 127 mg of Rh 2o0,(tfepma) 3Cl2CNtBu (10) as an red/orange

solid (48%). 1H NMR (CD 3CN) 6 / ppm: 1.43 (s, 9H), 2.78 (dm, 8.1 Hz, 3H), 2.93 (bs, 6H),

4.46-4.58 (ovm, 24H). 3 1P{'H} NMR (CD 3CN) 8 / ppm: 122.46 (m), 138.7 (m). Crystals suitable

for X-ray diffraction were grown from Et20/pentane solutions as orange blocks.
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2.8 Crystallographic Tables

Table 2.5. Crystallographic data and structural refinement parameters for Rh2
0,"(tfepma) 3Cl2 (1), syn-

Rhl2 "'(tfepma)3(H)2C12 (2), and anti-Rh2
1""(tfepma) 3(H)2C12 (3).

1*0.25 (CH 2C12) 3 CH 3CN

Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group
Unit cell dimensions

Volume
Z
Density (calc)
Absorption coefficient
F(000)
Crystal size (mm)
0 range for data
collection
Index Ranges

Reflections collected
Ind. reflections
Absorption correction
Refinement method
Data
Restraints
Parameters
Goodness-of-fit on F2"
Final R indices
[I>2a(I)]h
R indices (all data)b

largest diff. peak
largest diff. hole

C27H33N3C12F360, 2P6Rh 2
1760.84

-123(2)oC
0.71073 A
Monoclinic

C2/c
a = 22.716(9) A
b = 12.743(9) A

c = 39.700(15) A
a= 900

)6= 92.475(14)0
y= 900

11482(10) A3

8
2.037 Mg/m3

1.029 mm'
6890

0.11 x 0.10 x 0.08
1.79 to 28.340

-30 < h < 27
-16 5 k < 16
-47 < e < 47

27530
12541

Empirical SADABS
Full-matrix Is on F2

12542
34

786
1.042

R 1 = 0.0644
wR, = 0.1620
R, = 0.0780

wR, = 0.1686
1.769 e/A3

-0.948 e/A 3

C27H35CI2F36N3012P6Rh2
1740.12

-80(2)OC
0.71073 A
Monoclinic

P21/n
a = 13.0479(11) A
b = 17.4813(14) A

c = 25.268(2) A
a= 900

f= 100.247(2) °

7= 900
5671.6(8) A3

4
2.038 Mg/m3

1.018 mm'-

3408
0.19 x 0.18 x 0.15

1.64 to 20.92'

-13 < h < 12
-17 < k < 13
-25 < e < 20

20436
5994

Empirical SADABS
Full-matrix Is on F2

5994
0

792
1.139

RI = 0.0712
wR, = 0.1718
RI = 0.0906

wR, = 0.1823
1.213 e/A3

-0.807 e/A 3

C29H38C12F36N40 i 2P6Rh2
1781.17

-80(2)OC
0.71073 A
Monoclinic

C2/c
a = 22.496(4)
b= 13.547(2)
c = 21.382(4) A

a= 90'
f6= 91.910(4)0

Y= 90'
6513(2) A3

1.817 Mg/m3

0.889 mm - 1
3496

0.27 x 0.18 x 0.15
1.81 to 23.260

-23 < h < 17
-15 < k < 14
-10_ <P523

6690
4407

Empirical SADABS
Full-matrix ls on F2

4407
0

432
1.033

RI = 0.0613
wR, = 0. 1397
R, = 0.0896
wR, =0.1589
0.643 e/A3

-0.718 e/A 3

a GOF = [w(F0
2 - FC2)2/(n - p)]", (n = number of data, p = number of parameters varied.

bR = -- IFol - IFII/IIFoI; wR = [ -w(Fo2- Fe)2/,wFo4 1/
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Table 2.6. Crystallographic data and structural refinement parameters for cis-Rh2"-"(tfepma)3(H)2C12 (4),
Rh 21"'(tfepm) 3C12 (5), and the cocrystal of Ir2

1.'(tfepm)3C12 (6) and Ir2.'(tfepm) 3(p-CI)Cl (7).

6.7

Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group
Unit cell dimensions

Volume
Z
Density (calc)
Absorption coefficient
F(000)
Crystal size (mm)
O range for data
collection
Index Ranges

Reflections collected
Ind. reflections
Absorption correction
Refinement method
Data
Restraints
Parameters
Goodness-of-fit on F2"

Final R indices
[I>2o(I)]

b

R indices (all data)b

largest diff. peak
largest diff. hole

C27H35C12F36N30, 2P6Rh2
1740.12

-123(2) 0 C
0.71073 A
Triclinic

P1

a= 11.5832(10) A
b = 12.5020(11) A
c= 21.6206(19) A

a= 98.106(2)o

/= 93.609(2)0
y= 109.725(2)0
2897.2(4) A3

1.995 Mg/m3

0.996 mm-'
1704

0.21 x 0.18 x 0.14
0.96 to 23.290

-12 < h < 12
-12 < k < 13
-22 << < 24

13479
8314

Empirical SADABS
Full-matrix ls on F2

8314
17

814
1.068

R, = 0.0585
wR? = 0. 1239
R, = 0.0753

wR, = 0.1313
0.972 e/A 3

-0.866 e/A 3

C27H30C12F36O0, 2P6Rh 2
1693.05

-150(2) 0 C
0.71073 A
Tetragonal

14 2d
a = 23.8123(8) A
b = 23.8123(8) A

c = 20.0571(13) A
a= 900
fl= 900
y= 900

11372.9(9) A3

8
1.978 Mg/m3

1.011 mm'
6608

0.30 x 0.25 x 0.19
1.33 to 28.270

-31 < h < 31
-31 < k <23
-21 <- <-26

40549
7053

Empirical SADABS
Full-matrix Is on F2

7053
0

385
1.058

RI = 0.0274
wR2 = 0.0715
R, = 0.0288
wR, = 0.0726

0.548 e/A3

-0.333 e/A3

C46.25H52CI2F 36Ir120 2P6
2125.00

-173(2)oC
0.71073 A
Triclinic

Pi

a = 12.2242(12) A
b = 21.880(2) A
c = 27.148(3) A
a= 91.330(2)0

p8= 102.312(2)0
y= 90.810(2)0
7090.9(12) A3

2
1.991 Mg/m 3

4.108 mm'
4110

0.28 x 0.20 x 0.07
0.77 to 24.77'

-14< h < 14
-25 < k < 25
-31 <e <23

39109
24076

Empirical SADABS
Full-matrix Is on F2

24076
24

1820
1.048

RI = 0.0392
wR, = 0.0953
RI = 0.0474
wR2 =0.1026
2.292 e/A 3

-1.634 e/A3

a GOF = [Ew(F0
2 - F 2) 2 /(n - p)]' 2 (n = number of data, p = number of parameters varied.

b R, = 111Fo - IFII•IjFoI; wRI = [iw(Fo2 - F4,),I/wF4 1/2
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Table 2.7. Crystallographic data and structural refinement parameters for Ir2"'(tfepm) 3Cl2 (6),
Ir2"'(tfepm)3(P-C1)CI (7) , and Rh2""(tfepm) 3Cl 2CN tBu (8).

7 * 2 (C6H 6)

Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group
Unit cell dimensions

Volume
Z
Density (calc)
Absorption coefficient
F(000)
Crystal size (mm)
0 range for data
collection
Index Ranges

Reflections collected
Ind. reflections
Absorption correction
Refinement method
Data
Restraints
Parameters
Goodness-of-fit on F2

Final R indices
[I>2r(I)]"'
R indices (all data)'

largest diff. peak
largest diff. hole

C9 H 1 02C 4F72Ir4024P I
4290.02

-173(2)°C
0.71073 A

Orthorhombic
Fddd

a = 26.8372(18) A
b = 27.313(3) A
c = 38.801(3) A

a= 900

/3= 900
y= 900

28441(4) A 3
8

2.004 Mg/m
4.098 mm-'

16592
0.13 x 0.12 x 0.06

1.19 to 28.330

-34 < h < 35
-36 < k < 35
-51 < ( < 27

50766
8866

Empirical SADABS
Full-matrix Is on F2

8866
0

479
1.057

RI = 0.0255
wR, = 0.0523
R, - 0.0314

wR, = 0.0552
1.215 e/A

-0.759 e/A

C27H30C12F360Oi2PIr2
2027.85

-173(2)oC
0.71073 A
Monoclinic

Cc
a = 24.408(2) A,

b = 17.8402(16) A
c = 15.7183(14) A

a= 90'
I= 110.416(2) °

y= 900
6414.5(10) A3

4
2.100 Mg/m3

4.536 mm-'
3896

0.18 x 0.15 x 0.11
1.77 to 28.290

-32 < h < 32
-23 < k < 23
-20< ( < 15

22862
11020

Empirical SADABS
Full-matrix Is on F2

11020
18

911
1.045

R- = 0.0277
wR, = 0.0634
R, = 0.0296

wR, = 0.0640
1.675 e/A

-1.041 e/A 3

C32H39C13F36NO 12P6Rh2
1854.72

-123(2) 0 C
0.71073 A
Triclinic

P1
a - 16.226(2) A
b = 19.218(3) A
c = 24.2373(3) A
a= 110.279(3)0

,= 94.2260
y = 104.932'

6738.3(16) A3

4
1.828 Mg/m 3

0.900 mm--
3656

0.13 x 0.10 x 0.07
0.91 to 23.260

-17< h < 16
-18< k< 21
-25 < ( < 26

37447
19061

Empirical SADABS
Full-matrix is on F2

19061
32

1693
1.041

R- = 0.0734
wR, = 0.1954
R -= 0.0931
wR, =0.2118
2.060 e/A'

-1.363 e/A3

' GOF = [_w(Fo - Fc2)2 (n --
h R, = IFo| - jF ||/I|Fo; wR,

p)] ,2 (n - number of data, p = number of parameters varied.
= [y_',(Fo2' F) 2/X wF0

4]' /2
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Table 2.8. Crystallographic data and structural refinement parameters for Rh2,"u(dfpma) 3Cl 2CNtBu (9)
and Rh,2lI(tfepma) 3CI 2CN'Bu (10).

Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group
Unit cell dimensions

Volume
Z
Density (calc)
Absorption coefficient
F(000)
Crystal size (mm)
O range for data collection
Index Ranges

Reflections collected
Ind. reflections
Absorption correction
Refinement method
Data
Restraints
Parameters
Goodness-of-fit on F2 "
Final R indices [I>2(I/)]l"

R indices (all data)"

largest diff. peak
largest diff. hole

CsHi sC12F12N4P6Rh 2
860.80

-173(2)°C
0.71073 A
Monoclinic

P2 1/n
a = 22.716(9) A`
b = 12.743(9) A
c = 39.700(15) A

a= 90'
8= 92.084(2)0

y= 90'
2581.6(6) A3

4
2.215 Mg/m 3

1.952 mm - '
1664

0.14 x 0.12 x 0.09
5.02 to 28.33'
-12 < h < 12
-12 < k < 12
-39 < ( < 39

24082
6376

Empirical SADABS
Full-matrix ls on F2

6376
0

313
1.148

R, = 0.0363
wR, = 0.0932
RI = 0.0371

wR, = 0.0939
1.560 e/A3

-1.640 e/A 3

C32H42F36N40 1 2P6Cl2Rh2
1821.24

-173(2)°C
0.71073 A
Monoclinic

P2 /n
a = 13.981(2) A
b =- 19.509(3) A
c = 22.853(4) A

a= 900

3= 91.919(4)0
y= 900

6229.5(19) A 3

4
1.942 Mg/m 3

0.932 mm
3584

0.10 x 0.09 x 0.08
1.37 to 23.320
-14 < h < 15
--21 < k < 21

-23 <P < 25
28797
8932

Empirical SADABS
Full-matrix Is on F2

8932
2

837
1.039

R, - 0.0542
wR, - 0.1331
RI -- 0.0768

wR, = 0.1524
1.028 e/A 3

-0.969 e/A'3

" GOF = [iw(F 2 - F 2 )2i(n - p)]1 2 (n = number of data, p = number of parameters varied.
h R = IIFo| -IF||/YI|Fo|; wR, = [Iw(F2 - F _Z)2/IwFo4]1/2
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3.1 Introduction

The photocatalytic HX reduction by dirhodium dfpma complexes described in the

Chapters 1 and 2 represents an exceptionally rare example of catalytic hydrogen generation from

a thermodynamically challenging substrate. Mineral acid reduction schemes are generally limited

to stoichiometric conversions as catalysts for proton reduction typically cannot regenerate their

reduced forms to close the catalytic cycle (vide supra). Or, equivalently stated for the specific

case of HX ( X = Cl-, Br-) substrates, the metal complexes cannot carry out the oxidation of the

X- conjugate base to X2 and generally are deactivated by the formation of strong metal halogen

bonds in their oxidized forms. Despite these challenges some progress in this field has been

made, and in the dirhodium dfpma example discussed previously metal halogen bonds could be

activated and cleaved by populating a dG* excited state coupled with the assistance of a halogen

radical trap. While the incorporation of trapping reagents introduces thermodynamic driving

forces that likely preclude net solar energy storage, the complexes are remarkable for their ability

to photoactivate strong Rh"-X bonds to regenerate the reducing Rh 2
0 '0 species for reentry into the

catalytic cycle. The M-X bond photoactivation reaction however is hampered by low

photochemical quantum yields, where for example the conversion of Rh2',"'(dfpma) 3Cl 2PPh3 to

Rh 2 
0,o(dfpma)3(q'-dfpma)2 proceeds with a measured quantum yield of 0.6%. This conversion is

reasoned to be the rate determining factor for the proton reduction photocycle, evidenced by

nearly identical quantum yields for the isolated Rh2()' X2 to Rh2,0 0 step (0.6%) to the overall cycle

(-o1%). It follows that any yield improvements for the Rh"-X bond photoactivation step could

potentially translate directly into improvements in the overall HX reduction efficiency.

Intuitive reactivity trends dictate that reducing metal centers react by oxidative addition

whereas electron poor metal complexes favor reductive elimination. 12 While well established for

mononuclear centers, the same arguments should hold for bimetallic constructs, wherein the

oxidative addition and reductive elimination reactions need not occur at a single metal center,

Scheme 3.1. Following this logic, electron poor bimetallic complexes were targeted, with the

goal of facilitating the recovery of reduced catalysts by halogen elimination. An initial foray

employed dianionic amido-borane Donor-Acceptor-Donor (D-A-D) ligands as bridging ligands

for early transition metals in a strategy diametrically opposed to the A-D-A approach that

supported two-electron mixed valance dimers of group 9 metals. In this way two-electron mixed

valence complexes in high oxidation states might be stabilized and engender the multielectron
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Scheme 3.1.

XM = e- rich
M + X--Y -- M

M = e- poor \

X
M = e- rich /

M-M + X-Y , Y-M-M-X or M-M
M = e- poor Y

oxidative chemistry required for facile M-X bond activations. Although dimers of Mo"' and W"'

were synthetically accessible,3 the stability of the M-M interaction effectively buried the metal

centered orbitals, directing the redox chemistry of the bimetallic core to simple oxidations of the

anionic D-A-D ligands. Alternatively, electronegative late transition metals, such as gold, can be

incorporated into a bimetallic construct to achieve a similar effect. The high d electron counts of

late metals precludes multiple bonding interactions between the constituent metals, potentially

avoiding the pitfalls of the D-A-D systems, while also yielding electronic structures that allow

for the photochemical population of do* excited states that proved critical to the success of the

dirhodium dfpma systems.

Gold is an attractive target for such studies as homobimetallic gold complexes have a

shown the ability to manage the coordination chemistry of halogens. In particular, when bridged

by anionic ylide4- 9 or methylenethiophosphinate 0,21' ligands, Au2 cores display a remarkably

coordinative malleability and can be synthesized in Au2
1'1, Au 2

1,'i, Au2-11 1, and Au2 
111 "' oxidation

states. The accessibility of metal-metal bonded Au2
1"'l d9-d 9 cores with a vacant do* LUMO,

suggested that this excited state could be exploited for facile photochemical M-X bond

activations. But while the coordination chemistry and spectroscopy of Au2 cores has been

reasonably well studied, the photochemistry has largely been ignored,22 excepting anecdotal

notes of decomposition upon exposure to light.'8 While gold has unique characteristics for

halogen coordination chemistry, rhodium centers are well suited for managing the coordination

chemistry of hydrides and hydrogen. Thus a heterobimetallic construct of rhodium and gold

might achieve facile HX photoreduction catalysis by initiating proton reduction to hydrogen at

the comparatively reducing rhodium center, and halogen oxidation at the oxidizing gold center.

These considerations led to the examination of heterobimetallic RhJ'..Au' d8 ..dlO systems for

the purposes of enhancing the photochemical quantum yields for HX photoreduction. This
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chapter outlines studies aimed at elucidating the suitability of heterobimetallic RhAu dimers for

HX splitting photocatalysis, beginning with an assessment of the consequences of internuclear

Rh'... Au' separation on the electronic structure of the bimetallic core, followed by a description

of the synthesis of a d7-d 9 Rhl-Au" binuclear core by two-electron oxidation of the parent

d -.--d'0 complex, and finishes with an exploration of the coordination chemistry of ambidentate

PS ligands in order to develop synthetic methodologies for the targeted formation of RhAu

heterodimers.

3.2 Rhodium Gold Bisphosphine Complexes

Numerous d8 ..d'o heterobimetallics have been prepared containing d8 metals Rh', Ir"

Pd", Pt" and the d'o coinage metals Cu', Ag', and Au'.23- 7 These highly colored and intensely

emissive complexes are stabilized by bidentate phosphine ligands such as dppm

(bis[diphenylphosphino]methane, CH 2[P(C6H5 )212) and neutral or anionic n7-acceptor ligands,

commonly tBuNC or CN-. The complexes typically attain pseudo C2, geometries with square

planar d8 and linear d'0 metal centers, Figure 3.1, left, giving a simplified electronic structure

shown in Figure 3.1, right.

p 2+ pz - pz
R2 P P 2

I ..,L u_

LLRhI ------ A Iu 2 X-
R2P PR2  z2  Z2

Rh -Y A-+ Aul

Where X > Y

Figure 3.1. General molecular (left) and simplified frontier electronic (right) structures for d-'"dAo Rh'Au'
heterobimetallic complexes.

An orbitally allowed ndo*-+(n+l)pa electronic transition leads to a visible absorption

band that dominates the UV-vis absorption spectrum. Efficient intersystem crossing of the

initially formed '(do*po) excited state to the 3(do*pa) emitting state leads to bright

phosphorescence akin to the related and more extensively studied ds8 ds and d'o ...do

homobimetallic systems.38,39 The factors that govern the energetics of the absorption and
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emissive properties of these heterobimetallics systems are of interest for their use as potential

photocatalysts.

Initial studies were undertaken to probe the effects of the ground state structure on the

absorptive and emissive properties of the RhAu heterobimetallic core. The frontier molecular

orbital picture of Figure 3.1 and the corresponding studies of homobimetallic rhodium and

iridium tfepm complexes of the previous chapter suggest that the dG* -- pa absorption energy

should strongly depend on the Rh' --Aul internuclear distance. In particular, a short RhAu

distance should result in increased overlap between the dz2 orbitals and therefore an increased

energetic separation between the dz2 bonding and antibonding combinations. A similar effect is

predicted for the pz manifold, resulting in a decreased HOMO-LUMO gap. To experimentally

probe this contention, the synthesis and crystallographic characterization of a series of Rh'Au'

heterobimetallic dimers was conducted and the HOMO-LUMO energies probed by emission

spectroscopy.

3.2.1 Synthesis and X-ray Crystallography

Heterobimetallic d8--d 'o Rh'Au' cores have mostly been studied using the bidentate

phosphine dppm, with the first synthesis of Rh'Au'(dppm) 2(CN tBu) 2C12 (1) by Shaw in 1983.23

The synthetic procedure involves the sequential addition of dppm, tBuNC and finally an Au'

source (Au'CIL, where L = tetrahydrothiophene (tht), dimethylsulfide (DMS), PEt 3, or PPh 3) to a

stirred solution of [Rh'(COD)C1] 2 in CH2C12, Scheme 3.2.

Scheme 3.2.

1)4P P P P 2+

2)4L I .1L I
[Rhi(COD)CI] 2  2) 4 L Rh., Au

3) Au'L'CI L I I
For Example: P = PPh2 L = tBuNC PR P

L'= PEt 3

Despite considerable physical scrutiny of the excited state dynamics,40,41 the dppm

bridged dimer, 1, was not crystallographically characterized until recently. 42 Crystals suitable for

X-ray diffraction can readily be grown from CH2Cl2/Et20 vapor diffusions and give the structure

shown in Figure 3.2. The observed square planar rhodium and linear gold geometries are

consistent with those expected for metals with d8 and d'0 electron counts. The metal phosphine
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Figure 3.2 X-ray structure of Rh'Au'(dppm) 2(CNtBu) 2C12 (1) with hydrogen atoms, non-coordinating counterions
and solvents of crystallization omitted for clarity. Thermal ellipsoids are drawn at the 50% probability level.

and isonitrile distances are normal and the C1- counterions show no interaction with either the

Rh' or Au' metal centers. In keeping with the electronic structure shown in Figure 3.1, a long

internuclear distance of 2.9214(9) A is observed in the solid sate, indicative of a formal bond

order of zero between the d8 and d1' metal centers. Two multiplets at 16.80 and 27.83 ppm are

observed in the 31p {H} NMR spectrum. A 2JRh-P coupling of 118.6 Hz pins the assignment of

the multiplet at 16.80 ppm as the phosphorus bound to rhodium. In.the 'H NMR the equivalent

tBuNC proton resonances appear as a singlet at 0.693 ppm, the bridgehead methylene proton

resonances appear at 4.38 ppm, and the phenyl resonances as a complex series of overlapping

multiplets in the typical aryl region.

Although the dppm ligated compound 1 is readily prepared by the methods of Scheme

3.2, the only derivatives reported in the literature are the C10 4- 29 and PF6- 40,41 anion exchange

products neither of which have been crystallographically characterized. Attempts to extend the

stepwise synthetic route to other bisphosphine and diphosphazane ligands such as dfpma

(bis(difluorophosphino)methylamine), dppma (bis[diphenylphosphino]methylamine, dmpm

(bis[dimethylphosphino]methane), and dfppm (bis[bis(pentafluorophenyl)phosphino]methane)

all fail, giving intractable product mixtures instead of smooth conversion to the desired RhAu

heterobimetallic products. The reason for this is thought to stem from the inability of the

aforementioned ligands to stabilize a square planar Rh' bischelate complex. As shown in Scheme

3.2, the synthesis of 1 proceeds in a stepwise fashion, initiated by the addition of four equivalents

of dppm to a solution of [Rh'(COD)Cl] 2. Halting the reaction progress at this point evidences

complete dissociation of COD and only one set of dppm methylene resonances at 4.58 ppm in
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the 'H NMR, while a sharp doublet at -16.30 ppm (IJRh-p = 115.9 Hz) ppm is the only

observable resonance in the 31P {'H} NMR. X-ray structural analysis unambiguously establishes

the product as Rhi(dppm) 2C1 (2). Interestingly the complex crystallizes in both four and five

coordinate forms, Figure 3.4 right and left respectively. In the five coordinate formulation, the

long 2.6453(12) A Rh(1) -ClI(1) contact engenders a slight pyramidalization of the Rh

coordination sphere with the Rh(1) center puckered -0.258 A out of the plane defined by the

phosphorus atoms. All other bond lengths and angles are unremarkable. The sharp 31P {H} NMR

resonances observed in room temperature solution studies suggest that the four and five

coordinate isomerization is purely a crystal packing phenomenon.

Figure 3.3. X-ray structures of Rh'(dppm) 2C1 in both four (2, right) and five (2', left) coordinate forms. Hydrogen
atoms, non-coordinating counterions, and solvents of crystallization are omitted for clarity. Thermal ellipsoids are
drawn at the 50% probability level.

Addition of tBuNC to CH2C12 solutions of 2 immediately followed by AuIC1L (L = tht,

DMS, PEt3) in CH 2C12 affords complex 1, suggesting the necessity of bischelate intermediates

for the directed synthesis of RhAu heterodimers. In keeping with this hypothesis, phosphines that

fail to give RhAu heterodimers by the synthetic route in Scheme 3.2 such as dfpma, dppma,

dmpm, or dfppm also fail to give access to bischelate Rh' monomers analogous to complex 2.

Synthetic and computational studies using PNP derived bisphosphines have shown an increased

propensity for chelation when the phosphorus donors are substituted with sterically demanding

groups.43,44 While this argument aids in the explanation of failed syntheses using dfpma and

dmpm, the reasons why dppma and dfppm ligands do not afford monomeric bischelate materials

are unclear. Nevertheless, treatment of [Rh'(COD)C1] 2 with four equivalents of dcpm
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(bis[dicyclohexylphosphino]methane, CH 2[P(C6HII)2]2) or tfepma readily affords bischelate Rhl

monomers. The Rh'(dcpm) 2C1 (3) complex was identified by a single pseudoquintet methylene

resonance at 2.87 ppm in the 'H NMR and a single sharp doublet at -11.93 ppm ('JRh-P = 111.1

Hz) in the 3'P {'H} NMR. The electron withdrawing tfepma ligand gives Rh'(tfepma) 2Cl (4) with

an N-Me resonance at 2.57 ppm in the iH NMR, and a doublet '1P resonance at 109.8 ppm (1JRh-

p = 181.6 Hz) that is shifted downfield significantly, compared to the dppm and dcpm congeners.

In accordance with Scheme 3.2 a series of PCP bridged Rh'Aul dimers can be synthesized

from the bischelate complexes 2 and 3 by the sequential addition of donor ligands such as tert-

butylisonitrile or 2,6-dimethylphenylisonitrile (CNdmp), followed by an appropriate Au' source

such as Au'PEt 3Cl or Au'(tht)CI. Anion exchange from the native chloride salts can be achieved

by metathesis with LiC10 4 or LiPF 6, thus providing a method for the synthesis of: Rh'Au l

(dppm)2(CNtBu) 2(CIO 4)2 (5), Rh'Au'(dppm) 2(CN tBu) 2(PF 6)2 (6), Rh'Au'(dppm) 2 (CNdmp)2C12

(7), Rh'Au'(dppm) 2(CNdmp) 2(C104) 2 (8), Rh'Au'(dcpm) 2(CN tBu)2Cl2 (9), and Rh'Au'(dcpm) 2

(CN tBu)2(C104) 2 (10). The 'H and "P {H} NMR characteristics of complexes 5 - 10 are similar

to those of 1. Crystals suitable for X-ray diffraction could be grown for complexes 5, 7, 8, and 10

by the diffusion of Et20 or pentane into CH 2Cl 2 or CH 3CN solutions of the RhAu complex. The

results of this crystallographic survey are displayed in the top portion of Figure 3.4, wherein the

general Rh' and Aul ligand topologies are conserved across the series. Relevant bond lengths and

angles for complexes 1, 5, 7, 8, and 10 are summarized in Table 3.1. Expanded views of the

RhAu core highlighting the Rh' .- Au' separation are shown in the bottom section of Figure 3.4.

Table 3.1. Selected Bond Lengths (A) and Angles (o) for 1, 5, 7, 8, and 10.

Bond Lengths (A)

1 5 7a 8 10

Au( )-Rh(1) 2.9214(9) 2.8930(4) 2.8761(5) 2.8807(7) 2.8985(4)
Au(1)-P(1) 2.314(3) 2.3010(8) 2.3211(10) 2.306(2) 2.3077(14)
Au(l)-P(2) 2.316(3) 2.3051(9) - 2.313(2) 2.3114(13)
Rh(l)-P(3) 2.314(3) 2.3253(8) 2.3020(11) 2.311(2) 2.3337(14)
Rh(1)-P(4) 2.323(3) 2.3189(9) - 2.322(2) 2.3263(14)

Bond Angles (0)

I 5 7" 8 10

P(1)-Au(1)-P(2) 173.01(10) 170.54(3) 175.36(5) 171.49(7) 172.41(5)
P(3)-Rh(I)-P(4) 174.99(10) 178.25(3) 172.61(5) 177.82(7) 176.86(5)
P(3)-Rh(1)-CL., 90.7(3) 93.70(10) 88.54(12) 89.1(2) 87.46(14)

Dihedral Angles (0)

1 5 7a  8 10

P(1)-Au(1)-Rh(1)-P(3) -1.0 4.92(3) 26.4 10.13(7) -0.69(5)
P(2)-Au(1)-Rh(l)-P(4) 2.2 4.61(3) 26.5 12.27(7) -1.46(5)

a Symmetry equivalent metrics only reported once; P(2) = P(1A), P(3) = P(2), P(4) = P(2A).
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C(1) C(1)

P(3)

Rh(1)

P(4)

P(3) P(1) P(2)

14(9) A 2.8930(4) A

Rh(1) ------------ Au(1) Rh(1)

P(4) P(2) P(2A)

(5) A

C(2) C(2) C(1A)
1 5 7

C(1) C(1)

P(4) P(1)

)7(7) A 2.8985(4) A
Rh() ------............ Au(1)

P(3) P(2)

C(2) C(2)

8 10

Figure 3.4. Top: X-ray structures of Rh'Au'(dppm) 2(CN tBu) 2(C10 4)2 (5), Rh'Au'(dppm)2(CNdmp) 2C12 (7),
Rh'Au'(dppm) 2(CNdmp) 2(C104)2 (8), and Rh'Au'(dcpm) 2(CN tBu) 2(C104) 2 (10) with hydrogen atoms, solvents of
crystallization and non-coordinating counterions omitted for clarity. Bottom: Expanded views of the binuclear core of 1,
5, 7, 8, and 10 highlighting the Rh...Au internuclear distance. All thermal ellipsoids are drawn at the 50% probability
level.
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The Rh'Au I contact distances for the crystallographically characterized complexes range

over - 0.045 A, with the shortest contact of 2.8761(5) A observed for 7 and the longest of

2.9214(9) A for 1. Interestingly the long RhAu distance of 1 is accompanied by a nearly eclipsed

disposition of the PCP bridging ligands as measured by the small P(1)-Au(1)-Rh(1)-P(3)

dihedral angle of -1.0', correspondingly the shortest RhAu contact in 7 evidences the largest

dihedral angle of 26.40. The RhAu distance also seems to be dependent on the crystal packing

forces as RhAu distance decreases by 0.0284 A upon substitution of the outer sphere chloride

anions of 1 with perchlorates of complex 5. This correlation does not hold for the CNdmp

derivatives, 7 and 8, as the chloride complex has a slightly shorter RhAu contact, Table 3.1. On

the basis of the crystallographic survey no predictive trend emerges for the determination of

internuclear distance. Also the large deviation upon substitution of the outer sphere CF

counterions of 1 with the non-interacting C10 4- of 5 suggest that these metrics might be unique

to the crystalline lattice, and cast doubt on their retention in the solid state or solution.

3.2.2 Calculations and Emission Spectroscopy

For the purposes of orbital visualization non-local density functional theory calculations

were carried out using the coordinates obtained from the crystal structure of complex 1. To

facilitate convergence the phenyl and tert-butyl groups of the dppm and tert-butylisonitrile

ligands were replaced with protons. Significant progress has been made for the elucidation of the

effects of relativity on the electronic structure of gold complexes.4 546474849 However, these effects

are beyond the scope of the considerations presented herein. Population analysis gives a HOMO

that is calculated to be a Rh' .Au o* interaction involving primarily metal d orbitals (94.4%),

with 73.5% of the orbital amplitude on rhodium and 12.6% on gold Figure 3.5. The rhodium

hv

X (calc) = 417.1 nm
fo (calc) = 0.1150

Au

HOMO LUMO

Figure 3.5. Calculated HOMO (left) and LUMO (left) for the model complex Rh'Au'[CH 2(PH 2)212(CNH)2
2+ at the

B3LYP level. Transition energies and oscillator strengths were calculated by TDDFT.
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contribution is mostly d,2 (79.1%) in nature, while the gold portion is calculated to be of mixed

parentage containing 15.6% pz character in addition to 78.4% d character (79.1% of which stems

from d,2 orbital contributions) with the balance composed of s orbital character. The calculated

LUMO is more convoluted as significant ligand participation is observed, including CN i*

interactions of the CNH groups and phosphine Au a* interactions. Nevertheless 17.8 % and

12.7% of the total LUMO orbital amplitude is localized on the rhodium and gold centers

respectively. Critically the LUMO contains an in phase a bonding combination between the

metal centers which is 95.7% p. on rhodium and a mixture of -50% s, -36% p and -14% d on

gold. These calculations confirm that the simplified MO approach represented in Figure 3.1

sufficiently models the HOMO as a do* interaction of primarily d,2d-2 parentage. The LUMO,

simplistically predicted to be a pzpz o bonding interaction, is complicated by orbital amplitude

from ligand derived orbitals but contains a significant RhAu a bonding participation with the

gold portion partially derived from a p, atomic orbital as has been observed with other ds. .d'o

complexes.2 8 Time dependent calculations initiated on the converged geometry and implicate an

allowed singlet electronic transition between the HOMO and LUMO at 417.1 nm (2.9725 eV)

with an oscillator strength of 0.1150. Simple symmetry considerations in the CZv symmetry of the

molecular core corroborate this contention, as a transition between the a, d,2d.2 do* HOMO and

the a, p:pz po LUMO is predicted to be allowed. This transition corresponds to the strong visible

absorption feature observed for the d8" dl'o cores in solution (see experimental section).

The luminescence spectroscopy of RhAu complexes has been the subject of numerous

examinations in the literature, 28' 40 ,4 1 in brief, photon absorption into the RhAu do* - CNR

[*/RhAu pa (abbreviated da*pa ) manifold generates a '(do*pa) excited state that is efficiently

drained by intersystem crossing to the 3(do*po) electronic state. At low temperatures weak

fluorescence is observed from the '(do*po) excited state but is dominated by intense

phosphorescence originating from the 3(do*pa) state. The large contribution of CNR n* orbital

character to the LUMO suggests that C-N bond vibrations might participate in the efficiency of

3(da*pa) non-radiative excited state deactivation at room temperature. In keeping with the

molecular orbital description of Scheme 3.1 and by analogy with the observations of ds"..d8

Rh21 and Ir21" cores bridged by tfepm ligands in Chapter 2, the phosphorescence energy of the

3(do*po) excited state of the d8"-8 d'o core should be sensitive to variations in the RhAu distance.

109



Chapter 3

The spectroscopic response to nuanced structural variation would most faithfully be

represented by single crystal measurements, however the solvated lattices of the RhAu salts in

question do not maintain crystallinity under the requisite experimental conditions. Therefore

luminescence measurements were performed in the solid state in an effort to maintain, as closely

as possible, the structural metrics obtained for each complex from X-ray crystallographic studies.

Corrected, normalized, solid state emission spectra collected at 77K for complexes 1, 5-10 are

presented in Figure 3.6, left. The spectra show the intense phosphorescence bands centered

between -615-660 nm characteristic of d8"- dl0 3(do*po) excited states, Table 3.2.40,41 Emission

from the 1(do*po) is negligible in the solid state, but is enhanced relative to the phosphorescence

in butyronitrile glasses at 77K, Figure 3.6, right. The reasons for this are unclear, but some

precedent for fluorescence has been observed upon intermolecular associations of Au centers.50

However the expected concentration dependence on the ratio of l(do*po) to 3(do*pa) emission is

not observed in this case (not shown).
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Figure 3.6. Normalized luminescence spectra for complexes 1, 5-10 in the solid state (left) and in but
(right). All spectra collected at 77K with 450 nm excitation.

Table 3.2. Emission maxima for complexes 1, 5-10 in the solid state and butyronitrile glasses at 77K.

Emission Maximum (nm)

1 5 6 7 8 9

Solid 662 643 654 658 640 657
Butyronitrile 616 577 614 577 577 619

750 800

yronitrile glass

10

653
637

Examination of the solid state emission data reveals that the phosphorescence energy is

not significantly perturbed across the series. A blue shift of 19 nm observed for complex 5
relative to the parent complex 1, is the largest shift observed between directly comparable
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species. Curiously this hypsochromic shift accompanies a decrease in the Rh'...Au' distance

from 1 to 5 of 0.0284 A and is opposed to the predicted trend. The effect, however, is small,

compared to the - 70 nm bathochromic shift observed between Rh2
1'l(tfepm)3C12 and

Ir2I'I(tfepm) 3C1l observed in Chapter 2 by absorption spectroscopy. The data collected in a

butyronitrile glass show a bit more variability, with phosphorescence maxima ranging from 577

nm for 5 to 637 nm for 10. In light of the sensitivity of the metal-metal internuclear distance to

crystal packing forces (e.g. between 1 and 5) and the opposing trend in the solid state data, these

shifts are difficult to rationalize. The extensive participation of CNR rn* orbitals in the calculated

LUMO, Figure 3.5, suggested that the introduction of an R group with an accessible n system

might have a more pronounced effect on the HOMO-LUMO gap than the RhAu distance. This

reasoning led to the use of CNdmp in place of CNtBu, however this substitution appears to have

a negligible effect as the observed emission maxima of complexes 5 and 8 at 643 nm and 641

nm, respectively, are nearly identical.

The small effects on the solid state emission spectra can be rationalized by a closer

examination of the molecular orbital diagram for a Rh'l.-Au' d8 ---d'0 interaction, Figure 3.7.

Although a fragmentary molecular orbital analysis for the approach of a square planar d8 and a

linear d'0 metal center might suggest the presence of metal-metal cY, nt and 6 orbital interactions

similar to a homobimetallic d d8 complex,38sae,51 a full population analysis by DFT reveals

significant perturbations. The frontier occupied orbitals of the model complex

Rh'Au'(CH 2(PH 2))2(CNH)22+ are primarily composed of rhodium atomic orbitals, with the

HOMO-1 of exclusively rhodium dyz character. Additionally the HOMO-2 and HOMO-3

contain essentially no gold contributions and are simply rhodium dxz and rhodium dxy · *

interactions with the isonitrile ligands. The unfilled dx,-y2 orbital of the d8 Rh' center forms the

T* interactions with the phosphine and isonitrile ligands (not shown). The gold atomic d orbitals

are buried further in the metal-metal bonding molecular orbital with the HOMO-6 to HOMO-10

composed exclusively of nearly pure gold d orbital character. Simple extended Hilkel arguments

from the electronic structure theories of Wolfsberg and Hemholtz52 suggest that a large energetic

disparity between the constituent atomic orbitals leads to poor overlap of the resulting molecular

orbital, and therefore a smaller energetic splitting between bonding and antibonding

combinations. With this simple relationship and DFT results of Figure 3.7 the minimal effect of

internuclear distance on the observed Rh'Au' HOMO-LUMO gap can be explained.
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q q

HOMO-1

HOMO-3

I-1'IVIY.J'.

HOMO-7HOMO-9
HOMO-8HOMO-8

HOMO-10

Figure 3.7. Calculated HOMO to HOMO-10 for the model complex Rh'Au'[CH 2(PH2)2]2(CNH)2
2+ at the B3LYP

level, the ordinate axis is in units of electron volts. The coloring scheme differentiates molecular orbitals composed

primarily of Au d character (-), Rh d character (-), and the da/do* interactions of the Rh'... Au' core (-).

In the homobimetallic valence-symmetric example the constituent metal fragments are

energetically congruent and therefore the d orbitals exhibit extensive overlap, forming, dnr, d6

and a strong do interaction leading to significant splitting between the do and do* combinations,

Figure 3.8, left.51 In contrast the heterobimetallic d8 d10 interaction between Rh' and Aui metal

fragments involves d orbitals of vastly differing energies, resulting in effectively non-bonding

metal-metal dnr and d6 interactions and poor overlap between the a orbitals, Figure 3.8 right, and

Figure 3.7. Due to the poor overlap in the a manifold, small perturbations in the RhAu distance

do not have a large effect on the energy of the do* HOMO, and thus do not effect the HOMO-

LUMO gap as significantly as in homobimetallic complexes.
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Figure 3.8. Comparison of the frontier metal-metal molecular orbitals for a homobimetallic d..---d interaction
typified by face-to-face Rh2

11 dimers, right, and a RhAu heterobimetallic d"-- d"' interaction, left.

3.3 Rh'Au' Redox Chemistry

Although po excited states of d"---d 8 homodimers have considerable precedent for

photochemical reactivity, these excited state are more suited for atom abstraction reactions as

typified by the alcohol dehydrogenation chemistry of the dS... d8 biradical excited state of PtPOP

outlined in Chapter 1. Photoinduced bond scission reactivity however, is more suited to the do*

Scheme 3.3.

P P
I ., L I

Rh' Au'
L I I

PR P

X2
10

P P
I ,L I

X-Rh1i -Au 1 -X
L' I I

P P

excited states of the singly bonded diphosphazane bridged dirhodium complexes. It follows that

this photoreactivity necessarily requires a vacant and photochemically accessible do*

combination in the metal-metal bonding molecular orbital. The electronic structure calculations

of Rh'Au' d8---d' heterodimers suggest that a two electron oxidation by X2 with concomitant
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Rh-X and Au-X bond formation should generate a stable d7-d9 Rh"-Au" bimetallic core,

Scheme 3.3.

Despite this straightforward motivation, investigations of d8 ' d'1o cores have been largely

spectroscopic, leaving the reaction chemistry underdeveloped. Initial attempts to access this

redox chemistry were conducted using the readily accessible RhAu core of 1, wherein cold

solutions of 1 in CH 2C12 were treated with PhIC12 (as a chlorine delivery agent) giving a rapid

color change from orange to red. The red color immediately bleached, even when the solution

was refrozen, to eventually give a pale yellow solution. NMR analysis showed multiple products

that eluded isolation, and suggested that the oxidized material is unstable in the ligand

environment afforded by dppm. Indeed, from CH 2C12/pentane layers of the yellow reaction

mixture, yellow crystals suitable for X-ray diffraction could be obtained and reveals the structure

shown in Figure 3.9. In this structure, the discrete bimetallic core of 1 is cleaved upon oxidation,

resulting in the formation of an octahedral Rh"' center bridged to two linear Aul centers via

dppm ligands. The 2:1 Rh:Au stoichiometry in the product indicates that other decomposition

pathways also occur to give the final product. The group trans to the CNtBu ligand on the Rh"' is

site disordered on the crystalline lattice between CF and CN- groups. The formation of CN- from

CN tBu can be rationalized by invoking homolytic cleavage of an N-CMe 3 bond, giving a highly

reducing tBu radical. The organic radical could then undergo one electron reduction of either the

metal complex or the putatively formed CN* to generate tBu+, followed by rapid trapping of the

Figure 3.9. X-ray structure of a site disordered mixture of Rhn"Au 2
"'(dppm) 2C14(CN)(CN tBu) (11, shown) and

RhuIAU2I'~(dppm)2C15(CNtBu) as two components of a complex product mixture that results from the oxidation of
Rh'Au'(dppm) 2(CN tBu) 2C12 (1) with PhIC12 in CH 2C12. Thermal ellipsoids are drawn at the 50% probability level
with hydrogen atoms omitted for clarity.
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carbocation by C- to give 2-chloro-2-methylpropane. Attempts to oxidize complex 1 with

KAu"'C14 and outer sphere one electron oxidants, such as NO+ or NR3
"+, evidenced the same

transient red solution but did not result in stable product formation. The dcpm derivative,

Rh'Au'(dcpm) 2(CN'Bu) 2C12 (9), gave similar results under the oxidative conditions applied to 1.

Heterobimetallic oxidation products with enhanced stability can be accessed when

bridged by tfepma ligands. The parent compound, Rh'Au'(tfepma) 2(CN tBu)2C12 (12), can be

synthesized by the sequential addition of tfepma, tert-butylisonitrile and Aui(tht)Cl to a

concentrated solution of [Rh'(COD)Cl] 2 in CH 2C12 . The assembly of the dinuclear construct

proceeds through the intermediacy of Rh'(tfepma) 2C1 (4) in accordance with Scheme 3.2. The

NMR spectrum of 12 in CD 3CN shows a sharp singlet at 1.45 ppm for the tert-butyl protons of

the terminal isonitriles and a pseudotriplet at 2.98 ppm (3JP-H = 3.0 Hz) for the bridgehead N-

methyl protons. Correspondingly the 31p 'H} NMR shows two multiplets at 136.9 and 151.3

ppm, assigned as equivalent phosphorus ligation to rhodium and gold respectively. Single

crystals of 12 may be obtained from CH 2C12 solutions of the complex layered with Et20,

providing the structure shown in Figure 3.10.

Figure 3.10. X-ray structure of Rh'Aui(tfepma) 2(CN tBu) 2C12 (12). Thermal ellipsoids drawn at the 50%
probability level with hydrogen atoms omitted for clarity.

The ligand geometries about the rhodium and gold centers are in accordance with that

expected for their respective d-electron counts: the Rh' center is approximately square planar and

the Au' center is a trigonally distorted as defined by P(1)-Au(1)-P(2) and P(1)-Au(1)-CI(1)

angles of 151.41(3)o and 101.39(3)0, respectively (Table 3.3). The chloride counterions show

close metal contacts of d(Au(1) ... Cl(1)) = 2.6632(9) A and d(Rh(1) .- -C1(2)) = 2.6027(9) A. The

long Rh(1)... Au(1) distance of 2.8181(3) A is typical of dinuclear complexes with no net metal-
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Table 3.3. Selected Bond Lengths (A) and Angles (0) for Rh'Au'(tfepma) 2(CN'Bu)2C12 (12).

Bond Lengths (A)

Au(l)..-Rh(l) 2.8181(3) Au(1)-CI(1) 2.6632(9) Rh(l)-CI(2) 2.6027(9)

Au(1)-P(1) 2.2713(10) Rh(1)-P(3) 2.3147(10) Rh(l)-C(3) 1.988(4)

Au(1)-P(2) 2.2741(10) Rh(l)-P(4) 2.2603(10) Rh(1)-C(8) 1.975(4)

Bond Angles (")

P( )-Au( 1 )-P(2) 151.41(3) P(3)-Rh( 1 )-P(4) 166.48(3)

P(2)-Au(1)-CI(1) 101.10(3) C(3)-Rh(1)-C(8) 175.39(14)

metal bond (vide supra). The structural motif of 12 is similar to that of other d8 .- d'i M---Au'

dimers (M = Rh',4 2 Ir, 30,31 Ni, 28 Pt I 32-37) when dppm and dcpm bridging ligands are used,

excepting that the closely associated chlorides dispose the Aul center towards a trigonal

geometry in lieu of the nearly linear geometry observed in other systems.

Scheme 3.4.

/N p N +

I .. L I ,KAu'C1 4  L
CI----Rh' Au' C CI-Rh"-Au"-CI Au'C12-

L I I -KCI L I I
I CH3CN

P NP  P.NP
I P = P(OCH 2CF 3)2  I

12 L = tBuNC 13

The close chloride contacts in the solid state structure of 12 suggested that formation of

the two-electron oxidation product might be facilitated, as the terminal halogen ligands expected

for a d7-d9 Rhll-Au" core are already present. Notwithstanding, oxidation of 12 with outer

sphere one-electron oxidants such as NO+ and R3N' + gives intractable product mixtures, and

results similar to those observed in the oxidation of 1 are obtained when using PhICl2.

Conversely, upon addition of KAu"'C14 to CH 3CN solutions of 12 at low temperature, a prompt

and sustained color change from orange to red is observed, Scheme 3.4. A UV-vis absorption

spectrum of the reaction mixture confirms that the conversion proceeds smoothly. The diagnostic

absorption bands of 12 at 380 and 421 nm, which are in line with those reported for a RhAu do*

-+ CNR r*/RhAu pa transition,29 are replaced by two new absorption bands at 329 and 460 nm

(Figure 3.11).
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Figure 3.11. UV-vis absorption spectra from 300 to 600 nm (25 'C, CH3CN) for 12 (-) and immediately after the
addition of 1.05 equivalents of KAu"'C14 to generate 13 (- - -).

The oxidation product, 13, may be isolated as a strawberry solid in 44% yield after

removal of KCl and subsequent recrystallization from CH 2C12 layered with pentane at -40 OC.

The NMR signals of 13 are significantly shifted from those of 12. A 'H singlet for the equivalent

tert-butyl protons is observed at 1.61 ppm and a pseudotriplet (3JpH = 4.4 Hz) is observed for the

bridgehead N-Me groups at 3.05 ppm. The -OCH 2 CF 3 protons appear as a series of complex

multiplets at -4.65, 4.99 and 5.79 ppm. The 31p{'H} NMR spectrum of 13 also indicates a large

structural deviation from 12, as the two distinct 31P resonances of 12 at 136.9 and 151.3 ppm are

lost and replaced by a complex set of overlapping multiplets centered at -98 ppm. Single crystal

X-ray diffraction studies of 13 unequivocally establish its identity as

[Rh"Au1(tfepma) 2(CN'Bu)2Cl 3]+[Au'Cl2] - (Figure 3.12).

Figure 3.12. X-ray structure of [RhI"AuI(tfepma) 2(CNtBu) 2C13]+[Au'C2] - (13). Thermal ellipsoids drawn at the 50%
probability level with hydrogens atoms, non-coordinating counterions, -Me groups and -CH 2CF 3 groups omitted for
clarity.
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Table 3.4. Selected bond distances (A) and angles (") for [Rhn"Au"(tfepma) 2(CN tBu) 2C13]+[Au'Cl12 (13).

Bond Lengths (A)

Au(1)-Rh(l) 2.6549(4) Au(1)-CI(2) 2.8492(9) Rh(1)-CI(3) 2.3764(9)

Au(l)-P(1) 2.3035(10) Rh(1)-P(3) 2.3136(9) Rh(l)-C(3) 1.994(3)

Au(1)-P(2) 2.2969(10) Rh(l)-P(4) 2.2958(9) Rh(1)-C(8) 1.991(3)

Au(l)-CI(1) 2.4267(8)

Bond Angles (0)

P(l)-Au(l)-P(2) 174.64(3) P(3)-Rh(1)-P(4) 174.62(3)

P(2)-Au(l)-Cl(1) 91.04(3) C(3)-Rh(1)-C(8) 175.73(13)

The Rh" center is pseudo-octahedral and the Au" center is roughly square planar. Metal-

halide bonding interactions are reflected by Rh(1)-CI(3) and Au(1)-CI(l) distances of 2.3764(9)

A and 2.4267(8) A, respectively (Table 3.4). Additionally, the short Rh(1)-Au(1) distance of

2.6549(4) A in 13 is indicative of a formal metal-metal bond, thus affording the first structural

characterization of a RhI ""Aun interaction.5 3 A chloride ion is loosely associated at an apical

position of the Au"1 square plane at a contact distance of 2.8492(9) A. The cationic complex is

charge balanced by an outer sphere Au'C12- counterion.

DFT calculations were initiated using the coordinates obtained from the crystal structure

of 13. Hydrogen atom surrogates were used in place of -Me, -tBu and -OCH 2CF 3 groups.

Agreement between calculated and observed structures suggests that these simplifications are

reasonable. Details of the computation are provided in the experimental methods section. Time

dependent calculations identify an allowed singlet do -- do* transition between the HOMO-2

and LUMO, Figure 3.13. This result is consistent with a d7-d9 electron count, which can also be

described as (d6)dl-(d8)d' where the odd electron on each of the individual metal centers resides

in a dz2 orbital.51

hv = 371 nm

f = 0.4344
(TDDFT)

HOMO-2 LUMO

Figure 3.13. DFT calculation of the orbitals involved in the do - do* transition of
Rh"Au"(HN[PH 2]2)2(CNH) 2CI2

2 . Oscillator strengths and transition energies calculated by TDDFT.
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Luminescence spectroscopic measurements on butyronitrile glasses of 12 maintained at

77 K display a weak emission band at 565 nm and a strong band at 707 nm (x,, = 420 nm) with

lifetimes of <10 ns and 20 ps indicating an excited state parentage that is singlet and triplet

respectively,4 0'4 1 or indicative of intermolecular association (for the short lifetime component) of

a bimetallic containing Au.5S Complex 13 is also emissive at 77 K and displays two bands at 529

and 733 nm. As in 12, the red band is assigned as phosphorescence based on the observed

lifetime of 30 jps. The low energy phosphorescence is consistent with emission from do* excited

states, as is observed for bimetallic Rh cores. 54 The lifetime of the emissive state centered at 529

nm was <10 ns.

At ambient temperatures complex 13 is unstable in solution and thermally reacts in

CH 3CN or CH 2C12 over the course of several hours. The complex multiplet centered at -98 ppm

in the 3 1p{(H} NMR spectrum of 13 disappears with the concomitant appearance of a singlet

resonance at 134.4 ppm and a sharp doublet at 75.5 ppm with a 'JRhp coupling constant of 141.9

Hz. Although the 'H NMR spectrum contains multiple overlapping N-Me resonances, a tBuNC

resonance appears at 1.56 ppm, consistent with the formation of Au'(CNtBu)C1. 55

Direct evidence for cleavage of the heterobimetallic Rh"-Au" bond is provided by X-ray

structural analysis of single crystals obtained from CH2Cl2/pentane layers of reacted solutions.

Wherein the asymmetric unit was found to contain fac-Rh"'(tfepma)(CNtBu)C13 and

Au2"'(tfepma)2C12 (Figure 3.14), tentatively assigned as the resonances at 75.5 and 134.4 ppm in

the 31p{ H} NMR respectively. The structure of fac-Rh"'(tfepma)(CNtBu)C13 comprises a

CI(3)

Figure 3.14. X-ray structure of the co-crystallized products fac-Rh"'(tfepma)(CNtBu)Cl3 (14, left) and
Au2"i(tfepma) 2C12 (15, right) when solutions of 13 are left to stand at room temperature in CH3CN. Hydrogen atoms,
-Me and -CH 2CF3 groups are omitted for clarity. Thermal ellipsoids are drawn at the 50% probability level.
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Table 3.5. Selected Bond Lengths (A) and Angles (0) for. fc-Rh"'(tfepma)(CN'Bu)C13 (14) and Auz''(tfepma)2Cl2
(15).

Bond Lengths (A)

Au( l)-Au(lA) 2.8390(5) Rh(1)-C(I0) 1.931(7) Rh(1)-CI(2) 2.4128(16)

Au(1)-P(3) 2.2973(18) Rh(1)-P(1) 2.2144(16) Rh(1)-CI(3) 2.4047(15)

Au(1)-P(4) 2.2878(17) Rh(1)-P(2) 2.2083(16) P(1)-N(1) 1.659(5)

Au( 1 )-C(4) 2.6364(16) Rh(1)-Cl(1) 2.3707(15) P(2)-N(1) 1.676(5)

Bond Angles (0)

P(3)-Au( 1 )-P(4) 159.40(6) P(3)-Au( I-Cl(4) 98.00(6) C( 1)-Rh(1)-C1(2) 91.87(6)

P(4)-Au( )-CI(4) 102.46(6) CI( )-Rh( )-C(10) 174.00(18) P( )-Rh(1)-P(2) 70.94(6)

pseudooctahedral Rh"' center ligated by three chloride ligands in a facial geometry with -900 cis

angles and typical Rh-Cl bond lengths of 2.37 - 2.41 A. A single CN tBu ligand is coordinated

trans to Cl(1) with a linear Cl(1)-Rh(1)-C(10) angle of 174.00(18)0. The largest deviation from

an ideal octahedral geometry is the tight P(1)-Rh(1)-P(2) bite angle of 70.94(6)' that is imposed

by the chelating tfepma ligand. The overall structural motif is analogous to that observed infac-

Rh"'(dppm)(CH 3CN)Cl3. 56 Au2l-'(tfepma) 2C12 sits on a special position in the crystal lattice and

the bimetallic core is bisected by a crystallographic inversion center. The coordination geometry

about the gold center in Au2
1'"(tfepma)2Cl2 is analogous to that of 12 with similar Au-P distances

of 2.2973(18) and 2.2878(17) A; the Au(1)... C1(4) contact is long at 2.6364(16) A. The distorted

trigonal geometry is defined by P(3)-Au(I)-P(4) and P(3)-Au(1)-CI(4) angles of 159.40(6) ° and

98.00(6)° respectively. The tfepma ligand engenders an observed Au(l)...Au(1A) distance of

2.8390(5) A. This intermetal distance is shorter by about -0.1 A with respect to gold dimers of

similar formulations with bridging dppm or dcpm ligands. 6'39

The thermal decomposition reaction of 13 indicates that the formal Rh"-Au" metal-metal

bonded core is eradicated by intermetal charge transfer and disproportionation by the overall

stoichiometry: [Rh'Au"(tfepma) 2(CN tBu) 2Cl 3]+[Au'Cl 2]--- fac-Rh"'(tfepma)(CNtBu)C13 + Y/2

Au 2
1"'(tfepma)2Cl2 + AuI(tBuNC)CI. It is not unreasonable, on the basis of electronegativity

differences, and the electronic structure calculations of Section 3.2.2 for the related

Rh'Au'(CH 2[PH 2] 2)2(CNH)22+ complex, to invoke a bonding interaction between the d7 Rh"

center and d9 Au" center that is highly polarized towards gold; in this instance, a d6+-d0 electron

count for a Rh"<--Au' interaction is the limiting oxidation state formalism. If this electronic

contribution were significant, then the high valent Rh"' center would be expected to expel neutral
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a acceptor ligands in lieu of anionic it donor ligands such as C-. The rapid thermal consumption

of 13 precludes unambiguous investigations into the photochemical M-X bond activation

chemistry from this platform. In attempts to address this issue, heterobimetallic cores are

currently being explored where the constituent metals have more congruent d orbital energies,

such as Pt" and Au'. This could allow for increased thermal stability of d7-d 9 Pt'll-AuII  core with

respect to disproportionation due to greater covalency of the metal-metal bonding interaction in

the oxidized complex.

3.4 Ambidentate PS Ligands

In attempts to circumvent the strict ligand requirements for controlled d8.--d °o

heterodimer formation when using the bisphosphine ligands of the previous sections, the

coordination chemistry of ambidentate ligands containing both phosphorus and sulfur donors

was explored. In this construct the phosphine arm would preferentially bind to the rhodium

center and the sulfur donor to gold. The stepwise assembly of Scheme 3.2 could still be

employed for the construction of the heterobimetallic core, but in this case the use of

ambidendate donor ligands could provide for precise control over the synthetic outcome. In

particular, an unfurling mechanism is envisioned, Scheme 3.5, wherein the ambidentate ligand

initially chelates the Rh' center in an analogous fashion to compounds 2 - 4, and then

preferentially dissociates the sulfur donor upon the addition of a suitable donor ligand such as

tBuNC. The heterobimetallic could then be selectively completed upon treatment with a suitable

Au' source.

Scheme 3.5.

R2 R2 + R2 L R2 + R2P SR 2+
P.... Rh.. P L P I.... I .P Au'LCI I L I

S-Rh's> > Rh' Rh' ----- Au '
S S L = CNtBu S L I I
R R R SR R2 PRSR

R = C6H 5

As an initial foray into this area the first ligand targeted was (C6H5 )2PCH2 S(C 6H5)

(PS(1)), which is readily synthesized by published procedures.57 Sanger explored some

coordination chemistry of PS(1) with late transition metals, including Rh', but only characterized

the products by combustion analysis and infrared spectroscopy. In keeping with Sanger's results,
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the addition of PS(1) to solutions of [RhI(COD)Cl] 2 gives complex 16 in good yields. 'H NMR

analysis of the resulting light orange powder gives a spectrum with a sharp doublet at 4.13 ppm

(2Jp-H = 5.1 Hz) for the bridgehead methylene protons and also diagnostic COD peaks at 1.91,

2.04, 2.38, and 5.51 ppm. The 31P{ tH} NMR shows only a single doublet resonance at 27.74

ppm ('JRhP = 149.5 Hz). The solution data is confirmed by X-ray structural analysis and shows a

roughly square planar Rh' center composed of a chelating COD ligand a terminal chloride and

the PS(1) ligand bound through the P(C6 H5)2 unit, Figure 3.15, left.

Figure 3.15. X-ray structures of Rh'(PS[1])(COD)Cl (16), left, and Rh'(PS[1]) 2CICO (17), right. Thermal ellipsoids
drawn at the 50% probability level with hydrogen atoms and solvents of crystallization omitted for clarity.

The structure shows that the sulfur donor has a low affinity for the Rh' center and that the

P(C6 Hs)2 donor cannot displace the chelating COD ligand of the [Rh'(COD)C1] 2 starting

material. Treatment of [Rh'(COD)C1] 2 with four equivalents of PS(1) does not induce COD

displacement and the only observable products are 16 and free PS(1) by 'H and 3"P{'H} NMR

spectroscopy. Double substitution of Rh' can be afforded by the treatment of [RhI(CO) 2C1]2 with

four equivalents of PS(1) where a solution color change from orange to yellow is accompanied

by vigorous gas evolution. 'H NMR analysis of the final product shows a single doublet

resonance at 4.23 ppm for the methylene bridgehead protons; the 3 1p {IH} NMR correspondingly

shows a single resonance at 25.64 ppm with rhodium coupling of 125.1 Hz, indicative of a single

PS(1) ligand environment. Infrared analysis in CD 2Cl2 shows a strong CO stretching vibration at

1978 cm - ' indicating at least one CO ligand is maintained within the Rh I coordination sphere. X-

ray quality crystals are readily obtained from CH2C12/pentane layers and give the structure of

Rh'[PS(1)] 2CICO (17) shown in Figure 3.15, right. Compound 17 shows the expected square

planar coordination environment for a d8 Rh' center, notably however both PS(1) ligands
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coordinate the Rh' center through the P(C 6H5)2 groups exclusively, leaving the sulfur donors

available to bind a d'o Au' center, and suggested that heterobimetallic RhAu cores could be

accessed by the addition of an appropriate Aul according to Scheme 3.5. Multiple products are

observed by 31P{'H} NMR, however, upon addition of Au'(tht)CI or Au'(tht)2(CF 3SO 3) as Au'

sources to solutions of 17. Some resonances lost the diagnostic 1JRhp coupling suggesting that

the P(C6H5)2 groups do not remain coordinated to the Rh' center. Attempts to isolate pure

materials from the product mixtures proved fruitless. Undaunted, colorless rods could be picked

from CH 2Cl2/pentane layers of the product mixture where analysis by X-ray crystallography

gave the structure of the previously reported homobimetallic gold dimer: Au2"'(PS[11])2(CF 3SO 3)2

shown in Figure 3.16.58

Figure 3.16. X-ray structure of Au21'"(PS[1]) 2(CF 3SO 3)2 (18) crystallized as a colorless rod pulled from
CH 2Cl2/pentane layers of product mixtures. Thermal ellipsoids drawn at the 50% probability level with hydrogen
atoms, non-coordinating anions, and solvents of crystallization omitted for clarity.

The head to tail ligand binding motif suggests that the thioether donors of PS(l) cannot

stabilize the linear S-Au'S geometry required for RhAu heterodimer formation. Taken along

with the inability of PS(1) to form a bischelate monomer by displacement of the COD, CO, or Cl

ligands of 16 and 17 suggest that the thioether bonding interactions are simply too weak to ligate

either the Rh' or Aul centers in an effective manner. Additionally the ligand transfer from the

monomeric rhodium core of 17 to the gold center of 18 suggested that the P(C6 H5)2 group is too

labile when coordinated to the d8 Rh' center, and should be substituted with less sterically

demanding and more electron withdrawing groups to prevent ligand dissociation. To address

both of these concerns new ambidentate ligands for directed heterodimer synthesis might employ
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anionic sulfur donors derived from thiol functionalities for Au' ligation, and electron poor

phosphite groups such as P(OCH2CF 3)2 for tighter binding to the Rh' center. As a suitable

starting point, modifications to the reported synthesis of (C6H5)2PCH 2SH 59 that allow for the

installation of electron withdrawing functionalities on the phosphorus donor have been pursued,

but as of yet a viable synthetic strategy has not been elucidated.

3.5 Concluding Remarks

The studies outlined in this chapter have focused on efforts to increase the quantum

yields for M-X bond photoactivations by the incorporation of gold as an electronegative late

transition metal into a heterodinuclear complex. Although this hypothesis could not be directly

probed by the complexes described herein, these synthetic forays revealed nuances of

photocatalyst design unique to heterobimetallic cores. This work has shown that the do* - pa

electronic transition energy is not appreciably affected by the internuclear Rh'... Au' separation

because of the extreme energetic disparity between the Rh' and Aul d-orbital energies that

constitute the metal-metal interaction. Two-electron oxidation to the d -d 9 Rh"-Au" core reveals

the consequences of this energetic mismatch as the metal-metal bonded dinuclear core is

unstable towards redox disproportionation, and reacts to form d6 Rh"' and d'0 Au' products. In

attempts to circumvent the synthetic limitations of bisphosphine bridging ligands a first

generation ambidentate ligand was investigated for targeted Rh' . . .Au' heterodimer formation.

However, these studies failed to achieve the desired results due to unfavorable binding

characteristics of the ligand employed, but they have provided valuable insight for the design of

new ambidentate ligands.
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3.6 Experimental Section

3.6.1 General Synthetic Considerations

All manipulations were carried out in an N2-filled glovebox or under an inert atmosphere

provided by a Schlenk line unless otherwise noted. All solvents were reagent grade (Aldrich) or

better and were dried and degassed by standard methods. 60 Rh'Au'(dppm) 2(CN tBu)2C1l2 (1),23

Ag'(tht)(CF 3SO 3),61  Au'(tht)Cl, 62  Au'(tht)2(CF 3SO3),63  (C6H5)2PCH2S(C 6H5),57  dfpma, 64

tfepma,6 5' 66 dppma67 were prepared by literature methods. [Rh'(CO)2C1] 2, [Rh'(COD)Cl] 2, dppm,

dmpm, HAu"'C14, KAu"'C14, and Au'(PPh3)Cl (Strem), tert-butylisonitrile, dcpm

(bis[dicyclohexylphosphino]methane), Au'(DMS)C1, and Au'(PEt 3)C1, (Aldrich), 2,6-

dimethylphenylisonitrile (Fluka) were purchased from the commercial sources indicated and

used as received.

3.6.2 Physical Methods

NMR data were collected at the MIT Department of Chemistry Instrument Facility

(DCIF) on a Varian Mercury 300 spectrometer. NMR solvents (CD 3CN) were purchased from

Cambridge Isotope labs and purified by standard procedures prior to use.60 'H NMR spectra (300

MHz) were referenced to the residual protio impurities of the given solvent. 3'P {H} NMR

(121.4 MHz) spectra were referenced to an external 85% H3PO4 standard. All chemical shifts are

reported in the standard 6 notation in parts per million; positive chemical shifts are to higher

frequency from the given reference. Elemental analyses were performed by Robertson Microlit

Laboratories, Madison NJ. UV-vis spectra were recorded on a Spectral Instruments 400 series

diode array spectrometer and referenced against the appropriate solvent. IR spectra were

recorded on a Bio-Rad XPS 150 FT-IR spectrometer in a Perkin-Elmer liquid cell equipped

with KBr windows.

3.6.3 Crystallographic Procedures

Single crystals were immersed in a drop of Paratone N oil on a clean microscope slide,

affixed to either a glass fiber or a human hair coated in epoxy resin and then cooled to -173 oC.

The crystals were then mounted on a Bruker K8 three circle goniometer platform equipped with

an APEX CCD detector. A graphite monochromator was employed for wavelength selection of

the Mo K0 radiation (2 = 0.71073 A). The data were processed and refined using the program
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SAINT supplied by Siemens Industrial Automation Inc. Structures were solved by a Patterson

heavy atom map and refined by standard difference Fourier techniques in the SHELXTL

program suite (6.10 v., Sheldrick G. M., and Siemens Industrial Automation Inc., 2000).

Hydrogen atoms were placed in calculated positions using the standard riding model and refined

isotropically; all other atoms were refined anisotropically. Unit cell parameters, morphology, and

solution statistics for complexes 1, 2, 2', 5-8, and 10-18 are summarized in Tables 3.6-3.10. All

thermal ellipsoid plots are drawn at the 50% probability level, with solvents of crystallization,

non-coordinating counterions, and hydrogen atoms omitted for clarity.

3.6.4 Luminescence Measurements

Samples were prepared in custom quartz EPR tubes equipped with a ground glass joint

isolated from the atmosphere by a Teflon valve. Samples were prepared in a glovebox and then

attached to a high vacuum line to and evacuated to 1 x 10- 5 Torr. Steady state emission spectra

were recorded on an automated Photon Technology International (PTI) QM 4 fluorimeter

equipped with a 150-W Xe arc lamp and a Hamamatsu R928 or photomultiplier tube. Reported

emission spectra are corrected for detector response using the instrument specific correction file

supplied by PTI. Time resolved phosphorescence lifetimes were recorded on a nanosecond laser

system described previously.68 Time resolved emission measurements on the < 20 ns timescale

were made with the frequency doubled (400 nm) pump light provided by a Ti:sapphire laser

system (-100 fs pulsewidth) and collected on a Hamamatsu C4334 Streak Scope streak camera

as previously described.69

3.6.5 Computational Details

The Gaussian 98 program suites were employed for all computational studies. 70 For

Section 3.2, the geometry optimizations were initiated using atomic coordinates obtained from

X-ray diffraction data for complex 1. Phenyl groups on the dppm ligands and tert-butyl groups of

the tert-butylisonitriles were replaced with protons. For Section 3.3, the geometry optimizations

were initiated using the atomic coordinates obtained from X-ray diffraction data for complex 13.

The -Me and -CH 2 CF 3 groups on the tfepma ligands and tert-butyl groups of the tert-

butylisonitriles were replaced with protons. DFT calculations were carried out using the three

parameter hybrid exchange functional of Becke7' in conjunction with the correlation functional

of Lee, Yang, and Parr, which includes both local and non-local terms (B3LYP). 72,73 Relativistic
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core potentials were used for rhodium and gold along with the standard Hay-Wadt double zeta

basis set, 74 and augmented for rhodium by the optimized Rh 5p function of Couty and Hall.75

The 6-31G(d,p) basis of Pople and co-workers 76' 77 was applied to all other atoms. Optimized

geometries were confirmed as energy minima by analytical frequency calculations. Time

dependent calculations were initiated from the optimized geometry using the B3LYP exchange

and correlation functionals. The calculations reported here are for molecules in the gas phase and

no attempt has been made to correct for the effects of solvation. Canonical Kohn-Sham orbitals

were imaged using the program Molekel, with the default isodensity values applied.7 '79

3.6.6 Preparation of Rh'(dppm) 2CI (2)

In a scintillation vial equipped with a stirbar, 68 mg [Rh'(COD)Cl] 2 (0.138 mmol, 2

equiv) was dissolved in 2 mL of CH 2Cl 2 with stirring giving a light orange solution. 212 mg of

dppm (0.551 mmol, 4 equiv) was then added as a solid affecting a color change to dark orange.

The solution was allowed to stir for I hour and then 5 mL of Et2O was added to give 214 mg of

Rhi(dppm) 2C1 (86%) as an orange solid. 'H NMR (CD 3CN) 6 / ppm: 4.58 (bs, 4H), 7.27 (m,

16H), 7.40 (m, 8H), 7.48 (m, 16H). 3'"P'H} NMR (CD 3CN) 6 / ppm: -16.30 (d, 'JRhp = 115.9

Hz). Anal. Calc. for C5oH44 CIP4 Rh: C, 66.20; H, 4.89; N, 0. Found: C, 66.38; H, 5.1 1; N, 0.

3.6.7 Preparation of Rh'(dcpm) 2CI (3)

In a scintillation vial equipped with a stirbar, 50 mg [Rh'(COD)CI]2 (0.101 mmol, 2

equiv) was dissolved in 2 mL of CH2Cl2 with stirring giving a light orange solution. 166 mg of

dcpm (0.406 mmol, 4 equiv) was then added as a solid affecting a color change to dark orange.

The solution was allowed to stir for 1 hour and then 5 mL of EtzO was added to give 123 mg of

Rh'(dcpm)2C1 (64%) as an orange solid. 'H NMR (CDCl 3) 6 / ppm: 1.12 (ovm, 40H), 1.55-1.75

(ovm, 40H), 1.93 (bs, 8H), 2.87 (pseudoquintet, 3.3 Hz, 4H). 31P{'H} NMR (CDCI3) 6 / ppm: -

11.93 (d, IJRh-P = 111.1 Hz). Anal. Calc. for CsoH 92P4CIRh: C, 62.85; H, 9.70; N, 0. Found: C,

63.23; H, 10.01; N, 0.

3.6.8 Preparation of Rh'(tfepma) 2CI (4)

In a scintillation vial equipped with a stirbar, 58 mg [Rh'(COD)CI] 2 (0.118 mmol, 2

equiv) was dissolved in 2 mL of CH 2CI2 with stirring giving a light orange solution. 229 mg of

tfepma (0.470 mmol, 4 equiv) was then added as a solid affecting a color change to light yellow.
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The solution was allowed to stir for 1 hour and then 5 mL of pentane was added to give 168 mg

of Rh'(tfepma)2Cl (64%) as a light yellow powder. IH NMR (CDCI3) 6 / ppm: 2.57

(pseudoquintet, 5.5 Hz, 6H), 4.50-4.60 (bm, 8H), 4.65-4.75 (bm, 8H). '"P{'H} NMR (CDCl 3) 8 /

ppm: 109.8 (d, IJRh-P = 181.6 Hz). Anal. Calc. for Ci8 H22N2O8F24P4CIRh: C, 19.43; H, 1.99; N,

2.52. Found: C, 19.56; H, 2.12; N, 2.44.

3.6.9 Preparation of Rh'Au'(dppm) 2(CNIO4Bu)2(C0 4)2 (5)

Rh'Aul(dppm) 2(CN tBu) 2(C104) 2 (5) was prepared by salt metathesis of 1 with a

methanolic solution of LiCIO 4 in an analogous fashion to anion exchange reactions of similar

heterobimetallic complexes.8s 198 mg of 1 (0.141 mmol, 1 equiv) was dissolved in 2 mL of

MeOH under ambient atmosphere with stirring. 45 mg LiCIO 4 (0.423 mmol, 3 equiv) was

dissolved in 1 mL MeOH and added dropwise to the stirred solution of 1 immediately forming an

orange precipitate. The reaction was allowed to stir for 10 minutes, filtered, washed with 1 mL

MeOH, and then washed off the filter with CH 2Cl 2. Removal of the solvent in vacuo gave 156

mg (72%) of Rh'Au'(dppm) 2(CN tBu)2(C104) 2 (5) as an orange solid. 'H NMR (CD 3CN) 6 / ppm:

0.645 (2, 18 H), 4.08 (pseudoquintet, 3.3 Hz, 4H), 7.37 - 7.49 (ovm, 24 H), 7.74 (q, 6.0 Hz, 8H),

7.95(q, 6.4 Hz, 8H). "'P{'H} NMR (CD 3CN) 6 / ppm: 26.90 (dm, 1JRhp = 120.0 Hz), 37.69 (m).

Anal. Calc. for C60H62N20sC12P 4RhAu: C, 50.26; H, 4.36; N, 1.95. Found: C, 50.77; H, 4.12; N,

1.66. IR(CH2Cl2) vc-N /cmnl: 2148. 2max /nm (e/M- cm - ) in CH2C12: 347 (14400); 467 (18700).

Crystals suitable for X-ray diffraction were grown from CH 2C12/Et20O layers as orange blocks.

3.6.10 Preparation of Rh'Au'(dppm) 2(CNtBu) 2(PF6)2 (6)

Prepared in an analogous procedure to that which gave 5, using 107 mg of 1 (0.082

mmol, 1 equiv) and 68 mg of LiPF 6 (0.207 mmol, 2.5 equiv) to give 111 mg (89%) of

Rh'Au'(dppm) 2(CN tBu)2(PF 6)2 (6) as an orange solid. 1H NMR (CD 3CN) 6 / ppm: 0.61 (s, 18H)

4.01 (pseudoquintet, 4.4 Hz, 4H), 7.39 (m, 12 H), 7.55 (m, 12H), 7.70 (m, 8H), 7.39 (m, 8H).

"P{'H} NMR (CD 3CN) 6 / ppm: -138.66 (quint, IJp F = 706.8 Hz), 29.39 (dm, 'JRh-p = 120.5

Hz), 40.35 (m). Anal. Calc. for C60H62N2F12P 6RhAu: C, 47.26; H, 4.10; N, 1.84. Found: C,

47.16; H, 4.04; N, 1.75. m,ax/nm (e/M-'cm - ) in CH 2C12: 343 (10500); 456 (31600).
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3.6.11 Preparation of Rh'Au'(dppm) 2(CNdmp) 2C12 (7)

Prepared in a similar fashion to 1 , wherein 48 mg of [Rh'(COD)Cl] 2 (0.097 mmol, 1

equiv) in 3 mL CH 2C12, 150 mg dppm (0.390 mmol, 4 equiv), 51 mg 2,6-

dimethylphenylisonitrile (0.389 mmol, 4 equiv), and 68 mg Aui(PEt 3)C1 (0.194 mmol, 2 equiv).

After stirring for 1 hour, 5 mL EtlO was added to afford 140 mg of Rh'Au'(dppm) 2(CNdmp) 2Cl2

(51%) as a light orange solid. 'H NMR (CD 3CN) 6 / ppm: 1.53 (s, 12H), 4.56 (bs, 4H), 6.84 (d,

8.0 Hz, 4H), 7.05 (t, 8.0 Hz, 2H), 7.18 (b, 12H), 7.45 (b, 12H), 7.90 (b, 8H), 8.16 (b, 8H).

3"P{IH} NMR (CD 3CN) 6 / ppm: 31.21 (dm, 'JRh-p = 101 Hz), 40.42 (m). Anal. Calc. for

C68H62N2Cl 2P4RhAu: C, 58.26; H, 4.46; N, 2.00. Found: C, 58.44; H, 4.62; N, 1.84. Amax/nm

(e/M-'cm') in CH 2Cl2: 332 (10200); 446 (17700). Crystals suitable for X-ray diffraction were

grown from CH 2Cl 2/pentane layers as orange blocks. Refinement of the RhAu core proceeded

normally but extreme solvent disorder in the crystal lattice necessitated the employment of

SQUEEZE to remove the disordered electron density. In this way 84 e- were removed from a

solvent accessible void of 880 A3, which corresponds well to four pentane molecules in the unit

cell (one for each asymmetric unit). An ordered CH 2C12 molecule was retained in the

crystallographic model.

3.6.12 Preparation of Rh'Au'(dppm) 2(CNdmp) 2(C10 4)2 (8)

Prepared in a similar fashion to 5 and 6 using 76 mg of 6 (0.0542 mmol, I equiv) in 1 mL

MeOH and 14 mg LiC10 4 (0.132 mmol, 2.5 equiv) in 1 mL MeOH. An analogous workup to 5

and 6 gave 43 mg of Rh'AuI(dppm) 2(CNdmp)2(C10 4)2 as an orange powder (52%). 'H NMR

(CD 3CN) 6 / ppm: 1.491 (bs, 12H), 4.359 (pseudoquintet, 4.4 Hz, 4H), 6.89 - 8.00 ppm (ovm, 46

H). 31P{'H} NMR (CD 3CN) 6 / ppm: 30.41 (dm, 116 Hz, 2P), 39.03 (m, 2P). Anal. Calc. for

C68H62N2OsC12P 4RhAu*(CH 2Cl2): C, 51.20; H, 3.66; N, 1.73. Found: C, 51.32; H, 3.47; N, 1.73.

•nax/nm (e/M-'cm- ') in CH2C12: 350 (17700); 466 (20600). Crystals suitable for X-ray

diffraction were grown from CH 2CI2/Et 20 vapor diffusion as yellow needles.

3.6.13 Preparation of Rh'Au'(dcpm) 2(CNtBu) 2C12 (9)

In a scintillation vial equipped with a stirbar, 25 mg [Rh'(COD)CI] 2 (0.0507 mmol, 2

equiv rhodium) was dissolved in 2 mL CH 2C12 with stirring giving an orange solution. 83 mg of

dcpm (0.203 mmol, 4 equiv) was then added as a solid and the solution was allowed to stir for 5

minutes. 24 ptL of tert-butylisonitrile (0.735 g/mL, 0.213 mmol, 4.2 equiv) was then added
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effecting an immediate color change to dark red. 33 mg Au'(PEt 3)Cl (0.103 mmol, 2 equiv) was

then added as a solid affecting a color change to orange. The vial was then allowed to stir in the

dark for 3 hours at which time the solution was filtered and 5 mL pentane added to afford 102

mg of Rh'Au'(dcpm) 2(CNt Bu)2Cl2 (3) as an orange powder (74%). 'H NMR (CD 3CN) 6 / ppm:

1.577 (s), 2.512 (broadened triplet, 3.8 Hz, 4H), the cyclohexyl protons appear as overlaping

broad multiplets from 0.8 ppm to 2.0 ppm. "P 1'H} NMR (CD 3CN) 6 / ppm: 35.73 (dm, 115 Hz,

2P), 55.20 (m, 2P). Anal. Calc. for C60H11 oN2CI2P 4RhAu: C, 53.22; H, 8.19; N, 2.07. Crystals

suitable for X-ray diffraction were readily obtained from CHCl2/Et20O liquid layering, however

the bimetallic core was disordered in crystal lattice obviating a straightforward solution,

crystallizations from other solvent systems yielded similar results.

3.6.14 Preparation of Rh'Au'(dcpm) 2(CNtBu) 2(C10 4)2 (10)

In a scintillation vial equipped with a stirbar 39 mg of Rh'Aut(dcpm) 2(CNtBu) 2Cl 2 (9)

(0.0291 mmol, 1 equiv) was dissolved in 2 ml MeOH under ambient atmosphere to give a clear

orange solution. 9 mg LiC10 4 (0.0845 mmol, 3 equiv) was dissolved in MeOH and added

dropwise to the stirred solution of 9. An orange precipitate began to form immediately and after

5 minutes of stirring the solution was filtered, washed with MeOH (2 x 1 mL) and dried in vacuo

to give 27 mg of Rh'Au'(dcpm) 2(CN t Bu) 2(C104) 2 (10) as an orange solid (63%). 'H NMR

(CD 3CN) 6 / ppm: 1.572 (s), 2.475 (t, 4.3 Hz, 4H), the cyclohexyl protons appear as overlaping

broadened multiplets from 0.8 ppm to 2.0 ppm. "1P( H} NMR (CD 3CN) 6 / ppm: 40.43 (dm, 115

Hz, 2P), 60.01 (m, 2P). Anal. Calc. for C60Ho10N2OsC12P4RhAu: C, 48.62; H, 7.48; N, 1.89.

Found: C, 48.42; H, 7.49; N, 1.70. ,m~ax/nm (e/M- cmn1) in CH2C12: 273 (7000); 333 (8500); 461

(20700). Crystals suitable for X-ray diffraction were grown from CHCl2/Et20O vapor diffusion as

yellow needles.

3.6.15 Preparation of Rh'Au'(tfepma) 2(CNt Bu) 2C12 (12)

In a scintillation vial equipped with a stirbar, 154 mg [Rh'(COD)Cl] 2 (0.312 mmol, 2

equiv rhodium) was dissolved in 2 mL of CH 2C12 with stirring to give an orange solution. 608

mg of tfepma (1.25 mmol, 2 equiv per rhodium) was then added dropwise to cause the solution

to turn green and subsequently gradually fade to yellow. The solution was stirred for 5 min at

which time 145 [tL of tert-butylisonitrile (0.735 g/mL, 1.31 mmol, 2.1 equiv per rhodium) was

added. The solution immediately turned orange. 201 mg Au'(tht)CI (0.625 mmol, 1 equiv per
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rhodium) was added as a solid to give an orange solution. The vial was wrapped in aluminum

foil and allowed to stir for 2 hrs during which time an orange precipitate formed. The yellow

supernatant was decanted and the solid washed with pentane (2 x 5 mL) to give 781 mg of

Rh'Au'(tfepma) 2(CN tBu) 2C12 (11) (83% based on rhodium) as an orange solid. 'H NMR

(CD 3 CN) 8 / ppm: 1.454 (s, 18H), 2.983 (pseudotriplet, 3Jp_H = 3.0 Hz, 6 H), 4.86 (bs, 16 H).
31P 'H} NMR (CD 3CN) 6 / ppm: 136.9 (dm, 'JRhP = 172.3 Hz), 151.3 (m). Anal. Calc. for

C28H4ON408F 24Cl 2P4RhAu: C, 22.25; H, 2.67; N, 3.71. Found: C, 22.29; H, 2.67; N, 3.68.

Amax/nm (e/M-'cm- 1) in CH 3CN: 307 (30800); 380 (9700); 419 (12400). Crystals suitable for X-

ray diffraction were grown from CH 2C12/pentane liquid layers as orange blocks.

3.6.16 Preparation of [Rh"Au"(tfepma)2(CNtBu) 2C13]*[Au'CI2
- (13)

In a scintillation vial equipped with a stirbar, 57 mg of Rh'Au'(tfepma)2(CN tBu) 2C1l (11)

(0.0377 mmol, 1 equiv) was dissolved in 2 mL of CH 3CN and frozen in a coldwell. In a separate

vial, 14.3 mg of KAu"'C14 (0.0377 mmol, 1 equiv) was dissolved in 2 mL of CH 3CN and the

solution was frozen in a coldwell. Both vials were brought out of the coldwell and, upon

thawing, the KAu"'C14 solution was added dropwise to the solution of 11 with stirring; the

solution color turned from orange to red. The vial was covered in tin foil and the CH 3CN was

stripped away to leave a solid, which was suspended in Et 20 (5 mL), filtered, washed with Et20

(2 x 2 mL). The solid was washed from the filter with CH2C12 (2 mL), and the solvent was

removed in vacuo to give 30 mg (44%) of [Rh'AuI(tfepma)2(CNtBu) 2C13]+ [Au'C 2]- (12) as a

strawberry colored solid. 'H NMR (CD 3CN) 6 / ppm: 1.609 (s, 18H), 3.050 (pseudotriplet, 4.4

Hz, 611), 4.61-4.72 (m, 8H), 4.99 (m, 4H), 5.79 (m, 4H). 3 'P{tH} NMR (CD 3CN) 6 / ppm: 95.6-

100.5 (ovm). Anal. Calc. for C28H40N4OsF24C15P4RhAu2: C, 18.53; H, 2.22; N, 3.09. Found: C,

18.68; H, 2.02; N, 3.06. 4max/nm (e/M-vcm- 1) in CH 3CN: 329 (33000); 460 (4000). Crystals

suitable for X-ray diffraction were grown from CH 2Cl2/pentane layers as red blocks.

3.6.17 Preparation of Rh'(PS[1])(COD)CI (16)

In a scintillation vial equipped with a stirbar, 105 mg [Rh'(COD)CI] 2 (0.213 mmol, 2

equiv rhodium) was dissolved in 5 mL CH 2Cl 2 with stirring giving an orange solution. 131 mg

PS(1) (0.425 mmol, 2 equiv) was then added as a solid giving an immediate color change to

yellow. After stirring for one hour the solution was concentrated to -2 mL and then 5 mL of

pentane was layered on top giving 196 mg of Rh'(PS[1])(COD)Cl (83%) as a light orange
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powder. 'H NMR (CDC13) 6 / ppm: 1.91 (m, 2H), 2.04 (m, 2H), 2.38 (bs, 4H), 4.13 (d, 2Jp_H =

5.1 Hz, 2H), 5.51 (bs, 2H), 7.13-7.30 (m, 5H), 7.41 (m, 4H), 7.79 (m, 4H). 31'P{H} NMR

(CD 3CN) 6 / ppm: 27.74 (d, 'JRh-p = 149.5 Hz). Anal. Calc. for C27H29CIPSRh: C, 58.44; H,

5.27; N, 0. Found: C, 58.64; H, 5.19; N, 0. Crystals suitable for X-ray diffraction were grown

from CH 2Cl2/pentane layers as yellow blocks. Treatment of [Rh'(COD)Cl] 2 with more than two

equivalents of PS(1) did not induce displacement of COD, and instead gave only 16 and free

PS(1) as observable products.

3.6.18 Preparation of Rh'(PS[1]) 2(CO)CI (17)

In a scintillation vial equipped with a stirbar 111 mg of [Rh'(CO) 2C1]2 (0.0286 mmol, 2

equiv rhodium) was dissolved in 5 mL CH 2C12 with stirring to give a yellow solution. 352 mg of

PS(1) (1.14 mmol, 4 equiv) was added as a solid. The vial was capped after gas evolution ceased.

After stirring for 1 hour the solution was concentrated to 2 mL and - 5 mL of pentane was

layered on top giving 420 mg of Rh'(PS[1]) 2COCl (94%) as a yellow powder. 'H NMR (CDC13)

6 / ppm: 4.23 (bs, 4H), 7.17 (m, 10H), 7.39 m (12H), 7.83 (m, 8H). 3'P{'H} NMR (CDCI 3) 6 /

ppm: 25.64 (d, 'JRhP = 125.1 Hz). IR(CD 2Cl2) vc-o /cm-': 1978. Anal. Calc. for

C39H34 OCIP2S2Rh: C, 59.81; H, 4.38; N, 0. Found: C, 59.35; H, 4.25; N, 0. Crystals suitable for

X-ray diffraction were grown from CH 2Cl 2/pentane layers as yellow blocks
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3.7 Crystallographic Tables

Table 3.6. Crystallographic data and structural refinement parameters for RhIAuI(dppm)2(CNtBu) 2Cl2 (1),
Rhl(dppm) 2Cl (2), and [Rh'(dppm)2]+Cl - (2').

Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group
Unit cell dimensions

Volume
Z
Density (calc)
Absorption coefficient
F(000)
Crystal size (mm)
O range for data
collection
Index Ranges

Reflections collected
Ind. reflections
Absorption correction
Refinement method
Data
Restraints
Parameters
Goodness-of-fit on F2"
Final R indices
[I>2o(1)]b
R indices (all data) b

largest diff. peak
largest diff. hole

1 * 3(CH 2Cl 2)

C63H68N2P4ClsRhAu
1560.55

-*123(2)oC
0.71073 A
Monoclinic

P21/c
a = 26.651(4)A

b= 13.2594(18)A
c = 18.991(3)A

a= 900
f= 102.282(3)0

Y= 900
6557.5(16)A

4
1.581 Mg/m3

2.950 mm --

3120
0.20 x 0.13 x 0.06

0.78 to 23.290

-29 < h < 26
-12 < k < 14
-21 < _< 20

30738
9425

Empirical SADABS
Full-matrix is on F2

9425
685
741

1.131
R1 = 0.0683

wR2 = 0.1595
RI = 0.0844
wR, = 0.1661

2.358 e/A3

-2.003 ei/A

2 e 2(THF)

C5sH5902CIP 4Rh
1050.29

100(2)oC
0.71073 A
Monoclinic

Cc
a = 12.404(3) A
b = 23.572(6) A
c = 18.255(5) A

a= 900
,8= 103.248(5) °

y= 900
5195.5(18) A3

4
1.343 Mg/m3

0.545 mm- 1

2184
0.25 x 0.15 x 0.10

1.73 to 28.270

-8 < h < 16
-31< k < 29
-24 < e < 23

18691
8645

Empirical SADABS
Full-matrix Is on F2

8645
2

596
1.045

RI = 0.0289
wR2 = 0.0738
RI = 0.0301

wR, = 0.0747
0.573 e/Al

-0.516 e/Al

2' a (THF)

Cs2H44OCIP 4Rh
939.11

-80(2)OC
0.71073 A
Monoclinic

P21/n
a= 9.8878(10) A
b = 21.298(2) A
c = 21.629(2) A

a= 900
,6= 103.049(2) °

Y= 900
4437.2(8) A3

1.406 Mg/m3

0.626 mm-1
1928

0.12 x 0.10 x 0.07
1.36 to 28.280

-13 < h < 12
-12 < k <28
-28 < e < 28

31071
10944

Empirical SADABS
Full-matrix Is on F2

10944
0

542
1.213

RI = 0.0603
wR = 0.1430
R 1 = 0.0706
wR, =0.1467

1.047 e/A3

-1.319 e/A3
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a GOF = [w(Fo2 - FC2)2/(n - p)]t /2 (n = number of data, p = number of parameters varied.
b R, = 1|Fol - IFc|/I|FoI; wR, = [Fw(Fo2 - F4)/IwFo 112
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Table 3.7. Crystallographic data and structural refinement parameters for
Rh'Au'(dppm)2(CN tBu) 2(CIO4)2 (5), Rh'Au'(dppm) 2(CNdmp)2Cl2 (7), and Rh'Au'(dppm)2(CNdmp)2
(CI04) 2 (8).

5 * (CH 2Cl 2) 7* (CH 2Cl2) a

Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group
Unit cell dimensions

Volume

Density (calc)
Absorption coefficient
F(000)
Crystal size (mm)
O range for
collection
Index Ranges

data

Reflections collected
Ind. reflections
Absorption correction
Refinement method
Data
Restraints
Parameters
Goodness-of-fit on F2 h
Final R indices
[1>20(I)]"
R indices (all data)

largest diff. peak
largest diff. hole

C6 H6 2N208P4Cl4RhAu
1524.68

-173(2)oC
0.71073 A
Monoclinic

P2,/n
a = 16.956(2)A
b = 16.375(2)A
c = 23.812(3)A

a= 90'
/= 104.013(6)0

Y= 900
6414.9(15)A 3

1.579 Mg/m 3

2.862 mm-'
3048

0.10 x 0.08 x 0.04
1.33 to 28.350

-22 < h 5 22
-21 < k < 21
-31 < <31

155734
15962

Empirical SADABS
Full-matrix Is on F2

15992
0

755
1.035

RI = 0.0329
wR, = 0.0750
RI = 0.0487

wR, = 0.0820
1.410 e/A3

-0.855 e/A3

C72H68C19N 2P4RhAu
1704.09

-173(2)oC
0.71073 A
Monoclinic

C2/c
a = 18.113(3) A
b = 21.133(3) A
c = 21.473(3) A

a= 900
f8= 92.239(7)o

Y= 900
8213.4(19) A3

4
1.378 Mg/m'
2.393 mm"'

3404
0.25 x 0.20 x 0.10

1.74 to 28.640

-24 < h < 24
-28 < k < 28
-28 < P < 28

82181
10434

Empirical SADABS
Full-matrix ls on F2

10434
0

423
1.087

R, = 0.0463
wR, = 0.1288
RI = 0.0494

wR, = 0.1313
3.030 e/A 3

-6.025 e/A 3

C76H 74Cl2N 2OsP4RhAu
1694.07

-173(2)oC
0.71073 A

Orthorhombic
Iba2

a = 48.220(5) A
b = 14.2144(13) A
c = 22.6171(18) A

a= 900
f8= 900
y= 900

15502(2) A,3

8
1.452 Mg/m'
2.311 mm -

6832
0. 10 x 0.08 x 0.05

0.84 to 23.280

-53 < h < 53
-15 < k < 15
-25 < P < 25

106602
11142

Empirical SADABS
Full-matrix ls on F2

11142
3

931
1.055

R, = 0.0361
wR, = 0.0876
Ri = 0.0452
wR, =0.0935

1.184 e/l3

-0.538 e/A3

a One molecule of disordered pentane removed using SQUEEZE.

bGOF = [Ew(F) - F 2)2 /(n - p)]l' 2 (n = number of data, p = number of parameters varied.

"Rg = IIFol - IFcll1/IFIo; wR, = [Ew(Fo2- F-2) 2/wFo0 ] 1'2
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Table 3.8. Crystallographic data and structural refinement parameters for Rh'Aul(dcpm) 2(CNtBu)2(CI04)2
(10), the site disordered mixture of Rh"'Au2u"(dppm) 2Cl4(CN)(CNtBu) and RhI"Au,2Iu(dppm) 2Cls(CNtBu)
(11), and Rh'Au'(tfepma) 2(CN tBu) 2C12 (12).

10 * 3 (CH2C1 2)
11

Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group
Unit cell dimensions

Volume
Z
Density (calc)
Absorption
coefficient
F(000)
Crystal size (mm)
0 range for data
collection
Index Ranges

Reflections
collected
Ind. reflections
Absorption
correction
Refinement method
Data
Restraints
Parameters
Goodness-of-fit on
F2b
Final R indices
[I>20(1)]c
R indices (all data)

largest diff. peak
largest diff. hole

C63H108N2OsP 4CI 8RhAu
1728.87

-173(2)°C
0.71073 A
Triclinic

Pi
a =12.8725(9)A
b= 15.6008(11)A
c= 19.3341(14)A
a= 91.615(2)0
p8= 90.923(2)0
y= 94.282(2)0
3869.7(5)A 3

2
1.484 Mg/m3

2.514 mm-'

1768
0.18 x 0.06 x 0.03

1.05 to 28.340

-17 < h < 17
-20 < k < 20
-25< < 25

68307

19176
Empirical SADABS

Full-matrix Is on F2

19176
0

800
1.014

RI = 0.0519
wR, = 0.0992
RI = 0.0880

wR, = 0.1150
1.775 e/A3

-1.432 e/A 3

C I 2HI 06N4P4C18Rh2Au4
3033.05

-173(2)oC
0.71073 A
Triclinic

Pi
a =10.2665(6) A
b= 13.1520(10) A

c = 44.751(2) A
a= 82.333(2)0
fl= 89.922(2)0
y= 67.044(2)0
5505.7(6) A3

2
1.830 Mg/m3

5.962 mm- '

2936
0.25 x 0.20 x 0.20

1.70 to 30.51

-13 < h < 12
-13 < k < 18
-62 < e < 60

43732

29482
Empirical SADABS

Full-matrix ls on F2

29482
0

1244
1.168

RI = 0.0495
wR2 = 0.1061
RI = 0.0606

wR, = 0.1126
2.778 e/A3

-2.305 e/A 3

C2sH40N408F24P4CI2RhAu
1511.30

-173(2)oC
0.71073 A
Monoclinic

P2 I/c
a = 23.5341(13) A
b = 10.8576(6) A
c = 22.7690(12) A

a= 900
/8= 116.4540(10)0

y= 900
5208.8(5) A3

4
1.927 Mg/m3

3.487 mm - 1

2936
0.20 x 0.15 x 0.12

0.97 to 28.270

-29 < h < 31
-12 < k < 14
-29 < P < 30

36938

12896
Empirical SADABS

Full--matrix ls on F2

12896
0

657
1.031

R, = 0.0334
wR2 = 0.0757
RI = 0.0445

wR, = 0.0827
1.606 e/A3

-1.302 e/A•
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" Two chemically identical but crystallographically distinct molecules in the asymmetric unit.
h GOF = [Ew(Fo2 - FC2)2/(n - p)]" 2 (n = number of data, p = number of parameters varied.
cRI = XIIFol - I[FeII/IFoI; wR, = [Xw(F' - F )2 /IwFo4 ] v2.
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Table 3.9. Crystallographic data and structural refinement parameters for
[Rh"Au"(tfepma) 2(CNtBu)2C13]+[Au'Cl2] - (13), fac-Rh"'(tfepma)(CNtBu)C13 (14) and Au2

• -'(tfepma)2Cl2
(15), and Rh'(PS[l1])(COD)CI (16).

14/15

Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group
Unit cell dimensions

Volume
Z
Density (calc)
Absorption coefficient
F(000)
Crystal size (mm)
O range for data
collection
Index Ranges

Reflections collected
Ind. reflections
Absorption correction

Refinement method

Data
Restraints
Parameters
Goodness-of-fit on F2

Final R indices
[I>27(1)] b

R indices (all data) b

largest diff. peak
largest diff. hole

C2 8H40N4O0F24P4C 15RhAu 2
1814.61

-173(2)oC
0.71073 A-
Monoclinic

P21/n
a = 16.111(3) A
b = 20.119(3) A
c = 17.299(3) A

a= 900
f= 92.803(3)0

7= 900
5600.5(16) A3'

4
2.152 Mg/m 3

5.995 mm-'
3456

0.25 x 0.20 x 0.18
1.55 to 28.260

-21 <h < 14
-26 < k < 26
-23 < e < 20

31787
13291

Empirical SADABS

Full-matrix Is on F2

13291
0

693
1.010

RI = 0.0299
wR, = 0.0751
R, = 0.0347
wR, =0.0773
2.183 e/A 3

-1.961 e/A3

C23H3 1N308F24P4Cl 4RhAu
1499.06

-173(2) oC
0.71073 A
Monoclinic

P2 1/n
a = 12.9108(14)A
b = 24.1573(3)A
c 16.0471(17)A

a= 900
/8= 103.708(4) °

7= 900
4862.4(9)A 3

4
2.048 Mg/m3

3.840 mm-

2888
0.20 x 0.10 x 0.05

1.55 to 26.440

-16 < h < 13
-30 < k < 26
-19 < e < 20

29054
9971

Empirical SADABS

Full-matrix Is on F2

9971
0

628
1.094

RI = 0.0434
wR, = 0.1090
R, = 0.0607

wR, = 0.1274
1.727 e/A 3

-1.203 e/AK3

C27H29CIPSRh,
554.89

-173(2)oC
0.71073 A
Monoclinic

Pc
a = 11.615(2) A
b = 9.4084(16) A
c 22.576(4) A

a= 900
,8= 104.136(3)0

y= 900
2392.4(7) A3

4
1.541 Mg/m3

0.993 mm'
1136

0.12 x 0.10 x 0.08
1.81 to 28.350

-15 < h < 15
-12 < k < 12
-30 < P < 30

47735
11795

Empirical
SADABS

Full-matrix Is on
F2

11795
2

560
1.060

R 1 = 0.0402
wR, = 0.0966
R1 = 0.0432

wR, = 0.1008
3.413 e/A3

-0.508 e/A•
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"GOF = [yw(Fo2 - Fe2)2/(n - p)]"2 (n = number of data, p = number of parameters varied.
bRI = ZIIFo| - IF|II/XIFoI; wR, = [jw(Fo2 - F)• /I-wF411/2
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Table 3.10. Crystallographic data and structural refinement parameters for
Rh'(PS[1]) 2(CO)CI (17) and Au 2L,(PS[1])2(CF 3SO3)2 (18).

18 * (CH 2C12)

Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group
Unit cell dimensions

Volume
Z
Density (calc)
Absorption coefficient
F(000)
Crystal size (mm)
0 range for data
collection
Index Ranges

Reflections collected
Ind. reflections
Absorption correction
Refinement method
Data
Restraints
Parameters
Goodness-of-fit on F' "'
Final R indices
[I>2n(()] h
R indices (all data)

largest diff. peak
largest diff. hole

C39H34C1OP3S2Rh
783.08

-173(2)oC
0.71073 A
Triclinic

PT
a = 9.9386(6) A
b = 9.9695(6) A
c =10.8622(7) A
a = 82.3660(10)0

-= 63.2370(10) °

y= 61.4040(10)o
839.04(9) A3

1
1.550 Mg/m 3

0.841 mm
400

0.10 x 0.08 x 0.06
2.11 to 28.300

-13 < h < 13
-11 < k < 13
-14 < ( < 14

7031
3788

Empirical SADABS
Full-matrix Is on F2

3788
0

224
1.059

R- = 0.0258
wR, = 0.0662
RI = 0.0267
wR, =0.0669

1.009 e/A 3

-0.346 e/A3

C42H3606F6S4P4C18Au2
1476.62

-173(2)oC
0.71073 A
Triclinic

Pi
a= 10.0634(9)A
b = 11.2829(9)A
c = 12.2490(l 1)A
a= 70.662(2)0
8= 71.778(2)0
y= 80.026(2)0
1242.76(19)A 3

1
1.973 Mg/m 3

6.411 mm'
710

0.15 x 0.08 x 0.08
1.83 to 28.490

-13 < h < 13
-15 < k < 15

-16 < I < 16
20479
6222

Empirical SADABS
Full-matrix Is on F2

6222
0

364
1.056

R1 = 0.0240
wR, = 0.0606
RI = 0.0253

wR, = 0.0612
2.941 e/A3

-0.958 e/A3

" GOF = [Yw(Fo2 - Fc2)2i(n
parameters varied.
b R = IFo.- IFcIj/1Fol; wR,

- p)]l (n = number of data, p = number of

[YVw,(F 2- Fc2)2/YwFo0
4] 2
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4.1 Introduction

The previous chapters have been primarily concerned with multielectron chemistry of

solar energy conversion from the standpoint of the reduction of HX (X = C1-, Br-) to molecular

hydrogen. The two-electron mixed valence dirhodium diphosphazane complexes employed in

that work achieve the multielectron redox chemistry attendant to hydrogen photocatalysis by

building structural and electronic asymmetry into the ground state. -4These complexes provided

a key example of bimetallic cooperation,'" wherein the affixed metal centers affect chemistry

otherwise unattainable by mononuclear complexes. In an ideal implementation of M-M dimers,

chemical transformations can be carried out on one half of the dimer, while the adjacent metal

center holds in reserve electron equivalents and open coordination sites for substrate attack.7'8

This reactivity mode is precisely observed with dirhodium dfpma (dfpma =

bis(difluorophosphino) methylamine, CH 3N[PF 2]2) complexes, wherein the HX photocatalysis

was proposed to proceed via two oxidative additions of HX to a bimetallic Rh2o'0 core.9 The

success of this system is predicated on the intimate cooperation of both metal centers within the

bimetallic core and also the unusual ability of the bimetallic core to support four electron redox

chemistry in discrete two-electron steps.

The internal electronic asymmetry of two-electron mixed valence complexes enables the

activation of small molecules such as H2,) - 12 HX (X = Cl, Br-),"1 HO0 and NH3, 14 in multi-

electron steps. Detailed mechanistic studies suggest that H-H bonds can be formed

photochemically by Rh 2 ""'(H)2X2 cores 9 and activated reversibly over the two-electron mixed

valence core of Irfo,'(tfepma) 3C12 (tfepma = (bis[bis(trifluoroethoxy)phosphino]methylamine,

MeN[P(OCH 2CF 3)2]2).1 - 12 In all cases the bimetallic cooperation attendant to hydrogen

activation is mediated by a bridging hydride intermediate and is accompanied by significant

reorganization of the flexible tfepma ligands. 1 With this precedent, two-electron mixed valence

complexes have shown a considerable propensity for facilitating the bond formation and

cleavage of H-H bonds, but as of yet the application of these unique dinuclear cores to the

organometallic chemistry of C-H bond formation/cleavage has remained undeveloped. This

chapter sets out to explore the bimetallic cooperation of HX (X = alkyl, aryl) activation

facilitated by the two-electron mixed valence complex Ir2o°'(tfepma) 3Cl2 in order to expand the

scope of multielectron redox chemistry of consequence to covalent bond formation/cleavage

beyond simple small molecules such as H2 to larger organic functionalities.
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4.2 Diiridium C-H Bond Activations

4.2.1 Phenyl sp 2 Activation

The two-electron mixed valent diiridium complex Ir20,'(tfepma) 3C12 (1)15 was chosen as

an entry point into the C-H bond activation chemistry of interest of this chapter, due to

proximity of readily functionalizable halides on the Ir" center adjacent to an electron rich Iro

center. When two equivalents of C6HsMgBr are added to a cold green/brown THF solution of 1,

the color immediately fades, and after warming to room temperature a pale yellow solution

persists (Scheme 4.1). The solid-state structure revealed the bridging benzyne complex

Ir2il',(tfepma)3(u-C 6H4)(C6H5)H (2) presented in Figure 4.1 (selected bond lengths and angles are

listed in Table 4.1). The formation of complex 2 from 1 necessitates considerable rearrangement

of the bimetallic core and is the direct result of intramolecular ortho C-H bond activation of one

of coordinated phenyl groups at the formerly low valent Iro center.

Scheme 4.1.

H3C,
N-PR2  CI
I I I ..C 2 PhMgBr

R2P-lr lr II"

R2P CR2PAP RO THF
N N

H3C CH3 R = OCH 2CF3

I

The core of the complex 2 is comprised of two octahedral Ir" metal centers with an Ir-Ir

bond distance of 2.7472(4) A. The coordination spheres about each iridium center are similar,

with the only exception being the terminal coordination of a phenyl group and a hydride bound

to Ir(1) and Ir(2) respectively. The hydride was located crystallographically but was fixed at an

idealized distance of 1.600 A, and thus will not be the subject of metrical discussions. The

coordination of a hydride trans to P(6) was also evidenced by a conspicuous open coordination

site (ZC(5)-Ir(2)-P(4) = 162.71(11) ° and ZP(5)-Ir(2)-Ir(1) = 166.95(3)0) in the early

refinement cycles. The presence of one bridging and two chelating tfepma ligands represents the

first occurrence of this geometric motif within this ligand system. The flexibility of the PNP

backbone in the tfepma ligands is evidenced by their ability to accommodate both the tight bite

angles required for chelating the iridium centers (ZP(1)-N(I)-P(2) = 99.63(18)0 and ZP(5)-
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Figure 4.1. X-ray structure of Ir2n,1'(tfepma) 3(u-C 6H4)(C6Hs)H (2), thermal ellipsoids drawn at the 50% probability
level. Bridgehead -Me and -CH 2CF 3 groups of the tfepma ligands are omitted for clarity.

Table 4.1. Bond Lengths (A) and Angles (0) for Ir2i,"'(tfepma) 3(u-C6H4)(C6Hs)H (2).

Bond Lengths (A)

Ir(l)-Ir(2) 2.7472(4) Ir(1)-P(1) 2.2798(10) lr(2)-P(4) 2.2532(10)
Ir(1)-C(4) 2.092(4) Ir(1)-P(2) 2.2770(10) Ir(2)-P(5) 2.2228(10)
Ir(l)-C(10) 2.125(4) Ir(1)-P(3) 2.2652(11) lr(2)-P(6) 2.3197(11)
Ir(2)-C(5) 2.117(4)

Bond Angles (0)

P(5)-Ir(2)-Ir(1) 166.95(3) P(2)-Ir(1)-C(10) 167.87(11) P(3)-N(2)-P(4) 120.9(12)
C(5)-Ir(2)-P(4) 162.71(11) P(1)-N(1)-P(2) 99.63(18) P(5)-N(3)-P(6) 99.05(18)
C(4)-Ir(1)-Ir(2) 71.34(11) P(1)-Ir(1)-P(2) 69.09(4) P(5)-Ir(2)-P(6) 68.74(4)
C(5)-Ir(2)-Ir(1) 71.38(11)

N(3)-P(6) = 99.05(18)0) and the expanded angle for bridging the dinuclear core (ZP(3)-N(2)-

P(4) = 120.9(2)0). The most prominent feature of this structure is the parallel, dinuclear spanning

benzyne ligand. Benzyne complexes are not uncommon, but are typically encountered when

bound to mono-, tri-, or higher nuclear low oxidation state metals and metal-clusters.

Mononuclear benzyne complexes of both early and late metals have been the subject of recent

reviews. 16' 17 Bound to a single metal, the C-C bond distance is usually short, reflecting a carbon-

carbon multiple bond greater than two, but the cluster bound aryne derivatives have C-C bonds

closer to typical sp 2 connections. 18 Discrete bimetallics exhibiting benzyne bridges have seen

some precedent.19-
23

In 2 we find a C(4)-C(5) bond length to be 1.405(5) A which fits the cluster bound
2-

benzyne model and can viewed as an aromatic C6H42- moiety in which two mutually ortho

protons have been substituted for iridium. To compare, the Ir(1)-C(4) and Ir(2)-C(5) bond
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lengths of 2.092(4) and 2.117(4) A, respectively, are nearly equivalent, and only marginally

shorter than the sp2 bound phenyl (Ir(l)-C(10) = 2.125(4) A). The constrained four-atom ring

created by the bridging benzyne and iridium atoms distorts the octahedral geometry of the Ir211"'

core (Ir(1): ZC(15)-Ir(1)-Ir(2)= 71.5(2)0, Ir(2): ZC(10)-Ir(2)-Ir(1)= 71.0(3)o) and the angles

around the Ir-C atom connections (C(10): (ZIr(10)-C(10)-C(15) = 108.1(6)' and ZC(l1)-

C(10)-Ir(2) = 131.6(7)0, C(15): ZIr(l)-C(15)-C(10)= 109.1(6)0 and ZC(14)-C(15)-Ir(l) =

131.6(7)'). Notably the Ir(2)-P(6) bond length of 2.3197(11) A is markedly longer than the

corresponding Ir(1)-P(2) bond length of 2.2770(10) A, reflecting the significant trans influence

of the hydride ligated to Ir(2). All other bond lengths and angles within the terminally bound and

bridging aromatic rings are normal.

In solution, complex 2 appears to retain its solid state structure. An 1H NMR spectrum of

2 obtained in THF-d,ý reveals an Ir-H resonance at -13.73 ppm as a doublet of doublet of triplets

that exhibits coupling to its trans (2 JP-H = 244.8 Hz) and cis (2 Jp H = 20.4 Hz, 10.2 Hz)

phosphorus neighbors, Figure 4.2 right. The resonances for the N-Me groups on the

diphosphazane ligand appear as three triplets at 2.73 ppm (3Jp-H = 8.9 Hz), 2.82 ppm (3JpH =

10.2 Hz), and 2.83 ppm (3Jp_ = 6.4 Hz), Figure 4.2 center. The doubly chelating and one

bridging binding motif observed in the solid state for 2 allows for the assignment of the

resonances at 2.73 and 2.83 ppm as those that chelate the iridium centers. It is interesting to note

that the observed coupling constants for the chelating tfepma ligands are larger than that of the

bridging tfepma N--Me resonance by - 2 Hz. The trifluoroethoxy proton resonances are

characteristically highly complicated and are observed as overlapping multiplets where no

8.00 7,60 7.20 6.80 2.90 2.80 2.70 -13.40 --13.60 -13.80 -14.00

8/ ppm

Figure 4.2. 'H NMR spectrum of 2 in THF-ds depicting the aromatic, N-Me, and hydride regions from left to right
respectively.
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significant information can be extracted. The aryl region consists of seven well defined

resonances, although sharp resonances are to be expected for the bridging benzyne, the

coordinated phenyl group on Ir(1) does not display any line broadening stemming from rotation,

and is most likely locked into a single configuration due to steric congestion with the -OCH 2CF 3

groups of the tfepma ligand, Figure 4.2 left. The solid state structure is further confirmed by the
31P lH NMR where six distinct resonances are observed. The spectrum is well defined but

complicated, as 2jp_p cis phosphorus couplings between the six unique phosphorus atoms are

observed both through the PNP ligand backbone and also through the iridium centers for the

chelating tfepma ligands.

Although both the 1H and "lP{H} NMR of 2 exhibited sharp resonances that indicate a

static structure in solution, room temperature solutions of the valence symmetric

Irz"l'"(tfepma) 3(jl-C 6H4)(C 6H5)H core of 2, are observed to slowly isomerize to provide the two-

electron mixed valence Ir2
1,"i(tfepma) 3(f-C 6H4)(C 6H5)H core of complex 3 (Scheme 4.2) in

quantitative yield. The progress of the reaction can be monitored in solution by 'H NMR

Scheme 4.2

H3C\-

N6 H6  -N - RP .., H
R2P - Ir Ir"

25 OC R2 P I /
\R 2P PR2 PR2

N N
I I

CH3  R = OCH 2CF 3  H3C  CH 3

2 3

spectroscopy and is accelerated by gentle heating at 500 C in C6H6 for 6 hours. Analysis of the

resulting colorless product by 'H NMR in CD 3CN reveals a complex with three N-Me

resonances as sharp triplets at 2.47, 2.79, and 2.87 ppm, Figure 4.3 center. The resonances

integrate in a 1:1:1 ratio, and exhibit 3Jpu coupling constants of 7.0, 6.4, and 9.8 Hz

respectively. Examination of the coupling constants indicates that the tfepma ligands have

rearranged from a doubly chelating and singly bridging geometry as in 2, to a doubly bridging

and singly chelating motif. A hydride resonance, observed at -9.79 ppm is shifted downfield

considerably from that in 2, indicating a significantly altered chemical environment, Figure 4.3

right. The aryl region of 3 exhibits seven resonances as in 2, several of which are considerably
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UKI

7.80 7.40 7.00 2.80 2.60 2.40 -9.50 -9.70 -9.90 -10.10

8 / ppm

Figure 4.3. Aromatic, N-Me, and hydride regions (left to right respectively) of the 'H NMR spectrum of 3 in
CD 3CN.

overlapped. Interestingly the resonance at 7.74 ppm is observed as a broadened singlet at 200 C,

indicating some degree of rotational freedom for these hydrogens, Figure 4.3 left. The 3'P 'H}

NMR of the resulting complex also displays six distinct resonances, and exhibits complex

splitting patterns resulting from multiple 2Jp_p couplings similar to those of 2.

Suspensions of complex 2 in C6H6 exhibited homogenization when heated to 500 C, and

after 6 hours of heating, crystals suitable for X-ray diffraction are deposited by slowly cooling

the solution to room temperature. X-ray analysis reveals the molecular structure of 3 that is

consistent with NMR spectroscopic data, Figure 4.4. Selected bond lengths and angles are listed

in Table 4.2. The complex is comprised of two distorted octahedral iridium centers separated by

2.7791(2) A and bridged by a C6H4
- benzyne unit. The conversion from 2 to 3 shows significant

reorganization of the core. The flexible tfepma ligands have rearranged to a doubly bridging

singly chelating coordination of the dinuclear core, consistent with the observed 3JpH coupling

constants in the 'H NMR. The bite angle for chelating tfepma ligand is consistent with those

observed for 2 with ZP(5)-Ir(l)-P(6) = 68.46(3)0. Additionally the bridging tfepma ligands

expand to strap the bimetallic core and exhibit P(1)-N(1)-P(3) and P(2)-N(2)-P(4) angles of

115.37(17)0 and 121.44(17)0 respectively. A hydride, inferred by the open coordination site trans

to P(4) (ZC(10)-Ir(2)-Ir(1) = 160.73(10)' and ZC(9)-Ir(2)-P(3) = 160.98(9)0), was located late

in the refinement and was fixed at a bond length of 1.600 A. In 3, the anionic ligands have

rearranged to produce a facial disposition, and strikingly, a cis coordination of a hydride and a

terminal phenyl group on Ir(2). These reorganizations represent a formal disproportionation of

the valence symmetric Ir2"'" core observed for 2 to a two-electron mixed valent Ir 2
1'i1 core of 3.

As in 2, the tight benzyne bridge manifests itself in large distortions to the octahedral geometries
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Figure 4.4 X-ray structure of Ir 2
1""(tfepma) 3(u-C 6H4)(C 6H5)H (3), with thermal ellipsoids drawn at the 50%

probability level. Bridgehead -Me and -CH 2CF 3 groups of the tfepma ligands are omitted for clarity.

Table 4.2. Bond Lengths (A) and Angles (0) for Ir2'"'(tfepma) 3(u-C 6H4)(C6Hs)H (3).

Bond Lengths (A)

Ir(1)-Ir(2) 2.7791(9) Ir(l )-P(1) 2.2793(10) Ir(2)-P(4) 2.2478(9)
Ir(1)-C(4) 2.141(5) Ir(l)-P(2) 2.2585(9) Ir(2)-P(5) 2.2585(9)
Ir(1)-C(9) 2.096(4) Ir(1)-P(3) 2.2225(10) Ir(2)-P(6) 2.2878(9)
Ir(2)-C(10) 2.111(3)

Bond Angles (0)

C(9)-Ir(2)-P(3) 160.98(9) P(6)-Ir(1)-Ir(2) 157.30(2) P(3)-N(2)-P(4) 121.44(17)
C(4)-Ir(I)-P(1) 151.82(10) P(1)-N(1)-P(3) 115.37(17) P(5)-N(3)-P(6) 98.81(15)
C(4)-Ir(1)-Ir(2) 70.22(9) P(1)-Ir(1)-P(2) 93.42(3) P(3)-Ir(2)-P(4) 102.53(3)
C(9)-Ir(2)-Ir(l) 71.83(10)

of the Ir2
1,III  core where the internal angles within the four-atom bridge are significantly

contracted (ZC(4)-Ir(1)-Ir(2) = 70.22(9)0 and ZC(9)-Ir(2)-Ir(1) = 71.83(10)0). The iridium

carbon contacts with the C2H42- unit in 3 display a slightly greater asymmetry than in 2, the

observed Ir(1)-C(4) and Ir(2)-C(9) bond lengths of 2.141(3) and 2.096(4) A respectively (A(3) =

0.045 A vs. A(2) = 0.025 A), with the shortest contact for the benzyne carbon bonded to the Ir"'

center. This is most likely due to a slight contraction of the ionic radius of Ir"' vs. Ir".

In 3 the terminal phenyl resides along the Ir-Ir bond axis in an axial coordination site

with a C(10)-I(2)-Ir(1) angle of 160.73(10)0 and an Ir(2)-C(10) bond distance of 2.111(3) A.

The two aryl groups are not mutually perpendicular. While the C2H4
2- unit of the bridging

benzyne maintains a nearly planar configuration with the diiridium core (C(4)-Ir(1)-Ir(2)-C(9)

dihedral = 3.05(13)0), the terminal phenyl group instead is twisted by 57.85(30)' with respect to

the plane comprised of diiridium benzyne unit as measured by the C(9)-Ir(2)-C(10)-C(1 1)
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dihedral angle. Examination of the steric environments about the terminal phenyl group in the

solid state reveal an expanded pocket relative to that observed for 2, explaining the observation

of slightly broadened resonances for the terminal phenyl group in the 'H NMR of 3.

4.2.2 Mechanistic Studies

The sharp 'H and "3 1p 'H NMR resonances of 2 and 3 indicate static solution structures

and seem contradictory to the redox disproportionation and isomerization of 2 to 3. The reaction

is also interesting as with the significant ligand rearrangements required, it is difficult to imagine

a simple mechanism for the overall conversion. Kinetic measurements by 'H NMR were

undertaken in order to shed some light on the isomerization mechanism. Although complexes 2

and 3 are sparingly soluble in C6D6, this solvent was chosen for the reaction medium because the

N-Me resonances exhibit little overlap in C6D6. Thus mixtures of 2 and 3 display six well

defined triplets in this region (Figure 4.5). The resonances at 1.97, 2.17, and 2.60 ppm are

assigned to complex 2, and the resonances at 2.02, 2.12, and 2.48 ppm to complex 3 by

comparison with authentic samples. Examination of the isomerization endpoint evidences no

incorporation of the deuterium labels from the C6D6 solvent into the coordination sphere of 3.

Integration of the hydride and N-Me resonances at 2.48 ppm gives the expected ratio of 3:1 in

the final product. This result disfavors an isomerization pathway involving the complete

4

I ' I ' ' I 1 9 ' I I 1 ' ' I 1 1 1 1 I 1 1 f I ' ' ' I F I T '
2.7 2.6 2.5 2.4 2.3 2.2 2.1 2.0 1.9

8 / ppm

Figure 4.5. A portion of the 1H NMR spectrum for a partially isomerized mixture of 2 and 3 in C6D 6 at 200 C. The
spectrum is zoomed to display the six triplet N-Me resonances with arrows indicating the course of the spectral
evolution with time. For the kinetic analysis the resonances at 2.60 and 2.48 ppm were employed as markers of 2
and 3 respectively. Starred resonances are the result of methylene protons on the -OCH 2F3 groups of the tfepma
ligands as identified in pure samples of 2 and 3.
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dissociation of C6H6 along the reaction coordinate. Additionally no intermediates are observed to

build up during the course of the reaction, as the only observed N-Me, aryl, or hydride

resonances at any point in the reaction are readily assignable to either complex 2 or 3.

The slow isomerization from 2 to 3 occurs on a timescale amenable to kinetic analysis by

NMR and was carried out by monitoring the resonances at 2.60 and 2.48 ppm for the bridging

tfepma ligands as they appear in an uncrowded portion of the spectrum. Fitting the integrated

intensities for the peaks at 2.60 and 2.48 ppm to a first order exponential decay and growth

respectively gives observed rate constants that agree within error. Measurements of kobs for this

isomerization at 20, 30 and 40 0 C (corrected temperatures 22.2, 31.8, and 41.5 0 C respectively)

evidences normal Ahrrenius behavior, and allows for the calculation of the activation parameters

from a linear fit of ln(kobs/T) vs. 1000/T giving a AH+ of 21.7 ± 0.3 kcal/mol and a AS+ of -7.4 ±

0.9 e.u.. The favorable fitting to a first order kinetic model suggests that the isomerization

proceeds in a one to one fashion, but the lack of observed intermediates precludes a full

mechanistic analysis from this data alone.

T (°C) kbs (SI- )

22.2 2.94 x 10-5

31.8 9.57 x 10--
41.5 3.09 x 10-

Activation Parameters

AH + = 21.7 ± 0.3 kcal/mol
AS+ = -7.4 ± 0.9 e.u.

0 2000 4000 6000 8000 10000 12000

Time (s)

Figure 4.6. Isomerization kinetics for 2 to 3 carried out over the temperature range 20-400 C in C6D6. Tabulated
observed rate constants and activation parameters, right, and integrated intensity vs. time for the isomerization at
31.8 0 C, left.

Additional insight into the rate determining step for the isomerization of 2 to 3 can be

gained by isotopic labeling experiments, wherein isotopic substitution should only affect the

observed isomerization rate if C-H bond formation or cleavage processes are implicated in the

rate determining step. To examine this possibility the deuterated products, 2-d io and 3-dio, were

synthesized using C6D5MgBr in place of C6H5MgBr by an analogous procedure to that which
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afforded 2 and 3. Structural congruency in solution is evidenced by equivalent N-Me resonances

for both 2-dio and 3-d1 o with their protio counterparts from NMR analyses. For 2-dlo, the

deuteride resonance exhibits a slight downfield shift to -13.61 ppm (from -13.73 ppm), and is

observed as a doublet of multiplets in the 2H NMR with a greatly reduced 2JpD coupling

constant of 37 Hz. The upfield portion in the 2H NMR spectrum of 3-dlo is analogous, with a

slight downfield shift to -9.70 ppm (from -9.79 ppm) and reduced 2JpD coupling to the trans

phosphorus of 34 Hz. In both cases the deuterium resonances for the benzyne and terminal

phenyl moieties in the 2H NMR are observed as broadened overlapping multiplets and are

uninformative. X-ray structural analysis on single crystals of 2-do0 , affords a solid state structure

completely analogous to 2, providing definitive evidence for the intuitive assumption that

isotopic substitution does not significantly perturb the overall bimetallic construct (data not

shown).

Infrared spectroscopic analysis provides further evidence of structural homogeneity

between the protio and deutero derivatives as the isotopic shift in the Ir-D stretching frequency

is readily predicted from a harmonic oscillator model. The Ir-H stretching frequencies of 2 and 3

are observed at 2069 and 2023 cm' respectively in CD 3CN solutions. A simple Hooke's law

calculation would predict a bathochromic shift to 1463 and 1426 cm- ' for these vibrations upon

isotopic substitution of deuterium for hydrogen. This simplistic calculation fares remarkably well

as the Ir-D stretches for 2-dIo and 3-dio are observed at 1453 and 1415 cm- respectively,

deviating from the theoretical values by -10 cm '.

Kinetic measurements for the isomerization from 2-d1 o to 3-d1 o exhibit significant rate

enhancement relative to those observed for complex 2 at the same temperature. The observed

rate constant of 2.17 ± 0.1 x 104 s- for the isomerization of 2-dlo to 3-d0o at 31.8 0 C in C6D6

solution leads to a kobsH/kobsD of 0.44 ± 0.1, indicating an inverse isotope effect for the overall

isomerization reaction. As for 2, the activation parameters were calculated from kinetic data

measured over the range of 20-400 C and yielded a AH+ of 24.9 ± 0.7 kcal/mol and a AS+ of -6.4

± 2.4 e.u., Figure 4.7. Although the overall isomerization reaction is not likely elementary, the

inverse isotope effect is striking as it indicates significant involvement of Ir-H(D)/C-H(D) bond

making/breaking along the reaction coordinate. These data taken along with the lack of

observable intermediates over the course of the isomerization strongly indicates that the rate

determining step takes the form of an Ir-H(D)/C-H(D) bond making/breaking event, with any
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0 2000 4000 6000 8000 10000 12000

Time (s)

Figure 4.7. Isomerization kinetics for 2-d jo to 3-do( carried out over the
Tabulated observed rate constants and activation parameters, right, and
isomerization at 31.8 0C, left.

T ('C) kob, (S- I)

22.2 5.14 x 10- 5

31.8 2.17 x 10-

41.5 7.52 x 10-

Activation Parameters

AH = 24.9 ± 0.7 kcal/mol
AS+ = -6.4 + 2.4 e.u.

temperature range 20-400 C in C6D6.
integrated intensity vs. time for the

subsequent rearrangement steps leading to the formation of 3 occurring fast on the NMR

timescale.

Taking into account the inverse isotope effect for the isomerization of 2 and 2-dlo it

seems reasonable to postulate the involvement of a C-H(D) bond in the transition state for the

isomerization. Specifically a reductive coupling of the benzyne and hydride on a single iridium

center in 2 should generate an intermediate with either an open coordination site or a labile Y-

C6H5 or 7 2-t-C 6H6 complex on the low valent Iro center, Scheme 4.3, which could be viewed as

the microscopic reverse of the ortho C-H activation that leads to the formation of 2. The

intermediacy of 5-C6 H6 or q I;-2 -C6H6 in either the reductive elimination, or in the microscopic

reverse reaction, oxidative addition, of benzene has been debated in the literature. 24' 25 The

propensity to adopt either a c-C6H6 or q 2-i-C 6H 6 binding mode appears to be entirely system

dependent, and no unifying scheme has been elucidated. For example in Cp*M(PMe 3)(C6Hs)(H)

Scheme 4.3.

Ir" - Ir"l Ir" - Iro
Ir"~1H

Ir I ro
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(Cp* = pentamethylcyclopentadienyl anion) systems for M = Rh, Jones has invoked the

existence of an q2-ic-C6H6 intermediate in the reductive elimination of C6H6,26' 27 while for M = Ir,

Bergman has postulated precoordination of a C-C6H6 intermediate in the oxidative addition of

C6H6 to Cp*Ir(PMe 3) and not an qr2-I-C 6H6 interaction. 28 The kinetic data obtained here cannot

distinguish between these two possibilities as no intermediates are observed in the overall

transformation, and thus both interactions will be referred to as c-arene complexes for simplicity.

The rate enhancement for the isomerization of 2-dlo to 3-dlo relative to their protio

congeners implicates the involvement of C-H(D) bond forming/breaking in the rate determining

step. Inverse isotope effects of this nature have seen precedence for the reductive coupling of

alkyl hydrides 29-41 and less commonly aryl hydrides40,'42 in the literature, 43 typically in constructs

where the scrambling of hydrides (deuterides) into cis ligated alkyl or aryl groups is observed.

Explanations for inverse isotope effects in the literature generally attribute the observed rate

enhancements to an inverse equilibrium isotope effect and only rarely to an inverse kinetic

isotope effect (i.e. KH/D < 144 and not kH/kD < 1). The arguments begin by observing that the o-

alkane product of reductive coupling of alkyl hydride (deuteride) possesses a strong C-H(D)

bond rather than a much weaker M-H(D) bond, and consequently the force constants for C-H

bonds are much greater than those of M-H bonds. Accordingly the force constant for a C-D

bond is less than a C-H bond, manifesting itself in a smaller zero point energy (ZPE) for the C-

D bond relative to the C-H bond. The same argument applies for M-D vs. M-H bonds, only the

magnitude of the difference is much less, meaning that the AZPEMHiMD < AZPECH/CD-

Consideration of the energetic requirements for the reductive coupling of an alkyl hydride

(deuteride) to form the o-alkane product in the context of the above discussion gives rise to two

distinct cases where an inverse isotope effect would be observed, Figure 4.8.45

In the first case (Figure 4.8a) partial formation or breakage of the C-H(D) bond reduces

the force constant relative to free C-H(D) and thus the ZPE for this intermediate species is

presumed to fall between that of free C-H(D) and M-H(D). If this species is implicated in the

transition state of the rate determining step, then the differences in ZPE should engender a slight

energetic preference (a AAZPE in the form of AG ) for reductive coupling in the deuterated

complex. This thermodynamic preference would result in rate enhancement for this step, i.e.

kRCH/kRCD < 1. The microscopic reverse, oxidative cleavage, would be initiated from the a-alkane

product which possesses intact C-H(D) bonds. Applying the same ZPE arguments as for the
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reductive coupling step would indicate a slight energetic preference for the protio case, and thus

a normal isotope effect, i.e. kocH/koc D > 1. Taking a combination of these rate constants gives an

overall inverse equilibrium isotope effect.

(b)M 
+ CH

+ CH3D M + CH3D

H
koc

:1 >
koc

H
kRc

S <1
H

koc

• H tH
0' H kRC k> ckoci  >1i

CH k RC kic
D

H

H

Me koc Me koc /

H(D) H(D)

Figure 4.8. Two scenarios for the observation of an inverse isotope effect involving a G-alkane complex separating
C-H(D) oxidative cleavage/reductive coupling events at a transition metal center, see text for details. Figure taken
from reference 41.

In the second case, Figure 4.8b, the C-H(D) stretching frequency is assumed to disappear

as it becomes the reaction coordinate for the bond scission/formation. In this case normal kinetic

isotope effects are expected for both the reductive coupling of the alkyl hydride and the oxidative

cleavage of the resulting G-alkane complex. The inverse isotope effect for the overall

transformation arises due to the juxtaposition of the two normal kinetic isotope effects for the

individual steps. In particular when the magnitude of the normal kinetic isotope effect for

oxidative cleavage of the G-alkane complex is greater than that for the reductive coupling an

overall inverse isotope effect results.

In general it is difficult to determine whether the observed inverse isotope effect arises as

a result of a true inverse kinetic isotope effect (as in case of Figure 4.8a for the reductive

coupling event) or an inverse equilibrium isotope effect arising from two normal kinetic isotope

effects (as in case of Figure 4.8b), and only in special circumstances and with careful study has

this been determined. 37,4 Nevertheless, in the case of alkyl hydride complexes the observation of

an inverse isotope effect has become a standard measure for the intermediacy of G-alkane

complexes. These studies have been carried over to arene complexes in a few examples, 40,42 and

the same analyses applied. The only exception is that the precise nature of the reductive coupling
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product is more ambiguous as both arene o-C-H interactions (agostic type) and q2-n-arene

interactions are possible as opposed to alkyl hydrides where only agostic C-H o-alkane

complexes are tenable intermediates. Carrying through with the same logic as above, the

observation of an inverse isotope effect on the isomerization from 2 to 3 vs. 2-do to 3-dlo is

informative as it implicates an intermediate with T-C6H5 or q2-7t-C 6H6 character resulting from a

C-H(D) reductive coupling event along the reaction coordinate as depicted in Scheme 4.3.

4.2.3 Divergent Hydrogen Reactivity

With a postulated low valent coordinatively unsaturated Iro intermediate along the

reaction coordinate from 2 to 3, conditions targeted at trapping this intermediate were sought.

Trapping experiments where solutions of 2 were treated with excess donor ligands such as PMe3

or CN'Bu showed the formation of multiple intractable products by 'H and 3P{ 'H} NMR,

precluding unambiguous chemical assignments. However, under identical conditions solutions of

3 treated with PMe3 and CNtBu were completely unperturbed, indicating that the PMe3 and

CNtBu reaction products are derived solely from 2. If an open coordination site is indeed

generated during the course of the redox isomerization from 2 to 3, as implicated by the results

of the kinetic analysis, then in principle this could be ascertained by treatment of 2 with

hydrogen owing to the extensive reactivity of related rhodium and iridium systems ligated by

tfepma for hydrogen activation at vacant coordination sites. '9 To examine this hypothesis,

complexes 2 and 3 were exposed to a hydrogen atmosphere in a resealable NMR tube and the

progress of the reaction monitored by 'H NMR spectroscopy. The mixed valence complex 3 did

not react with hydrogen and decomposed after days at elevated temperatures (80 - 100 0 C). In

contrast, 2 reacts smoothly with hydrogen to form the tetrahydride Ir 2I"'"(tfepma) 3(H)4 (4) with

concomitant formation of two equivalents of benzene. The 'H NMR in THF-d 8 (20 0 C) reveals

two sets of hydride resonances at - -11.51 and -14.25 ppm, Figure 4.9 right. The region typical

for N-Me groups displays four broadened resonances at 2.59, 2.70, 2.86, and 2.90 ppm, Figure

4.9 left. Further examination reveals two sets integrating in a 2:1 ratio at 2.70, 2.90 ppm and

2.86, 2.59 ppm. The two pairs integrate in a - 3:2 ratio. Integration over all the N-Me resonances

and all the hydrides gives a ratio of 9:4, as expected for the Ir 2 "'"(tfepma)3(H)4 formulation. The

hydrides are broadened and do not show the fine coupling observed for 2 and 3. The resonance

centered at - -11.58 ppm is composed of two broad singlets at -11.51 and -11.64 ppm that

integrate in a 3:2 ratio in keeping with that observed for the two pairs of N-Me resonances. The
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broad overlapping multiplet at -14.25 ppm resembles the hydrides of syn-

Rh2
1 "'l(tfepma)3(H) 2C12, allowing for the tentative assignment of this resonance as originating

from the equatorial hydrides trans to P(2) and P(5); leaving the resonances at -11.51 and -11.64

ppm assigned as axially bound hydrides.

2.90 2.80 2.70 2.60 2.50 -11.4 -11.8 -12.2 -12.6 -13.0 -13.4 -13.8 -14.2 -14.6 -15.0

8 /ppm

Figure 4.9. Solution 1H NMR spectrum of single crystals of 4 dissolved in THF-ds (20 0C) highlighting the N-Me
(left) and hydride regions (right). Multiple components with broadened resonances are diagnostic of dynamic
solution behavior, however the spectrum does not exhibit appreciable sharpening down to -80 0 C, see text for
details.

For iridium the syn-isomer could be separated and independently characterized by X-ray

crystallography. Ether solutions of the hydrogenated products left to stand deposited single

crystals as large colorless blocks suitable for X-ray diffraction, Figure 4.10 left, and reveals a

symmetric, triply bridging diiridium diphosphazane core. Selected bond lengths and angles are

listed in Table 4.3. The core of complex 4-syn is comprised of two octahedral iridium centers

separated by 2.8389(3) A and with overall pseudo-C 2, symmetry. The elongated Ir-Ir bond

(relative to 2 and 3) may result in part due to the absence of the bridging benzyne and to the

presence of two terminal hydrides trans to the internuclear axis.46 In addition, without the

strained benzyne bridging unit the geometry is closer to that expected for an octahedron with cis

phosphite angles in the range of 95-99' (Table 4.3). Only a slight decrease in the trans-spanning

phosphite angles is observed (ZP(1)-Ir(l)-P(3) = 165.13(3)0 and ZP(4)-Ir(2)-P(6) =

164.09(4)0) due to the small size of the hydride ligands in the equatorial positions. A twist of

-24' along the Ir-Ir bond axis created by the bridging tfepma ligands can be seen in Figure 4.10

(as measured by the average bridging tfepma dihedral angle).
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0(2)

Figure 4.10. Single crystal structure determinations for Ir2 
11"(tfepma) 3(H)4 (4) by X-ray (left) and neutron (right)

diffraction methods. The neutron data unambiguously reveals the presence of four terminal hydrides ligated in a syn
disposition over the bimetallic core of 4.-Me, -CH 2CF 3 groups are omitted for clarity with thermal ellipsoids drawn at
the 50% probability level. Atomic displacement parameters were isotropically refined in the neutron structure.

Table 4.3. Bond Lengths (A) and Angles (0) for Ir2U
1 "'(tfepma)3(H) 4 (4) from X-ray and preliminary refinement of

neutron diffraction data.

Bond Lengths (A)

X-ray Neutron X-ray Neutron

Ir(1)-Ir(2) 2.8389(2) 2.816(11) lr(2)-P(6) 2.2323(9) 2.242(19)
Ir(1)-P(1) 2.2420(9) 2.278(21) lr(1)-H(1) - 1.636(30)
Ir(1)-P(2) 2.2514(9) 2.242(22) Ir(l)-H(2) - 1.647(33)
Ir(1)-P(3) 2.2263(8) 2.213(20) Ir(2)-H(3) - 1.599(30)
Ir(2)-P(4) 2.2223(9) 2.255(25) Ir(2)-H(4) - 1.612(32)
Ir(2)-P(5) 2.2467(9) 2.193(23)

Bond Angles (0)

P(1)-Ir(1)-P(3) 165.13(3) 165.4(9) P(5)-Ir(2)-P(6) 95.66(3) 96.6(8)
P(1)-Ir(I)-P(2) 97.02(3) 97.1(8) H(1)-Ir(1)-H(2) - 87.0(16)
P(2)-Ir(I)-P(3) 97.50(3) 97.1(8) H(2)-Ir(I)-P(2) - 174.4(12)
P(4)-Ir(2)-P(6) 165.09(4) 163.0(9) H(3)-Ir(1)-H(4) - 81.0(16)
P(4)-Ir(2)-P(5) 99.84(3) 99.9(9) H(4)-Ir(1)-P(5) - 175.5(13)

Dihedral Angles (0)

P(1)-Ir(1)-Ir(2)-P(4) 23.01(4) 22.5(7) P(3)-Ir(l)-Ir(2)-P(6) 23.95(4) 24.0(7)
P(2)-Ir(1)-Ir(2)-P(5) 25.74(4) 26.1(7) H(2)-Ir(l)-Ir(2)-H(4) - 32.2(12)

The hydrides could not be located reliably in the difference Fourier map obtained from

X-ray diffraction, but single crystal neutron diffraction methods could provide an unambiguous

determination of the hydrogen coordinates. The neutron data reveals a structure consistent with

that found by X-ray crystallographic techniques, Figure 4.10 right and Table 4.3, excepting that

the two pseudooctahedral iridium centers are completed by the presence of four
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crsytallographically located terminal hydride ligands. The hydrides exhibit slightly compressed

cis angles of 87.1(16)0 and 81.0(16)' for the H(1)-Ir(l)-H(2) and H(3)-Ir(2)-H(4) respectively,

and form nearly linear H-Ir-P angles with the trans phosphite on each iridium center. The

hydrides refine at full occupancy and suggest against the participation of site disordered hydrides

bridging the diiridium core in the solid state.

Although the X-ray and neutron data established the coordination geometry of 4-syn in

the solid state, variable temperature NMR studies were conducted in attempts to characterize the

dynamic behavior and broadened resonances observed in solution. A J. Young NMR tube was

charged with single crystals of syn-Ir2
11"'I(tfepma)3(H)4 (4-syn) left over from the crystallographic

structure determination, attached to a high vacuum line, and THF-d, vac transferred into the tube

while maintained at 77K. The solution was then allowed to warm just until the solvent thawed

and then immediately placed into the magnetic field of an NMR spectrometer at -80'C. As in the

room temperature spectra, multiple products were observed and the hydride resonances did not

display any significant sharpening even at this low temperature. The 3p {tH} NMR at -800 C is

uninformative and is observed as a series of overlapping broadened multiplets. This dynamic

behavior, even at very low temperatures, suggests that the two isomeric forms of

Ir2,"'(tfepma) 3(H) 4 observed in room temperature solution are separated by extremely low

energetic barriers.

The solution behavior could be assigned as a syn to anti isomerization by analogy with

the Rh2""'(tfepma) 3(H)2Cl2 system, Figure 4.11 right.9 Alternatively the observation of multiple

products could be attributed to a dihydride-dihydrogen isomerization, Figure 4.11 left, in keeping

with that observed for many mono- and polynuclear metal polyhydrides. 47,48 Metal dihydrogen

complexes typically are quite sensitive, and often dissociate or exchange hydrogen readily, thus

to assess the intermediacy of a dihydrogen complex solutions of 4 in THF-d8 were exposed to I

atm of deuterium. In the case of 4 however, the solution remains completely unperturbed with a

stagnant ratio of N-Me to hydride protons of 9:4 observed over the course of the exchange

experiment. H/D exchange is not an exclusive prerequisite of dihydride-dihydrogen

isomerizations and the broadened resonances observed for 4 in THF-d8 could also arise from

either dynamic solution behavior or from enhanced nuclear relaxation of hydrides. Another

standard characterization method for metal dihydrogen complexes involves the measurement of

the TI relaxation time for the 1H nuclei of the q2-H2 ligand.49 In brief, the enhanced relaxation
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Figure 4.11. Potential isomerization pathways for 1r2l
.1'(tfepma) 3(H) 4, the intermediacy of 4-syn separating the 4-

(H2)H2 and 4-anti isomers is not required or implicated experimentally, but is drawn in this manner for simplicity.

arises from the close proximity two spin active 1H nuclei to one another, which introduces

dipole-dipole nuclear spin relaxation mechanisms, and thus abnormally low TI relaxation times

are observed for the interacting 'H nuclei. Although this method is typically not sufficient to

accurately determine H-H distances in dihydrogen complexes, 5° short TI values of < 50 ms are

consistent with an q2-H2 formalism, while classical terminal hydrides have TI values >> 100 ms

with typical relaxation times of - 500 ms. T1 analysis conducted on THF-d 8 solutions of 4 at

room temperature give relaxation times spanning a range from 540 ms to 586 ms, strongly

indicating that the isomeric forms of 4 observed in solution maintain terminal hydride character.

Taken together these results suggest that the observation of multiple products in solution

can be attributed to rapid isomerization between 4-syn and 4-anti isomeric forms, by analogy

with that observed for tfepma bridged Rh2
11"'(H)2C12 cores. In the rhodium case, isomerization

from the isolable syn isomer to the anti and cis forms proceeds slowly at room temperature, but

the dynamic behavior of Ir2n"'(H)4 cores observed at low temperatures suggests that the

interconversions are significantly more facile. Although speculative at best, the apparent

decreased energy barrier could be attributed to the shuffling of small hydrogen atoms about the

bimetallic core in place more sterically demanding halogens. The participation of a bridging

hydride, although most likely an intermediate along the isomerization pathway from 4-syn to 4-

anti, cannot be ruled out as one of the components observed in solution. If this were the case

however the bridging hydride would be expected to have a significantly altered chemical shift

and not appear as overlapping multiplets as observed in the 'H NMR spectrum of 4 in solution.
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4.2.4 Summary

With the data from the previous sections in hand a rationalization for the inverse isotope

effect and a mechanism for the isomerization from 2 to 3 can be postulated. According to

Scheme 4.4 (tfepma ligands omitted for clarity) two plausible scenarios can be envisioned that

lead to the observed products. The first involves migration of a phenyl group, and the second

implicates a bridging hydride intermediate. In the bottom portion of Scheme 4.4 the reaction

initiates with the bending of the hydride to bridge the bimetallic core, which then reductively

couples with the benzyne at the adjacent iridium center. This generates a valence symmetric

d8 d8 diiridium core each ligated by a terminal phenyl group. This species could then undergo

oxidative cleavage of an ortho C-H(D) bond to generate the two-electron mixed valence Ir21"I

core of 3. The other pathway, outlined on the top of Scheme 4.4 begins with reductive coupling

of the hydride and cis ligated benzyne generating a two-electron mixed valence Ir2
'0,1 core. This

reaction can be viewed as the microscopic reverse of the C-H bond activation that generates

complex 2 from the reaction of 1 and PhMgBr. This intermediate could either reactivate the

ortho C-H bond or generate a t-1 I-C6H5 intermediate by migration of the terminal phenyl group

to a position bridging the bimetallic core.51 Subsequent relaxation from a p--q'-C 6H5 to an r -

C6H5 converges the two distinct pathways at a common intermediate. Finally C-H(D) oxidative

cleavage at the Ir' center would generate the observed product 3. The two pathways diverge in

their initial step, and both involve a C-H(D) reductive coupling event followed by a C-H(D)

Scheme 4.4.
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oxidative cleavage event. These two possibilities however, are kinetically indistinguishable in

this study as presently formulated.

This work is similar to classic investigations involving H/D scrambling, the oxidative

additions of R-H vs. R-D, or the reductive eliminations of R-H vs. R-D where inverse isotope

effects are observed, excepting that all previously reported systems are monometallic. In this

case the scope is expanded to include C-H activation chemistry at multiple metal centers. In

particular, if the upper pathway in Scheme 4.4 is operative then the metals where the oxidative

cleavage and reductive coupling events take place are distinct. Otherwise, if the lower pathway

in Scheme 4.4 is followed, the bimetallic cooperation stems from the ability of the hydride to

bridge the diiridium core, with both the C-H(D) reductive coupling and oxidative cleavage

events occurring at the same metal center. Regardless of which pathway is followed the redox

isomerization of 2 to 3 represents a true cooperative event of two metal centers.

The present study cannot distinguish between the two possibilities of Scheme 4.4, but

some arguments can be presented for each pathway. In favor of the bridging hydride, our

previous studies have shown the ability of tfepma bridged bimetallic iridium systems to

reversibly shuttle hydrogen atoms between the two metal centers, 9"ll and thus it seems reasonable

to postulate a similar intermediate in the present study. The upper pathway cannot be ruled out

however, and the rationale for this stems from the observation that the ortho C-H activation to

generate complex 2 is under kinetic control. This means that although downhill from the putative

primary arylation product of 1, complex 2 is not a thermodynamic sink. With the isotope effect

necessitating C-H reductive coupling along the reaction coordinate, it seems reasonable to

postulate a reversal of the initial C-H activation step that led to the formation of 2. Arguments in

favor of the reductive coupling of the hydride and cis ligated benzyne of 2 can be made by

examining the structural and electronic differences between 2 and 3. While both have the same

cis ligation of a hydride and benzyne, the reasons for the reactivity difference between 2 and 3

can be rationalized to stem from two different causes: i) that the product 3 attains a stable

octahedral Ir"' d6 electronic configuration as opposed to the octahedral Ir" d7 configuration of 2,

and ii) that the chelating tfepma ligand coordination motif on the Ir" center ligated with the

benzyne and hydride on 2 engenders a more facile dissociation of the phosphite arm trans to the

hydride, allowing for the generation of a five coordinate intermediate from which C-H bond

coupling ensues. The stability of octahedral 18 electron d6 Mi" complexes is a fundamental

163



Chapter 4

principle of organotransition metal chemistry. Octahedral rhodium complexes are typically

capable of reductive elimination reactions to generate 16 electron Rh' species for reentry into

catalytic cycles, the stronger metal ligand bonds for iridium vs. rhodium often render the

corresponding iridium complexes catalytically inert. A classic example is the iridium congener

of Wilkinson's catalyst, which does not hydrogenate olefins due to the inability of the

Ir"'(PPh 3)3(H)2C1 complex to dissociate phosphine to open a site for coordination of the

unsaturated substrate.4 6 For complex 2 the Ir-P bond trans to the hydride (Ir(2)-P(6)) is

noticeably longer than the corresponding interaction in 3 by -0.072 A. This bond length increase

cannot reasonably be justified by the difference in oxidation states alone, and is taken to indicate

weaker binding to the metal center. The chelating coordination motif would also rationally be

expected to increase the lability of the tfepma ligand in order to relieve ring strain in the four

atom Ir-P-N-P metallacycle. These two effects are thought to conspire for the increased lability

of the Ir" centers of complex 2. This could lead to the enhanced formation of five coordinate

intermediates from which the C-H(D) reductive coupling could be greatly facilitated, 52" giving

rise to isomerization by the upper pathway of Scheme 4.4. Dissimilar labilization of P(6) in 2 and

2-d10 prior to ligand loss is not thought to factor into the observed inverse isotope effect as the

Ir(2)-P(6) bond lengths trans to the hydride (deuteride) in 2 and 2-dl0 are nearly equivalent

(2.3197(1 1) A and 2.3222(9) A respectively).

4.3 Concluding Remarks

This work demonstrates that two-electron mixed valence cores of diiridium are active for

the multielectron redox chemistry of interest to the organometallic community. As opposed to

many monometallic complexes wherein the oxidative addition of aryl C-H bonds is irreversible,

the bimetallic iridium cores examined here give rise to additional organometallic chemistry for

the initial sp 2 C-H activation product. The divergent hydride reactivity and inverse isotope

effects for the isomerization from 2 to 3 implicate either hydride transfer or phenyl group

transfer over the bimetallic core along a reaction coordinate that involves both C-H reductive

coupling and oxidative cleavage. Hydrogenation of 2 generates the tetrahydride 4 that isomerizes

in solution between syn and anti conformations at the lowest attainable temperatures and only

maintains a single conformation in the solid state. The geometric malleability of the

organometallic and hydride complexes examined in this chapter stand as a testament to the
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unique abilities of bimetallic cores bridged by flexible tfepma ligands to engender bimetallic

cooperation.

4.4 Experimental Section

4.4.1 General Considerations

All manipulations were carried out in an N2-filled glovebox or under an inert atmosphere

provided by a Schlenk line unless otherwise noted. All solvents were reagent grade (Aldrich) or

better and were dried and degassed by standard methods.56 [Ir'(COD)CI] 2 (Strem), C6H5MgBr

(1.0 M in THF, Aldrich), C6D5Br (Cambridge Isotope Labs) were purchased from the suppliers

indicated and used without further purification. H2 (BOC gases, grade 5.0) and D2 (Cambridge

Isotope Labs) were passed through a U-tube immersed in liquid nitrogen prior to admission into

the reaction vessels. C6DsMgBr,7 tfepma,58' 59 and Ir2
0 "'(tfepma) 3C121 °'l1 were synthesized

according to published procedures.

4.4.2 Physical Methods

NMR data were collected at the MIT Department of Chemistry Instrument Facility

(DCIF) on a Varian Inova Unity 500 spectrometer. NMR solvents (CD 3CN) were purchased

from Cambridge Isotope labs and purified by standard procedures prior to use.60 'H NMR spectra

(500 MHz) were referenced to the residual protio impurities of the given solvent. 'P ('H} NMR

(202.5 MHz) spectra were referenced to an external 85% H3PO 4 standard. H NMR spectra (76.8

MHz) were collected in protio solvent and reference to the natural abundance deuterium signal of

the given solvent. All chemical shifts are reported in the standard 6 notation in parts per million;

positive chemical shifts are to higher frequency from the given reference. Elemental analyses

were performed by Robertson Microlit Laboratories, Madison NJ. IR spectra were recorded on a

Bio-Rad XPS 150 FT-IR spectrometer in a Perkin-Elmer liquid cell equipped with KBr

windows.

4.4.3 Crystallographic Procedures

Single crystals were immersed in a drop of Paratone N oil on a clean microscope slide,

affixed to either a glass fiber or a human hair coated in epoxy resin and then cooled to either -75

or -173 'C. The crystals were then mounted on a Bruker K8 three circle goniometer platform

equipped with an APEX CCD detector. A graphite monochromator was employed for
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wavelength selection of the Mo Ka radiation (A = 0.71073 A). The data were processed and

refined using the program SAINT supplied by Siemens Industrial Automation Inc. Structures

were solved by a Patterson heavy atom map and refined by standard difference Fourier

techniques in the SHELXTL program suite (6.10 v., Sheldrick G. M., and Siemens Industrial

Automation Inc., 2000). Disordered atoms in the -CH 2CF 3 groups were fixed at idealized bond

lengths where necessary, site occupancies refined, and refined anisotropically for those groups

that were split evenly. Otherwise the minor components of unevenly split -CH 2CF 3 groups were

refined isotropically. Hydrogen atoms were placed in calculated positions using the standard

riding model and refined isotropically; all other atoms were refined anisotropically. Unit cell

parameters, morphology, and solution statistics for complexes 2, 2-d1 o, 3, and 4 are summarized

in Tables 4.4 and 4.5. All thermal ellipsoid plots are drawn at the 50% probability level, with -

CH 2CF 3 groups, -N-Me groups, and solvents of crystallization omitted for clarity.

4.4.4 Neutron Diffraction Methods

Neutron diffraction data were obtained at the Intense Pulsed Neutron Source (IPNS) at

Argonne National Laboratory using the time-of-flight Laue single-crystal diffractometer (SCD).

At the IPNS, pulses of protons are accelerated into a heavy-element target 30 times a second to

produce pulses of neutrons by the spallation process. With two position-sensitive area detectors

and a range of neutron wavelengths, a solid volume of reciprocal space is sampled with each

stationary orientation of the sample and the detectors. The SCD has two 6Li-glass scintillation

position-sensitive area detectors, each with active areas of 15 x 15 cm2 and a spatial resolution of

< 1.5 mm. One of the detectors is centered at a scattering angle of 750 and a crystal-to-detector

distance of 23 cm, and the second detector is at 120' and 18 cm. A crystal of syn-

Ir2-,"'(tfepma) 3(H) 4 (4-syn), with approximate dimensions of 2 x 2 x 1 mm3 and a weight of 6.8

mg, was coated with fluorocarbon grease, wrapped in aluminum foil, and glued to an aluminum

pin that was mounted on the cold stage of a closed-cycle helium refrigerator cooled to -80(1) oC

under flowing N2. Details of the data collection and analysis procedures have been published

previously.6" 3 The GSAS software package was used for structural analysis.64 Initial atomic

positions were taken from the X-ray structure of 4, structural refinement then proceeded directly

from the neutron diffraction data. Hydride ligands bound to iridium were clearly located by

difference Fourier maps. However the elevated temperatures required to maintain crystallinity,
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structural complexity from disordered -CH 2CF 3 groups, and limited data restricted the solution

to isotropic refinement of the anisotropic displacement parameters.

4.4.5 NMR Kinetic Measurements

Variable temperature NMR kinetics studies were performed in C6D6, wherein a saturated

solution of complex 2 (or 2-do0) in C6D6 was prepared; the solution was then filtered and sealed

in a J. Young NMR tube. Kinetic runs were carried out over the range of 20-400 C (calibrated

temperatures 22.2, 31.8, and 41.5 0 C) in 10 degree increments. Temperature calibration was

carried out using 100% ethylene glycol. Spectra were recorded every 10 minutes for 200 minutes

for each run. Relative concentrations of 2 and 3 (2-dlo and 3-d10) were assessed by integration

over one of the -N-Me resonances characteristic for each complex in C6D6 (2.60 and 2.48 ppm

respectively). The integral over both peaks was then set to 6H and then each peak was integrated

separately. This analysis effectively gives a ratio of 2 to 3 (2-d1 o to 3-dlo) in solution and thus no

internal standard was employed for this study. In all cases both the rise of 3 and the decay of 2

(3-dio and 2-dlo) were independently fit to a single exponential with rate constants that agree

within error.

4.4.6 Preparation of Ir2ll"'(tfepma)3(p-C6H4)(C6Hs)H (2)

500 mg of Ir2
0,"(tfepma) 3Cl2 (0.261 mmol, 1 equiv) was dissolved in 5 ml of THF and the

solution frozen in a coldwell. In a separate vial 2.1 equivalents of C6H5MgBr (548 pL, 1.0 M

THF solution) was diluted with 1 mL THF and frozen. Immediately upon thawing the Grignard

was added to the iridium complex dropwise, affecting a color change to light yellow. The solvent

was then immediately removed, and the residue triturated with pentane (3 x 2 mL), then taken up

in Et20 (5 mL) and filtered through a plug of Celite. The light yellow solution was then

concentrated to about 3 mL and placed in a freezer (-350 C) overnight. The supernatant was

decanted and the resulting colorless solid was washed with a 2 mL of pentane to give 359 mg

(69%) of lr2.'"(tfepma)3(u-C 6H4)(C6Hs)H (2) as a colorless powder. IH NMR (THF-d8 ) 8/ppm: -

13.72 (ddt, 244.8 Hz, 20.4 Hz, 10.2 Hz, 1 H), 2.13 (m, 1H), 2.74 (t, 8.9 Hz, 3H), 2.82 (t, 10.2 Hz,

3H), 2.83 (t, 6.4 Hz, 3H), 3.24 (m, 1H), 3.85 - 5.21 (m, 22H), 6.62 (t, 6.8 Hz, 1H), 6.67 (t, 6.4

Hz, 2H), 6.78 (t, 10.2 Hz, 1H), 6.83 (t, 10.2 Hz, 1H), 7.01 (t, 5.9 Hz, IH), 7.64 (t, 6.8 Hz, 1H),

8.00 (t, 8.1 Hz, 2H). 3 1pI'H} NMR (THF-d8 ) 8/ppm: 24.09 (ddd, 370.4 Hz, 74.1, 26.7 Hz), 34.90

(m), 39.56 (dddd, 68.1 Hz, 35.6 Hz, 20.7 Hz, 8.9 Hz, 1P), 62.24 (dddd, 367.4 Hz, 91.8 Hz, 20.7
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Hz, 8.9 Hz, IP), 104.14 (dddd, 269.6 Hz, 30.0 Hz, 17.8 Hz, 8.9 Hz), 120.48 (ddd, 269.6 Hz, 26.7

Hz, 20.7 Hz). IR(CD 3CN) Vlr-H /cm-l: 2069. Anal. Calc. for C39H4 3N3012F36P6Ir 2 : C, 23.42; H,

2.17; N, 2.10. Found: C, 23.21; H, 2.07; N, 1.99. Crystals suitable for X-ray diffraction were

grown from concentrated Et20 solutions layered with pentane at -350 C as colorless blocks.

4.4.7 Preparation of Ir2 3"'"(tfepma)3(p-C6D 4)(C6Ds)D (2-dio)

Preparation of 2-do proceeded in a similar manner to that of complex 2. 220 mg of

Ir 20,'(tfepma) 3C1l2 (0.115 mmol, 1 equiv) was dissolved in 5 ml of THF and the solution frozen in

a coldwell. In a separate vial 2.1 equivalents of freshly prepared C6DsMgBr (482 ptL, 0.5 M THF

solution) was diluted with 1 mL THF and frozen. Immediately upon thawing the Grignard was

added to the iridium complex dropwise, affecting a color change to light yellow. Workup

proceeded as outlined for 2, giving 209 mg (90%) of Ir2l"'.(tfepma)3(u-C 6D4)(C 6Ds)D (2-dro) as a

colorless solid. 'H NMR (CD 3CN) 8/ppm: 2.56 (t, 6.4 Hz, 3H), 2.58 (t, 9.8 Hz, 3H), 2.78 (t, 9.8

Hz, 3H), 3.28 (m, 1H), 3.38 (m, 1H), 4.3-4.9 (m, 20H), 4.13 (m, 1H), 5.306 (m, 1H). 'P{1'H}

NMR (CD 3CN) 6/ppm: 26.29 (dddd, 318.0 Hz, 32.4 Hz, 21.5 Hz, 9.9 Hz), 31.84 (dddd, 924.5

Hz, 32.4 Hz, 26.1 Hz, 18.7 Hz), 56.50 (ddm, 318.0 Hz, 113.2 Hz), 65.10, (ddd, 113.2 Hz, 23.6

Hz, 9.9 Hz), 83.3 (dm, -200 Hz), 93.33 (dddd, 924.5 Hz, 195.4 Hz, 26.1 Hz, 21.1 Hz). 2H NMR

(CH 3CN) 5/ppm: -13.61 (dm, 37 Hz), 6.5-7.2 (bm), 7.4-8.1 (bm). IR(CD 3CN) Vr-D /cm-': 1453.

Anal. Calc. for C39H33DioN 3O12F36P61r2 : C, 23.30; H, 2.66; N, 2.09. Found: C, 23.58; H, 2.29; N,

1.93.

4.4.8 Preparation of Ir2 1""(tfepma)3(p-C6H4)(C6Hs)H (3)

235 mg of Ir2 "'"(tfepma)3(t-C 6H4)(C6Hs)H (0.118 mmol) was suspended in 3 ml of C6H6

in a thick walled glass bomb giving a light yellow solution. The flask was then placed in an oil

bath at 500C for six hours. The oil bath was then allowed to cool slowly and the solvent decanted

to give 150 mg (64%) of Ir2 '""'(tfepma)3(-C 6H4)(C 6Hs)H (3) as a colorless single crystals. 'H

NMR (CD 3CN) 5/ppm: -9.79 (ddt, 233.3 Hz, 23.8 Hz, 6.4 Hz, 1H), 2.47 (t, 7.0 Hz, 3H), 2.79 (t,

6.4 Hz, 3H), 2.87 (t, 9.8 Hz, 3H), 3.2-3.4 (m, 4H), 3.75-4.01 (m, 2H), 4.1-4.9 (ovm, 18H), 6.75

(t, 6.4 Hz, 1H), 6.83-6.92 (m, 4H), 6.99 (t, 6.4 Hz, IH), 7.20 (t, 6.4 Hz, 1H), 7.74 (bs, 2H).

3 P{'H} NMR (CD 3CN) 8/ppm: 17.47 (m), 28.45 (dt, 833.3 Hz, 42.4 Hz), 87.0 (m), 90.64 (dt,

174.90 Hz, 32.39 Hz), 92.45 (dd, 213 Hz, 14.977 Hz), 97.19 (dm, 213 Hz). IR(CD 3CN) Vlr-H

/cm': 2023. Anal. Calc. for C39H4 3N3012F36P6Ir2 : C, 23.42; H, 2.17; N, 2.10. Found: C, 23.33;
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H, 2.08; N, 2.00. Crystals suitable for X-ray diffraction were picked from the recrystallized

product as colorless blocks.

4.4.9 Preparation of Ir2l"(tfepma)3(p-C6D4)(C 6Ds)D (3-dio)

Arylation with C6D5MgBr proceeded as in the preparation of 2-d40, using 328 mg of

Ir2z°"(tfepma) 3Cl 2 (0.171 mmol) and 180 giL of C6D5MgBr (0.5 M THF solution, 2.1 equiv). The

material was then worked up as in 2-do except that after filtration through Celite the Et20

solution was allowed to stir at ambient temperature for 16 hours and then concentrated to 3 mL

and placed in a freezer at -350 C overnight to give 241 mg (70 %) Ir2
1 "'(tfepma) 3(u-

C6D4 )(C 6D5)D (3-dio) as a colorless solid. Complex 3-dlo can also be prepared by gently heating

solutions of 2-do in an analogous manner to that which gave complex 3 from 2. 'H NMR

(CD 3CN) 6/ppm: 2.38 (m, IH), 2.47 (t, 6.7 Hz, 3H), 2.79 (t, 7.3 Hz, 3H), 2.87 (t, 9.8 Hz, 3H),

3.15-3.35 (ovm, 3H), 3.75-4.02 (m, 2H), 4.1-4.9 (ovm, 18H). 2H NMR (CH 3CN) 8/ppm: -9.70

(dm, 34 Hz), 6.5-7.5 (bm), 7.79 (bm). 31 P{'H} NMR (CH3CN) 6/ppm: 22.48 (m), 33.56 (ddd,

874.0 Hz, 173.7 Hz, 31.7 Hz), 91.5 (m), 95.57 (ddd, 874.0 Hz 173.7 Hz, 31.7 Hz), 97.57 (dd,

212.3 Hz, 16.5 Hz), 102.14 (ddd, 212.3 Hz, 31.7 Hz, 26.6 Hz). IR(CD 3CN) Vir-D /cm-l: 1415.

Anal. Calc. for C39H33D10N3012F36 P6Ir2 : C, 23.30; H, 2.66; N, 2.09. Found: C, 23.79; H, 2.09; N,

1.95.

4.4.10 Preparation of Ir211"'(tfepma)3(H)4 (4)

374 mg of Ir20°'(tfepma)3Cl2 was dissolved in 4 mL THF with stirring solution frozen in a

coldwell. In a separate vial, C6H5MgBr (410 gL, 1.0 M THF solution, 2.1 equiv) was diluted

with 1 mL THF and frozen. Reaction and workup proceeded as for complex 2. The resulting

Et20 solution (5 mL) was loaded into a thick walled glass bomb with a Teflon valve and the

vessel attached to a high vacuum line. The solution was freeze pump thawed (1 x 10- 5 Torr) for

three cycles and then 1 atm of hydrogen was introduced to the reaction vessel after passing

through a U-tube immersed in liquid nitrogen. The reaction vessel was sealed, shaken vigorously

for 10 minutes, and then allowed to stand overnight at which point some colorless material

precipitated from solution. The vessel was then pumped into a glovebox and 2 mL of Et20 was

added to dissolve the precipitate. The solution was then filtered and placed in a freezer (-350 C)

overnight to afford 170 mg (47%) of Ir2
11"'(tfepma)3(H)4 (4) material as a colorless solid.

Dynamic behavior is evident in the NMR of 4, while complexes 2 and 3 exhibit sharp, well
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defined, hydride and N-Me resonances, those of 4 in THF-d8 are considerably broadened. Four

N-Me resonances are observed at 2.59, 2.73, 2.86 and 2.90 ppm. Integration reveals a 2:1 ratio

for the peaks at 2.73 and 2.90 ppm, a 2:1 ratio is also identified for the resonances at 2.86 ppm

and 2.59 ppm. The two sets of peaks integrate in a 3:2 ratio, favoring the peaks at 2.73 ppm and

2.90 ppm, indicative of two products in solution. The hydride region also indicates multiple

components with resonances at -11.51 ppm and -11.64 ppm observed as broad singlets, and a

resonance centered at -14.40 ppm as overlapping broad multiplets. Integration over all N-Me

resonances and all hydrides gave a 9:4 ratio, as expected for the Ir2
1 "'(tfepma)3(H)4 formulation.

Crystals suitable for X-ray diffraction were grown from a subsequent reaction following the

same procedure as above except that the reaction mixture in Et 2O was allowed to stand for

several days, resulting in the deposition of large colorless blocks of svn-Ir 2
11'Iu(tfepma) 3(H)4. The

crystals obtained in this manner cracked and lost crystallinity at temperatures below -800 C,

necessitating data collection at elevated temperatures relative to 2 and 3, resulting in significant

disorder of the -CH 2 CF 3 groups of the tfepma ligands. After X-ray analysis the remaining

crystals were loaded into a J. Young resealable NMR tube, attached to a high vacuum line, and

THF-d8 vacuum transferred into the tube while immersed in liquid nitrogen. The tube was

warmed until the THF thawed and then was immediately placed into the magnetic field of an

NMR spectrometer maintained at -800 C. Analysis by 'H NMR evidenced multiple components

and neither the hydride nor the N-Me resonances exhibited noticeable sharpening. 'H NMR

(THF-d8 , 20'C) 8/ppm: -14.65- -14.20 (ovm, 3.5H), -11.51 (bs, 2H), -11.64 (bs, 1.5H), 2.59 (b,

1.5H), 2.70 (bs, 6H), 2.86 (b, 3.9H), 2.90 (t, 6.7 Hz, 3H), 4.05-4.86 (ovm, 40H). 'H NMR (THF-

d8, -80 0C) 8/ppm: -14.35 (ovm, 3.5 H), --11.58 (bs, 1.4 H), -11.405 (bs, 2H), 2.55 (b, 1.5H),

2.64 (bs, 6H), 2.88 (b, 4H), 3.02 (t, 6.7 Hz, 3H), 4.05-4.90 (ovm, 40H). 31P{'H} NMR (THF-d8 ,

-800 C): 102.5 (m), 110.2 (m), 113.0 (m), 115.4 (m), 118.1 (m), 121.5 (m). IR(CD 3CN) vI,H /cm-

': 2036 (sharp), 1966 (broad shoulder). Anal. Calc. For C2 7H37N3012F36P6Ir2 : C, 17.53; H, 2.02;

N, 2.27. Found: C, 17.64; H, 2.04; N, 2.18. The synthesis of 4 can also be initiated from isolated

samples of 2, but the hydrogenation competes with isomerization from 2 to 3, and so in the

interests of maximizing yields the hydrogenation was initiated from freshly prepared solutions of

2. Neutron diffraction experiments were performed at the IPNS at Argonne National

Laboratories (vide supra) on large single crystals of 4 (2 x 2 x 1 mm3; 6.8 mg). Hydride ligand
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fractional occupancies refine to a value of unity for each ligand; suggesting that the hydrides are

not disordered over the bimetallic core in the solid state.
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4.5 Crystallographic Tables

Table 4.4. Crystallographic data and structural refinement parameters for Ir,"'"(tfepma) 3(p-C6H4)(C6H5)H
(2), Ir"211'(tfepma) 3(p-C6D4)(C 6D5)D (2-dlo), Ir2""'(tfepma) 3(p-C6H4)(C 6H5)H (3).

2 (CH 2Cl 2) 2-d1 o * (CH 2CI 2)

Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group
Unit cell dimensions

Volume
Z
Density (calc)
Absorption coefficient
F(000)
Crystal size (mm)
0 range for data
collection
Index Ranges

Reflections collected
Ind. reflections
Absorption correction
Refinement method
Data
Restraints
Parameters
Goodness-of-fit on F2 "
Final R indices
[I>2a(1)]b
R indices (all data)"

largest diff. peak
largest diff. hole

C40H45F36Ir 2N3012P6C12
2084.91

-173(2)oC
0.71073 A
Triclinic

Pi
a = 12.975(2) A
b = 13.95 1(2) A
c = 20.478(3) A
a= 95.609(3)0

Pf= 104.539(3)0
y= 108.063(3)"
3348.6(10) A3

2
2.068 Mg/m 3

4.349 mm'
2008

0.20 x 0.12 x 0.10
1.05 to 28.290

-17 < h < 17
-18 5 k < 12
-26 < e < 27

24320
16261

Empirical SADABS
Full-matrix Is on F2

16261
4

939
1.028

R, = 0.0341
wR, = 0.0873
RI = 0.0383

wR, = 0.0907
1.692 e/A3

-2.174 e/A 3

C40H35D oF36Ir2N3012P 6C 12
2094.91

-173(2)oC
0.71073 A
Triclinic

Pi
a = 12.957(2) A
b = 13.860(2) A
c = 20.390(4) A
a= 95.552(3)0

1= 103.892(3)o
y= 107.64l(3)0
3317.6(10) A3

2
2.086 Mg/m 3

4.389 mm- '
2006

0.25 x 0.20 x 0.10
1.71 to 28.290

-17 < h < 17
-9 < k < 18

-27 < f < 27
23734
15974

Empirical SADABS
Full-matrix Is on F2

15974
0

913
1.051

RI = 0.0334
wR2 = 0.0871
RI = 0.0362

wR, = 0.0890
2.228 e/A3

-1.753 e/A3

C39H43F361r7N30 2P6
1999.98

-173(2)oC
0.71073 A
Monoclinic

P2 /c
a = 21.1423(13) A
b = 16.6501(10) A
c = 18.5674(12) A

a= 900
6= 98.7750(10)o

7= 90'
6459.6(7) A3

2.057 Mg/m 3

4.424 mm- 1
3848

0.12 x 0.10 x 0.06
0.97 to 28.270

-23 < h < 28
-22 < k < 22
-24 < P < 20

46411
15975

Empirical SADABS
Full-matrix Is on F-

15975
7

907
1.013

RI = 0.0297
wR, = 0.0604
R, = 0.0412
wR, =0.0658

1.513 e/A 3

-1.528 e/A 3

172

aGOF = [Xw(Fo 2 - FC2) 2/(n - p)]" (n = number of data, p = number of parameters varied.
bRI = 11FoI - IFel|/LIFol; wR = [•W(Fo - Fc )2/,wFo4] I
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Table 4.5. Crystal data and structural refinement parameters for Ir2"•1 "(tfepma) 3(H)4 (4) from both X-ray and neutron
diffraction methods. The neutron data represented here is the result of a preliminary refinement.

Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group
Unit cell dimensions

Volume
Z
Density (calc)
Absorption coefficient
F(000)
Crystal size (mm)
O range for data
collection
Index Ranges

Reflections collected
Ind. reflections
Absorption correction
Refinement method
Data
Restraints
Parameters
Goodness-of-fit on F "
Final R indices
[I>20(/)]h

R indices (all data)"

largest diff. peak
largest diff. hole

4 (X-ray)

C27H37F36Ir2N3012P6
1849.82

-75(2)oC
0.71073 A
Triclinic

Pi
a = 12.0419(6) A
b = 12.2511(6) A
c = 21.5922(11) A
a= 80.6240(10)0
6= 80.1890(10)0
y= 61.5970(10)0

2748.7(2) A3

2
2.230 Mg/im 3

5.188 mm- '
1760

0.20 x 0.12 x 0.10
0.96 to 28.290

-14 < h < 16
-16< k < 16
-28 < P < 28

47965
13584

Empirical SADABS
Full-matrix Is on F2

13584
6

999
1.016

R1 = 0.0269
wR 2 = 0.0664
R, = 0.0327

wR, = 0.0699
1.378 e/A 3

-0.874 e/A 3

4 (Neutron)

C27H37F36Ir2N30, 2P6
1849.82

-80(1)oC
NA

Triclinic
Pi

a =11.982(4) A
b = 12.206(5) A
c = 21.559(8) A
a= 80.42(3)'
f8= 79.95(3)0
y= 61.61(2)0
2718(2) A3

2
2.247 Mg/m 3

5.188 mm-'
1760

2x2x

3781
2258

Full-matrix ls on F2

3781

581
1.53

R, = 0.184
wR, = 0.184

"GOF = [Xw(Fo2 - F 2)2 /(n - p)]' 2 (n = number of data, p = number of parameters varied.
hR1 = |IIFIo -- IFcII/CIFo|; wR, = [Xw(F0

2 - F 2)2/IwF 4] 1/2.
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