Halogen-Elimination Photochemistry and Oxygen-Activation
Chemistry of Late Transition-Metal Complexes
by
Thomas S. Teets

B.S. Chemistry, 2007, Case Western Reserve University

Submitted to the Department of Chemistry in partial fulfillment of the degree of
DOCTOR OF PHILOSOPHY IN INORGANIC CHEMISTRY
at the
MASSACHUSETTS INSTITUTE OF TECHNOLOGY

June 2012

© 2012 Massachusetts Institute of Technology. All rights reserved.

Signature of Author:

Department of Chemistry
April 30, 2012

Certified by:
Daniel G. Nocera
The Henry Dreyfus Professor of Energy and Professor of Chemistry
Thesis Supervisor

Accepted by:

Robert W. Field
Haslam and Dewey Professor of Chemistry
Chairman, Departmental Committee on Graduate Studies






This Doctoral thesis has been examined by a committee of the Department of Chemistry as
follows:

Richard R. Schrock
Frederick G. Keyes Professor of Chemistry
Committee Chairman

Daniel G. Nocera
The Henry Dreyfus Professor of Energy and Professor of Chemistry
Thesis Supervisor

Christopher C. Cummins
Professor of Chemistry






Dedication:
To my family for their encouragement,
and especially my parents for instilling a “no-excuses” mindset.






Halogen-Elimination Photochemistry and Oxygen-Activation
Chemistry of Late Transition-Metal Complexes

by
Thomas S. Teets

Submitted to the Department of Chemistry on April 30, 2012 in partial fulfillment of the
requirements for the degree of Doctor of Philosophy.

Abstract

Multi-electron reaction chemistry, from both ground- and excited-state species, is at the heart of
many topics in renewable energy and catalysis. In this thesis, two classes of reactions central to
the themes of energy conversion and multi-electron chemistry are studied on mono- and
bimetallic late transition-metal platforms. In the early chapters, studies of photochemical halogen
elimination, the key energy-storing step in photocatalytic hydrogen production from HX (X = CI,
Br), are described. In the latter sections of the thesis, the oxygen-activation and reduction
chemistries of rhodium and iridium hydride complexes are highlighted.

In Chapters 1 and 2, photochemical halogen elimination from a variety of late transition-metal
complexes 1is described. Studies of phosphine-terminated gold(IIl) halide complexes
demonstrated that efficient halogen photoelimination can be promoted by ligand-to-metal
charge-transfer (LMCT) excitation, in complexes devoid of a formal metal-metal interaction. In
addition, gold was partnered with rhodium and iridium in a series of heterobimetallic complexes,
and these complexes were also shown to cleanly eliminate halogen when illuminated, with
additional electronic structural insights and reactivity trends emerging from this latter suite of
compounds.

In Chapters 3—6, small-molecule reactivity studies of rhodium and iridium complexes, with a
particular slant towards oxygen reduction, are disclosed. A new class of two-electron mixed-
valent dirhodium and diiridium complexes is described. Featuring a coordinatively unsaturated
M? center, these complexes display an expansive reactivity with numerous small-molecule
substrates. A dirhodium hydride complex, prepared by HCIl addition to the mixed-valent
precursor, mediates the reduction of oxygen to water. Studies on iridium model complexes,
coupled with detailed kinetic studies, produced a clear mechanistic understanding of this
chemistry. In particular, the preparation and reactivity of a diiridium hydroperoxo complex gave
many key insights into the activation of O, and the subsequent release of water. Analogous
oxygen-reduction chemistry was also demonstrated to occur on a monorhodium platform, which
will facilitate detailed mechanistic studies enabled by systematic ligand alteration.

Thesis Supervisor: Daniel G. Nocera
Title: The Henry Dreyfus Professor of Energy and Professor of Chemistry
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solid line shows the best-fit monoexponential curve. The reaction was executed at
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20 °C in THF, and was preceded by ~ 2 min of manual shaking to ensure
equilibration of dissolved O;.

Figure 4.8. (a) Dependence of kos on p(O,) for the reaction of 2 with O, and HCI, with
the [HCl] at 5.5 mM (V), 11 mM (A), 27 mM (@) and 55 mM (m). The solid lines
show the best-fit lines for each dataset. (b) The slopes of the best-fit lines of kqps Vvs.
p(0») from (a) are plotted against [HC1]™". The best-fit line is shown.

Figure 4.9. (a) Dependence of ko on [HCI]™' for the reaction of 2 with O, and HCI, with
p(0,) at 0.4 atm (m), 0.8 atm (@), 1.6 atm (A) and 3.2 atm (V). Data are the same
as those depicted in Figure 4.8. The solid red lines show the best-fit lines for each
dataset. (b) The slopes of the best-fit lines of kops vs. [HCI]™' from (a) are plotted
against p(O,). The best-fit line is shown. (c) The y-intercepts of the best-fit lines of
kops vs. [HCI] ™" from (a) are plotted against p(O,). The best-fit line is shown.

Figure 4.10. Representative kinetic trace for the reaction of 6 with O, (3.2 atm) at 20 °C,
showing the change in the absorbance at 277 nm (4277 nm) Vs. time. The solid line
shows the best-fit monoexponential curve.

Figure 4.11. Dependence of kqbs on p(O;) for the reaction of 6 with O,. The horizontal
line is drawn at the average of value of kops = 0.072 min .

Figure 4.12. (a) Plot of kg vs. [HCI]™' for the reaction of 6 with O, (0.80 atm). Rate
constants were calculated from initial rate data. A best-fit line to the three highest
[HCI] values is shown. (b) Plot of initial rate vs. p(O,) for the reaction of 6 with O,
in the presence of HCI (1.4 uM). The [6], is 9.7 pM.

Chapter S —

Figure 5.1. X-ray crystal structure of 6. Ellipsoids are shown at the 50% probability
level, with solvent molecules, -CH,CF3 groups and carbon-bound hydrogen atoms
omitted for clarity.

Figure 5.2. *'P{'"H} NMR spectrum recorded of the product mixture isolated from the
reaction of 3 with 2 eq. of PPh; for 12 h. The spectrum was recorded at 121.5 MHz
in THF-ds. Peaks corresponding to O=PPhs, unreacted PPhs, and 12 are marked
accordingly.

Figure 5.3. X-ray crystal structure of 12, with ellipsoids shown at the 50% probability
level. In (a) all non-carbon atoms are labeled, whereas in (b) a view down the
metal-metal axis with an analogous color scheme is shown. Solvent molecules,
carbon-bound hydrogen atoms, and —CH,CF; groups are omitted for clarity. Only
one of the two disordered orientations is shown.

Figure 5.4. Evolution of the *'P{'H} NMR spectrum upon treatment of 3 with HCI
(1.1 eq) at room temperature. The time is indicated at the right, and the resonances
attributed to 13 and 14 are denoted. The spectra were recorded at 121.5 MHz in
THF-ds.

Figure 5.5. X-ray crystal structure of 14, with ellipsoids shown at the 50% probability
level. In (a) all non-carbon atoms are labeled, whereas in (b) a view down the
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metal-metal axis with an analogous color scheme is shown. Carbon-bound
hydrogen atoms and —CH,CF; groups are omitted for clarity.

Chapter 6 —

Figure 6.1. X-ray crystal structure of 2b. Ellipsoids are shown at the 50% probability
level with all carbon-bound hydrogen atoms omitted for clarity.

Figure 6.2. X-ray crystal structure of 3b. Ellipsoids are shown at the 50% probability
level, with hydrogen atoms are omitted for clarity.

Figure 6.3. Temporal evolution of the >'P{'H} NMR spectra when 2a, in the presence of
2.1 M HCI, is treated with ca. 0.2 atm of O, at room temperature. Spectra were
collected at the time intervals depicted on the right of the plot. The resonances
attributed to 2a and 3a are labeled.

Figure 6.4. Time-resolved *'P{'H} NMR spectra when 2b, in the presence of (a) 77 mM
HCI or (b) 250 mM HCI, is treated with 1 atm of O, at room temperature. Spectra
were collected at the time intervals depicted on the right of the plot. The resonances
attributed to 2b and 3b are labeled.

Figure 6.5. Time-resolved *'P{'H} NMR spectra when 2¢, in the presence of (a) 77 mM
HCI or (b) 250 mM HCI, is treated with 1 atm of O, at room temperature. Spectra
were collected at the time intervals depicted on the right of the plot. The resonances
attributed to 2¢ and 3c are labeled.

Figure 6.6. X-ray crystal structure of 4b. Ellipsoids are shown at the 50% probability
level with hydrogen atoms omitted for clarity.

Figure 6.7. X-ray crystal structure 5S¢, with ellipsoids shown at the 50% probability level.
All carbon-bound hydrogen atoms and solvent molecules are omitted for clarity. In
(a), the cation is shown, with the outer-sphere ClI omitted. In (b), the counterion is
included, as well as a second molecule of 5¢ generated by a crystallographic
inversion center. Dashed lines indicate located hydrogen bonds, and atoms labeled
with an asterisk (*) are symmetry equivalents of those with conventional labels.
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Chapter 1 -
Halogen Photoreductive Elimination from Gold(IIT) Centers

Portions of this work have been previously published:

Reproduced in part with permission from Teets, T. S.; Nocera, D. G. J. Am. Chem. Soc.
2009, /31, 7411-7420. Copyright 2009 American Chemical Society.
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permission of the Royal Society of Chemistry.
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1.1 Introduction

The first two chapters of this thesis concern photochemical halogen elimination, an
important topic in the context of solar energy utilization. Solar energy will not be used as a large-
scale energy supply for society unless it can be stored.'” Although numerous storage
technologies are available, and many are used commercially for storage of conventional power,
the highest energy density for the storage of solar energy is in chemical bonds, thus defining the
imperative for developing catalysts that promote fuel-forming reactions.” A preeminent energy-
storing reaction is water splitting,"” though the transformation of this small molecule presents
formidable challenges. This water-to-hydrogen fuel conversion is accompanied by the removal
of four protons and four electrons from water to produce oxygen.”’ Hydrogen can be produced in
simpler two-electron, two-proton reactions® of which HX-splitting (X = Cl or Br) possesses
nearly equivalent energy storage to that of H,O splitting. Scheme 1.1 summarizes the half-
reactions and energetics of water splitting and HX splitting. The thermodynamics of HX splitting
depend on the identity of the halide, and although the absolute energy storage is less than that of
water splitting, the energy stored per electron, i.e. the formal potential, is nearly identical. The
stored energy of water or HX splitting can be recovered in a fuel cell, and though not as
extensively studied as H,/O, fuel cells, the efficiencies of Hy/X, fuel cells reign supreme.9
Whereas H,/O, fuel cells have maximal efficiencies of ~ 50%,10 efficiencies for H,/Cl, fuel cells
can be ~ 70%,'" with efficiencies as high as 90% for H,/Br;, cells.'? For all of these preceding
reasons, HX splitting is certainly an attractive alternative to the water-splitting reaction, and our
group has focused much effort on the development of molecular photocatalysts for this

transformation.

2H,0 —>0,+4H + 4 e
4H +4e —>2H,

2H,0 —>0,+2H, AG"=237.2kJ/mol

2HX —=X,+2H" +2 e
2H +2e —>2H,

2HX —X,+H, AG°= 103.2 kJ/mol
X=Cl, Br

Scheme 1.1. Half-reactions and energetics for water splitting and HX (X = Cl, Br) splitting.
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X H HX H
/ — zv v
cat <> cat_
H
(i)
(hv)

Scheme 1.2. General photocatalytic cycle for HX splitting.

In Scheme 1.2, a generalized catalytic cycle for HX splitting, mediated by a molecular
photocatalyst, is presented. The individual steps in Scheme 1.2 are color-coded and numbered for
clarity. (i) HX oxidatively adds to the photocatalyst ([Cat]), producing a hydrido-halide
intermediate; from here two pathways are possible. (ii) A second HX addition gives a dihydrido-
dihalide species, which in (iii) reductively eliminates H; in a process that may be photochemical.
Alternatively, if the [Cat](H)(X) intermediate formed in (i) possesses a M—H bond that is
sufficiently hydridic, direct protonation by HX (iv) produces H, and generates the final [Cat](X),
intermediate. The sequential HX oxidative-addition steps in (i) and (ii) are likely only operative
in very reducing bimetallic catalysts, where a +4 change in formal oxidation state is feasible
because the oxidative equivalents can be shared between two metals. In monometallic catalysts
or complexes with a less reducing resting state, the acid-base pathway in (iv) is most probable.
Whatever the mechanism of H, production, the final step (v) involves the thermodynamically
demanding photoelimination of X, to close the cycle. The efficiency of HX splitting is typically
not limited by the reductive H, half-reaction but rather by this oxidative X, half-reaction. Hence,
the success of HX-splitting energy storage depends crucially on using light to drive the
unfavorable energetics associated with X, production. Most examples of X, photoelimination
occur from organic substrates and by using high-energy light.””'® The photoelimination of

halogen from metal centers is rare and typically driven by the presence of a trap;'’ "

only with
trap can appreciable quantities of H, be photoproduced from HX.***' An obvious strategy for
improving the H, production from HX is to increase the quantum yield of M—X bond activation
and ultimately effect X, photoproduction without the need for trap so that maximal energy may

be stored.
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The quantum efficiency of X, elimination may be enhanced by using late transition-metal
complexes in high oxidation states to drive M—X photoactivation. Whereas the Rh'"-Au"
complex, [Rh"Au" (tfepma),(CN'Bu),Cl3]AuCl; (tfepma = CH;N(P[OCH,CFs],),), is thermally
unstable,” a stable d’—d’ complex may be realized by replacing Rh(II) with Pt(III). The
[Pt"" Au"(dppm),PhCl3]PFs (dppm = bis(diphenylphosphino)methane) complex is photoreduced
to its Pt"Au' congener upon irradiation in the presence of 2,3-dimethyl-1,3-butadiene.'” The
quantum yield of halogen elimination achieves a maximum of 5.7% at 5 M trap concentration,
nearly a tenfold increase over halogen elimination from a d’—d° Rh"™-Rh” bimetallic core.'*?
Even higher quantum vyields are obtained from more highly oxidizing Pt"-Pt"' cores.
Pt,""(tfepma),Cls undergoes efficient two-electron photoreduction (P, = 38%) at high trap
concentrations, and is able to eliminate Cl, when irradiated in the solid state, providing what is

the first example of authentic, trap-free X, reductive photoelimination from a transition-metal

centerﬁg

In this chapter, X, photoelimination is generalized by showing that the reaction may

111

proceed efficiently from Au ™ centers of mono- and bimetallic cores without the need for a

halogen trap. Despite thorough characterization of the photophysical properties of Au'

24-29

compounds, photochemical transformations involving molecular gold compounds are

I 30,31

limited, particularly for Au . Reductive elimination from Au'" centers has been

demonstrated extensively in carbon-carbon bond-forming reactions,”>>* frequently from Au'
species of the type LAuR,;X (L = phosphine, R = alkyl or aryl, X = halide). Though the light
sensitivity of some Au,™" and Au'™ halide species has been noted,” a well-defined halogen-
elimination photochemistry from gold has eluded characterization.”® The two-electron Au™’!
redox couple is well matched to the two-electron equivalency of halogen photoreductive
elimination. Hence an attractive possibility was effecting two- and four-electron halogen-
photoelimination reactions from mono- and bimetallic complexes, respectively. The unique
observation is made that M—X bond activation and authentic X, elimination can be achieved by
LMCT excitation of complexes lacking a metal-metal bond. Though LMCT photochemistry has
been conventionally confined to one-electron redox transformations,”’ the LMCT excitation of
the Au" centers described in this chapter allows for (i) the facile four-electron reduction of

Au,™™ complexes to give the corresponding Au,"' species, and (ii) the unprecedented

photoelimination of X, from a monometallic center. This photochemistry is paralleled by a
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thermal reaction chemistry on a timescale amenable to kinetic interrogation. Bimetallic Au,""™"

species are observed to reductively eliminate much more rapidly than their monometallic Au™
counterparts. Characterization of the haloalkane product resulting from thermal and
photochemical reactions in the presence of alkene indicates that the thermal and photochemical
reactions proceed by disparate mechanisms. Whereas photoreductive elimination from
complexes in solution requires the use of halogen traps, the reaction proceeds smoothly in the
solid state in the absence of trap. The X, back-reaction is prevented by virtue of the production
of a volatile X, photoproduct. Because X, will react thermally with any of the Au' centers

studied here to produce the corresponding Au" analogue, the solid-state photoinduced

elimination of halogen is an energy-storing photoreaction.

1.2 Results
1.2.1 Synthesis and Characterization of Au' Complexes

Mono- and bimetallic Au' chloride precursors were synthesized by stoichiometric
reaction of the appropriate phosphine with the versatile Au' starting material Au'(tht)C1.*®
Scheme 1.3 summarizes the syntheses, as well as the numerical designations that are used for all
phosphine-ligated Au' compounds that will be considered here. Conversion of chloride
complexes 1-6 to the bromide complexes 7-12 was accomplished by treating a CH,Cl, solution
of the chloride precursor with a fivefold excess of aqueous KBr. This metathesis method has

proven to be a general for halide exchange of phosphine-ligated Au' species.*

All complexes in Scheme 1.3 were fully characterized by 'H NMR, *'P{'H} NMR and
elemental analysis (see section 1.5). Several of the complexes were obtained as single crystals,
and their structures were validated by X-ray diffraction. Figure 1.1 collects the structures of
Au,"' complexes 1, 2, 4, and 7. All of these structures show approximately linear coordination
about the two Au' atoms, with an aurophilic interaction®” also apparent in all cases, as judged by
the close contacts of the two gold atoms. In tfepma-bridged 1 and 7 the Au---Au distances are
3.0678(4) (average of two crystallographically independent molecules) and 3.0803(7) A,
respectively. For complex 2, spanned by bis(diphenylphosphino)isopropane (dppip), the Au---Au
separation lengthens to 3.1616(2) A and in 4, spanned by bis(dicyclohexylphosphino)methane

(dcpm) the longest intermetallic distance is observed, at 3.262(9) A. Analogous structures for
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TP KBr
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| p- P” P
+ N\ —_— | | 3 ' !
b P '?\u| '?\ul Alul Alul
Cl  Cl Br Br
1(95%) 7 (92%)
P—N-P = CH3N[P(OCH,CF3),],
L) Ph2P>(PPh2 KBr Ph2F>(PPh2
T e P>(PPh o s
9 ,‘i\ul 2 2 ,?\ul ,?\ul ,?\ul ,?\ul
Iy cl  Cl Br Br
Au'(tht)CI 2 00%) PO
R,P™ PR, RP™ PR,
) Y | KBr Lo
R,P” PR, —> Alu' A|U' A|uI A|uI
cl  Cl Br  Br

3: R = Ph (93%)
4: R = Cy (94%)

9: R = Ph (92%)
10: R = Cy (92%)

()

S +PR;— = RP—AU—CI

¢U' 5: R = Ph (93%)
Cl 6:R= Cy (90%)
Aul(tht)ClI

— KB o RyP—AU'—Br
11: R = Ph (88%)
12: R = Cy (85%)

Scheme 1.3. Synthesis of Au' complexes. Isolated yields are listed in parentheses.

Au"(dppm)Xs (X = Cl (3), Br (9); dppm = bis(diphenylphosphino)methane) have been reported

elsewhere by other groups.”*'**

Complexes 1 and 7, bridged by tfepma (CH;3;[P(OCH,CFj3);],), were chosen on the basis
of our group’s previous success using this ligand to bridge metal-metal-bonded complexes of
late transition metals.'®?"* However, treatment of 1 and 7 with the halogen oxidants PhICl, and
Br,, respectively, led to incomplete oxidations with mixtures of unstable oxidized products. In

LI

both cases, products of the type Au, " (tfepma)X, were identified in crude reaction mixtures, but

in neither case were these products isolated and structurally characterized.

Complexes 2 and 8, bridged by the ligand dppip, were targeted because of earlier reports

that halogen oxidation affords valence-symmetric metal-metal-bonded complexes of the type
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Figure 1.1. X-ray crystal structures of 1, 2, 4, and 7. Ellipsoids are shown at the 50% probability
level with solvent molecules and hydrogen atoms omitted for clarity.

Au,™(dppip)Xy, assigned as such from '*’Au-Mossbauer spectroscopy.” A study of the
photochemistry of this class of complexes would provide an interesting parallel to our earlier
work on halogen elimination from metal-metal-bonded complexes.'” " As shown in Scheme
1.4, treatment of Au,"'(dppip)Cl, (2) with PhICl, gave a mixture of two isomeric products,
Aw,™(dppip)Cly (13), and Au,""(dppip)Cls (14), the latter characterized by two doublets in the
JP{"H} NMR spectrum of the crude reaction mixture. Yellow-orange crystals of the valence-

symmetric product 13 were preferentially obtained, and this complex was structurally

> >

Ph,P PPh, Ph,P PPh, Ph,P Eh—Au'—CI
| | | 2
,?\u' ,?\u' +PhiCl; ——» CI—,?\U"—,?\U"—CI + CI—/?\u”—CI
Cl Cl cl  Cl Cl
2 13 (~25%) 14 (~75%)

Scheme 1.4. Oxidation of 2 with PhICI,. Approximate NMR yields are listed in parentheses.
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Figure 1.2. X-ray crystal structure of 13, with ellipsoids shown at the 50% probability level and
hydrogen atoms omitted for clarity.

characterized for the first time, as shown in Figure 1.2. Both Au" centers feature approximately
square-planar coordination environments, and the Au(1)-Au(2) distance of 2.5592(3) A is
among the shortest ever (per a search of the CSD) and clearly indicative of a formal gold—gold
bond. Dissolution of crystals of 13 produces a mixture of isomeric 13 (25%) and 14 (75%), and

as such further interrogation of the optical and photochemical properties of 13 were not pursued.

Halogen oxidation of complexes bridged by methylene-spaced diphosphines, 3, 4, 9, and
10, as well as monometallic complexes 5, 6, 11, and 12, gave a suite of Aum-containing
complexes which were suitable for further photochemical interrogation, as described in sections
1.2.3 and 1.2.4. Scheme 1.5 summarizes the synthetic routes to prepare the oxidized gold

complexes. In a slight variation of precedent, oxidation of chloride complexes 3—6 to prepare

LI ML IIT I

bimetallic Au,”" or Au, (15-18) and monometallic Au™ complexes (19, 20) was performed

in CH,Cl, using PhICI, to deliver chlorine. Though the reactions are slower than direct Cl,
oxidation, in some cases requiring more than 12 hours to complete, the stoichiometry is very
easy to control using solid PhICI, as the source of chlorine. All reactions proceeded cleanly and
quantitatively as judged by >'P NMR spectra of reaction mixtures. Oxidation of 9—12 with Br, in
CH,Cl, gave gold(Ill)-containing 21-26; complexes 21 and 25 have been previously reported by

I

the same procedure. All Au™ complexes were obtained in isolated yields of more than 80% and

gave satisfactory microanalyses.

Oxidation of bimetallic Au,"' species with a single equivalent of halogen can potentially

LI LIIT

produce either Au,™" or Au,"" complexes. For the bimetallic compounds shown in Scheme 1.5,
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RZP/\PRZ PhICI, (X = Cl) RZP/\E_AUI_X PhICI, (X = CI) RZP/\P—/I\U“'—X
I | Br2 (X = BI") | " Br (X = Br) | R2
Al Al ——— X-Au-X 2 X—Aull—x~ X
] ; |
X X X
3:R=Ph,X=Cl 15: R = Ph, X = CI (92%) 16: R = Ph, X = Cl (83%)
4:R=Cy,X=Cl 17: R = Cy, X = CI (86%) 18: R = Cy, X = Cl (84%)
9: R=Ph, X =Br 21: R = Ph, X = Br (94%) 22: R = Ph, X = Br (96%)
10: R =Cy, X = Br 23: R =Cy, X = Br (84%) 24: R = Cy, X = Br (87%)
PhICI, (X = Cl)
| Br, (X = Br) X
RP—AU'—X —  » RsP—Au'l—X
5:R=Ph, X =Cl X
6: R=Cy, X=Cl 19: R = Ph, X = CI (83%)
11: R =Ph, X =Br 20: R = Cy, X = CI (88%)
12: R=Cy, X=Br 25: R = Ph, X = Br (83%)
26: R = Cy, X = Br (90%)

Scheme 1.5. Halogen oxidation of Au' and Au,"' complexes to prepare a series of Au''-

containing complexes. Isolated yields are listed in parentheses.

room-temperature °'P{'H} and 'H NMR spectroscopic analyses unambiguously demonstrate that
oxidation of Au,™' chloride complexes 3 and 4 with one equivalent of PhICIl, and oxidation of
Au," bromide complexes 9 and 10 with one equivalent of Br, exclusively produce mixed-valent
Au""™ compounds in solution. Two distinct peaks are apparent in the 121.5 MHz *'P{'"H} NMR

LI

spectra of the Au,” oxidation products 15, 17, 21 and 23. For dppm complexes 15 (X = CI) and
21 (X = Br), “Jp_p coupling constants of 17 Hz and 21 Hz are observed, respectively, whereas
decpm-bridged 17 (X = CI) shows a much smaller coupling constant of 9 Hz. The coupling in
Au,""(depm)Bry (23) is too weak to be observed and two singlets are present in the *'P{'H}
NMR spectrum. In the "H NMR spectra, the CH, resonances for the mixed-valent species 15, 17,
21 and 23 appear as doublets of doublets, due to coupling to two inequivalent phosphorus nuclei.
In contrast, this same resonance in the valence-symmetric bimetallic compounds 3, 4, 9, 10, 16,
18, 22 and 24 is manifested as a triplet, as expected for coupling to two equivalent phosphorus
nuclei. Au,""(dppm)Cly (15) was previously used as a starting material to prepare Au"-aryl
complexes and was reported to exist as a valence-symmetric, metal-metal-bonded Au,™"
complex,” though no details of the synthesis or characterization were given. However, all of the
spectroscopic and structural evidence given here clearly identifies 15 as a mixed-valent

compound.
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Figure 1.3. Crystal structures of 15, 16, 20, 22, 23, 24, and 26. Ellipsoids are shown at the 50%
probability level with solvent molecules and hydrogen atoms omitted.

X-ray crystal structures for 15, 16, 20, 22, 23, 24 and 26 are depicted in Figure 1.3. In all
cases, typical Au—P and Au—X bond distances are observed. All Au™ centers possess a nearly
square-planar coordination geometry, as expected for a d® metal, whereas the Au' atoms in
mixed-valent Au,""(dppm)Cls (15) and Au,""(dcpm)Bry (23) show the expected linear two-

coordinate environment for d'® Au'. The singly bridged framework with a methylene-spaced
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diphosphine ligand affords a very flexible geometry as is evident from the multitude of solid-
state conformations shown in Figure 1.1 and 1.3, together with previously reported structures of
Au"(dppm)CL (1),*"** Au,"'(dppm)Br, (9),”° and Au,""(dppm)Br, (21).*’ Intramolecular n-
stacking interactions contribute to the observed conformation of Au,"""(dppm)Brs (22); an
obvious intra- or intermolecular ligand- or metal-based interaction is not apparent in X-ray
crystal structures for any other Au''-containing complex. The solution NMR spectra of all
Au,™™ complexes are consistent with an average C, symmetry, indicating that the solid-state

I

structures do not persist in solution. Notably, the structures of all bimetallic Au™ complexes are

devoid of any metal-metal interactions in the solid state.

1.2.2 Thermal Reactivity of Au"" Bromide Complexes

The Au" bromide complexes are cleanly reduced to their respective Au' precursors in the
presence of an alkene, with the complete exclusion of light. Digold compounds 22 and 24 and
monogold compounds 25 and 26 react with cis-2-hexene, trans-2-hexene, 3,3-dimethyl-1-butene,
3-methyl-1-pentene and trans-4-methyl-2-pentene to furnish the dibromoalkane product; where
possible, only the diastereomer resulting from anti addition across the carbon—carbon double
bond is observed. Figure 1.4 shows the time-dependent *'P{'H} NMR spectra for the thermal
decay of 22 (R = Ph) and 24 (R = Cy) in 1.2 M 1-hexene/CH,Cl,. The spectra indicate that the

LIIT

elimination of halogen is stepwise from these bimetallic complexes, allowing Au,” complexes
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Figure 1.4. Evolution of the *'P{'H} NMR spectra for the reactions of (a) 22 and (b) 24 with 1.2
M I-hexene in CH,Cl, at 293 K. A minor side product is marked with an asterisk (*) in (a).
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Scheme 1.6. Thermal bromine elimination from Au,™"'-bromide complexes.

21 and 23 to be observed as intermediates, as depicted in Scheme 1.6. A minor and undetermined
side product, estimated to be < 5% in quantity, grows in at later time points of the decay of 22.

LI

The very small amount of Au, " present in the # = 0 spectrum of 24 appeared during the lag time

between mixing the sample and acquisition of the first spectrum. Under the same conditions,

solutions of the Au™

chloride complexes 15-20 do not smoothly undergo two-electron reductive
elimination. Although the two-electron reduced species are observed in the *'P NMR spectra,
several intractable side products also appear, and we observe visual evidence of the formation of
Au” in some cases. As the thermal reduction of the Au,""" bromide complexes proceeds and
appreciable Au,™' complex is accrued, a competing comproportionation reaction between Au,™™
reactant and Au,” product is established. This halogen-exchange reaction is summarized in
Scheme 1.7. Equimolar mixtures of dppm-bound 22 and 9 react quite rapidly; within 90 minutes,
quantitative formation of 21 is observed for a starting reactant concentration of ~ 3 mM. The
reaction between dcpm complexes 24 and 10 is much slower, but within 19 h a solution
containing 6 mM each of 10 and 24 shows near complete formation of 23. The transfer of
halogen between Au' and Au'™ centers is not unprecedented, and has been implicated as one of
several steps involved in the halide redistribution that occurs when phosphine-gold(I) chloride

complexes are oxidized with Brz.46

Br
RzP/\E—/:Au”'—Br RZP/\ITRZ RZP/\E—AU'—Br
Br_,%\ul”—Brz Br + é\u' /?\u' —> 2 Br—Au“'—Br2
Br Br Br Br
22:R = Ph 9: R = Ph 21: R = Ph
24: R =Cy 10: R=Cy 23: R=Cy

Scheme 1.7. Comproportionation of Au,"™™ and Au,™ complexes.
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Table 1.1. Rate constants for the thermal reduction of 22 and

24 ¢
ky/min”! ky/min”!
22 (6.5+0.6)x 107 (6.1£0.5)x107°
24 (3.7+£0.1)x 107 (1.66 + 0.03) x 10°

“Recorded in 1.2 M 1-hexene in CH,Cl, at 20 £ 1 °C. Values are an
average of 2 or more trials with standard errors.

The rate constants k; and k, (Scheme 1.6), listed in Table 1.1, were determined for the
reactions of 22 and 24 with 1-hexene under pseudo-first-order conditions ([1-hexene] = 1.2 M,
[Au] = 3—6 mM). The kinetics were ascertained by monitoring the disappearance of the single
3'P{'H} NMR resonance of Au," " complexes (for k1) and the two *'P{'"H} NMR resonances of
the Au,""" complexes (for »). The pseudo-first-order rate constant was determined from plots of
In([A]/[A]o) vs. time; In([A]/[A],) was obtained from the relative integration of the 3 1P{IH}
NMR signals of 22 and 24 and the sum of the integrations for the two signals of 21 and 23.
Linear plots were obtained, from which the values for the rate constants were extracted. In the
case of 22, k; was determined by only considering early time points, for which the concentration
of 9 was low (< 0.05[22]), and the comproportionation step shown in Scheme 1.7 could be
ignored. For complex 24, comproportionation with 10 occurs at an appreciably small rate such
that deviations from linearity in the In([A]/[A],) vs. time plot are not observed over all time
points. The rate constant for comproportionation was not determined for either bimetallic system
owing to large associated errors with absolute concentration measurements from *'P{'H} NMR

spectra.

1T . . I :
complexes likewise convert to the Au congeners in the presence

of olefin. The reduction of Au"(PCy3)Br3; (26) to Au'(PCy3)Br (12) is very sluggish, requiring

The monometallic Au

about a month to complete in 1 M olefin, and for this reason detailed kinetic studies of 26 were
not pursued. After 12 h, only ~ 10% of Au"'(PPh;)Br; (25) converts to Au'(PPh3)Br (11) in 1.2
M 1-hexene; in comparison a solution of bimetallic 22 completely converts to fully reduced 9 in
the same timeframe. Stacked *'P{'H} NMR spectra for the reduction of 25 are shown in Figure
1.5 below, which show clean conversion of 25 to 11 without the buildup of any intermediate
species. The slope of a plot of In([A]/[A],) vs. time gradually increases in magnitude as the

reduction of 25 proceeds to completion, indicating that the product 11 accelerates the reaction
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Figure 1.5. Time-dependent *'P{'H} NMR spectra for a 30 mM solution of Au"(PPh;)Br; (25)
in the presence of 1.2 M 1-hexene in CH,Cl, at 293 + 1. Spectra are referenced to an external
standard of 85% D;PO,.

and a description of this system with pseudo-first-order kinetics is not valid. In a separate
experiment, reduction of 25 in the presence of two equivalents of 11, under otherwise identical
conditions, resulted in much more rapid consumption of 25; ~ 60% conversion to 11 was
observed in the first 12 h. The reduction of 25 (with no 11 initially) approximates pseudo-first-
order behavior at early time points (¢ < 24 h), when the concentration of 11 is comparatively low.
The apparent rate constant during this early time period is ~ 2 x 10 min ', an order-of-

magnitude smaller than the rate constants for the bimetallic systems listed in Table 1.1.

I

1.2.3 Solution Photochemistry of Au Complexes

The electronic absorption spectra (4 > 300 nm) of the gold halide compounds reported

I

here are largely determined by X — Au charge transfer as shown by a comparison of the

1

spectra of (i) chloride and bromide congeners and (ii) Au'" and Au' analogs. Figure 1.6 displays

IILIII

the electronic spectra for the halide complexes of Au, cores, which are representative of a

I

complex containing at least one Au center; spectra for all other complexes show very similar

features and trends. The Au'™

complexes exhibit a distinct and intense low-energy absorption
band that tails into the visible spectral region and is responsible for the red (X = Br) and yellow
(X = CI) colors observed for concentrated solutions of the complexes. As seen in Figure 1.6, the
position of the low-energy absorption band is influenced primarily by the nature of the halide.
Mono- and bimetallic species with the same halide and similar phosphine substitution essentially

absorb at the same energy for this low-energy maximum, though the extinction coefficient is
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Figure 1.6. Overlaid electronic absorption spectra, measured in CH,Cl, at room temperature.
The spectra of 16 (==, red) and 22 (===, green) are shown in (a), 18 (==, blue) and 24 (===, pink) in

(b).

augmented in the bimetallic Au,"""

complexes relative to their analogous Au,"" and Au™
complexes. As an example, the lowest-energy absorption maximum for Au'(PPh;)Br; (25)
appears at 346 nm, shifting only minimally to the 349 nm low-energy maximum of
Au,"™(dppm)Brs (22). The bromide complexes possess overlapping low-energy absorption
bands, which are most apparent in the spectra of Au,"" and Au,""™" dppm complexes 21 and 22,
respectively. In other bromide complexes, a second band can be seen as a weak shoulder whereas
the chloride complexes appear to show a single, generally sharper absorption band. The most
distinguishing feature between the chloride and bromide series is the pronounced bathochromic
shift of the low-energy band of the latter series. The magnitude of this energy difference for the
lowest energy transition is between 4000-5000 cm ', which is in accordance with the
bathochromic shift of a halide-based LMCT transition between halide and Au™.*” Of course, in
the case of a d'® metal center, the LMCT transition is obviated. Au' mono- and bimetallic halide
complexes 3—6 and 9—12 are colorless, exhibiting absorption from the solvent cut-off wavelength

to <270 nm.

1

When solution samples of Au~ complexes 15-26 are irradiated within their low-energy

absorption manifold in the presence of alkene, clean conversion to the corresponding reduced
species is observed. Unlike the thermal reaction chemistry, the photochemical reduction

LI

proceeds for both chloride and bromide metal complexes. Because the spectra of Au, and
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Scheme 1.8. Solution photochemistry of Au, > complexes.

Au,"™ complexes exhibit energetically similar maxima and lack an isosbestic point in the visible
spectral region, *'P{'"H} NMR was a more informative method for monitoring photochemical
reactions. The overall photochemical transformation is generalized in Scheme 1.8. The *'P{'H}
NMR spectra of Figure 1.7 show the spectral changes that accompany the irradiation of 18 and 1
M 1-hexene in CH,Cl, with light coincident with the lowest-energy absorption band; these

1L, 111

changes are representative of all Au, complexes photolyzed under analogous conditions.

When the photolysis of 18 is halted at an arbitrary and intermediate time point, all three Au,""",
Auw,"" and Au,"' complexes are present. Continued photolysis of the solution results in complete
conversion to 4. Photolysis of Au"" parent complexes proceeds directly to their Au' relatives
without the detection of an intermediate. For mono- and bimetallic rhodium chloride complexes
15-20, minor side products were frequently observed in the >'P{'H} NMR spectra immediately
after photolysis. In all cases we estimate these impurities to comprise < 10% of the product. We
suspect that the phosphine is labilized and subsequently oxidized by the liberated Cl, or Cle,
though attempts to positively identify the minor side products were unsuccessful. The
dihaloalkane is obtained as the predominant trap product for photochemical reduction using a
variety of mono-olefins. As with the thermal reduction experiments, a variety of asymmetrically
substituted olefins was employed, allowing us to gain insight into the photochemical
transformation. The product of direct, anti addition of X, across the double bond is obtained as
the major organic product in all cases. However, unlike the thermal reaction chemistry, the syn-
addition diastereomer is observed as a minor product for internal alkenes. Bromide complexes
21-26 all lead to the formation of ~ 30% syn-addition product as judged by integration of 'H
NMR spectra, whereas for chloride complexes, cyclohexyl-substituted complexes 18 and 20 give
a smaller percentage of the syn product, generally 10-20%, as compared to ~ 30% for phenyl-
substituted 16 and 19. The amount of syn-addition product is independent of the alkene’s
stereochemistry; cis and trans alkene isomers result in nearly identical ratios of the syn and anti-

addition diastereomers for a given complex. The 'H NMR spectra of photochemical reaction
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Figure 1.7. *'P{'"H} NMR spectra of (top) the initial solution of 18 in 1 M 1-hexene, and under
photolysis using light with 4 > 300 nm at ~ 10 °C (middle) at an arbitrary midpoint during the
photolytic reaction and (bottom) at the conclusion of the photolysis. Resonances for 4, 17 and 18
are indicated.

solutions reveal that the gold complexes described here catalytically isomerize alkenes when
irradiated, likely contributing to the observed mixture of dihaloalkane diastereomers. A 0.5 M
cis-2-hexene solution in the presence of 33 mM 25 is stable in the dark; but as shown by 'H
NMR, photolysis of the solution at 4 > 300 nm for about 5 min showed 60% conversion to trans-
2-hexene with concomitant formation of 11. This chemistry is quite general and is replicated
using different Au™ complexes and alkenes. Photolysis of Au' complexes 9-12 also proceeds to

give the thermodynamic cis/trans ratio of the alkene.
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Table 1.2. Quantum yields (&,) for photochemical
reduction of 15-26."

Cmpd. 0.125M  025M  05M 1M
15 0.09(1) 0.089(1)  0.09(1)  0.14Q2)
16 0.13(2) 0.16(3)  0213)  0.14(4)
17 0.15(1) 0.16(1)  0.142)  0.17(3)
18 0.23(3) 024(2)  0252)  0.26(4)
19 0.11(1) 0.12(1)  0.13(1)  0.13(1)
20 0.14(3) 0.152)  0.163)  0.16(1)
21 0.024(3)  0.018(1)  0.0202)  0.018(4)
22 0.10(3) 0.12(5)  0.153)  0.14Q2)
23 0.08(2) 0.10(1)  0.11(1)  0.11Q2)
24 0.18(1) 0.17(2)  0203)  0.20(2)
25 0.15(1) 0.15(1)  0.172)  0.2003)
26 0.16(3) 0.15(1)  0.14(1)  0.15Q2)

“ Measured in CH,Cl, with 1-hexene trap in the stated
concentrations. All values are the average of three independent
trials.

Quantum yields listed in Table 1.2 for the reduction of mono- and bimetallic Au™" halide
compounds 15-26 in varying concentrations of 1-hexene were measured using potassium
ferrioxalate actinometry. Chloride complexes 15-20 were excited with monochromatic 320 nm
light, while bromide complexes 21-26 were excited at 370 nm. For a given compound, the
quantum yield is similar within experimental error for all trap concentrations. Au," " complexes
consistently exhibit higher quantum yields than their Au,"" congeners. This effect is most
dramatic for 21, for which @, = 2%, compared to the fully oxidized 22, which has quantum
yields ranging from 10-15% over the range of trap concentrations. The data in Table 1.2 also
show that, in most case, complexes with cyclohexyl-substituted phosphines demonstrate higher
solution quantum yields than their phenyl-substituted analogues. The lone exception to this trend
is complex 25, which has a minimally higher quantum yield than 26. Finally, in comparing
chloride complexes to their bromide analogues, the chloride complexes generally have slightly

higher quantum yields.
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1.2.4 Solid-State Photochemistry of Au™ Complexes

Irradiation of solids of bimetallic Augm’III bromide complexes 22 and 24 and
monometallic bromide complexes 25 and 26 with light enveloping the low-energy absorption
band gives the corresponding reduced species as major products. Solid-state photolysis
experiments were conducted in an evacuated H-shaped cell. The gold complex was housed in
one compartment, and the other compartment was frozen in liquid N, to trap and isolate volatile
photoproducts. Upon completion of the photolysis, the solid was taken up in CH,Cl, and
analyzed by *'P{'H} NMR. Figure 1.8 shows the *'P{'H} NMR spectrum that results when a
thin layer of solid 22 was photolyzed at 10 °C for 2.5 h. The spectrum shows a mixture of 21 and
9 in yields of approximately 60% and 30% relative to starting 22, with a minor side product also
evident. No detectable amount of 22 is observed in the *'P{'H} NMR. This observation is
consistent with either the complete photochemical conversion of the reactant or the
comproportionation of 22 with 9 upon taking up the solid photoproducts in CH,Cl, for NMR
analysis. The *'P{'H} NMR spectra for all other solid-state photolysis experiments likewise
display productive photoconversion, with some side products typically evident. In all cases with
Au™ bromide complexes a volatile photoproduct was isolated from vacuum transfer within the
H-shaped cell onto frozen H,O. Visual inspection of the frozen compartment reveals some red-
brown condensate, consistent with the isolation of elemental bromine. Upon thawing, treatment

with N,N-diethyl-1,4-phenylenediamine sulfate (DPD) gave additional evidence that the

JL M JL I

ULRRNRARRN AR RN RN RN RN RN RN RN R RN RN R RN RN RN NN R AR

29 28 27 26 25 24 23 22 21 20 19 18 17 16
dlppm

Figure 1.8. *'P{'"H} NMR spectrum of the product following photolysis of a solid-state sample
of 22 for 2 h, using light with 4 > 300 nm at 10 °C for 2.5 h. Resonances for 21 and 9 are
observed, in addition to an unidentified side product (*). The spectrum was recorded in CH,Cl, at
202.5 MHz and is referenced to an external standard of 85% D3POj,.
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Figure 1.9. UV/Vis absorption spectrum, in H,O, showing formation of [DPD]" when the
trapped Br, from solid-state photolysis of 22 is treated with DPD. The spectrum was recorded at
room temperature.

photoproduct is bromine, which oxidizes the colorless DPD to produce the intensely pink
[DPD]*". The absorption spectrum of the resulting solution, shown in Figure 1.9, is a perfect

match for that of [DPD]*".*** DPD is certainly not selective for Br,, and will be oxidized by a
number of species, but bromine is likely the only volatile photoproduct in these reactions which

could oxidize DPD.

Solid-state irradiation of chloride complexes also results in photoreduction. Photolyses of
Au,"™M(depm)Cls (18) and Au(PCy3)Cls (20) form Au,"(depm)Cl, (4) and Au'(PCy3)Cl (6),
respectively, as the major species. For these reactions, many of the minor side products exhibit
3P NMR chemical shifts very similar to 4 and 6, possibly indicating chlorination of C—H bonds
on the phosphine. Compounds 16 and 19, with phenyl-substituted phosphines, produce 3 and §
respectively in lower yields. Several decomposition products are evident in the NMR spectra,
and phosphine oxidation of the aryl-substituted phosphine by liberated chlorine is suspected to
be a major culprit. An attempt was made to isolate the chlorine the same way as with bromine,
by trapping in frozen water, but in all cases the DPD test showed no evidence for successful
isolation of Cl,. The inability to isolate Cl, in this manner most likely is a result of the high
reactivity and volatility of chlorine, which leads to a very low trapping efficiency in the
photolysis setup. To demonstrate formation of Cl,, the condensed gases following photolysis of
18 in the solid state were thawed and flowed into a mass spectrometer. Figure 1.10 shows the

MS trace for *°Cl and *’Cl, which form upon fragmentation of Cl, in the ionization chamber.
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Figure 1.10. Real-time mass spectrometry trace for liberated Cl, following photolysis of a solid
sample of 18. Depicted are total ion counts for *Cl (=, red) and *’Cl (===, green), which form
upon fragmenting Cl, in the ionization chamber. The inset shows the ratios of the two isotopes
during the time range when the ion counts are greater than '% x max.

Upon thawing, a sharp increase in signal from baseline values is observed. Also, the isotopic
ratio of 0.756 + 0.001 for *°Cl is consistent with the literature value of 0.758 for the natural

abundance of *>CL.>°

The reverse reaction in solid-state photolysis experiments, that is, the reaction of Au'

centers with elemental X, to reform Au'!

, 1s spontaneous and rapid. When solid samples of
bimetallic Au,"'(dcpm)Br; (10) or monometallic Au'(PPh;)Br (11) are exposed to excess Br,, an
immediate color change from white to dark orange is observed as the Br, vapors come into
contact with the solid. After brief (< 10 min) exposure, solution 3'p{'H} and 'H NMR spectra of
the product shows clean conversion to the corresponding oxidized species Au,""(dcpm)Brg
(24) or Au"(PPh;)Br; (25). Brief exposure of colorless Au,™'(depm)Cl, (4) to Cl, gas leads to an
immediate color change to yellow, and *'P{'H} NMR of the dissolved product shows a mixture

of Au,"" (17) and Au,™™ (18), in addition to starting material. Prolonged exposure to an excess

of Cl, gas leads to an intractable mixture of decomposition products.

1.3 Discussion

The efficient reductive elimination of halogen may be thermally and photochemically
driven from Au(Ill) centers of mono- and bimetallic centers. In solution, halogen must be

chemically trapped. Solutions of mono- and bimetallic compounds 21-26, in the presence of an
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olefin and in the absence of light, are cleanly reduced to their respective Au' complexes at room
temperature, over the course of hours to days. Analysis of the regio- and stereochemistry of the
dihaloalkane product of a variety of monoalkene traps provides insight into the mechanism of
thermal reductive elimination. For alkenes with two prochiral centers (e.g., cis-2-hexene, frans-
2-hexene, and trans-4-methyl-2-pentene), a single diastereomer is obtained that is consistent
with an electrophilic mechanism proceeding through a bromonium intermediate to furnish the

anti-addition product.”’ Such a mechanism involving a Au"

bromide complex is depicted in
Scheme 1.9, and though the precise nature of the Au' intermediate is unknown, the presence of
the bromonium intermediate is implied by the stereochemical outcome. These results contrast
with the products anticipated from a radical mechanism, which is expected to involve a planar
sp” radical that can undergo either syn or anti addition to give a 50:50 mixture of both
diastereomers, with possible rearrangement and oligomerization of radical intermediates. For 3-
methyl-1-pentene and 3,3-dimethyl-1-butene, it is not possible to distinguish syn- and anti-
addition products, but a radical intermediate would presumably rearrange to a stable tertiary
radical, leading to products of altered connectivity. Such rearranged products are not observed.

I .
monometallic

Comparison of the thermal elimination kinetics of Au,"™™" complexes with Au
complexes is revealing. The rate constant for early time points in the reduction of monogold
complex 25 is an order of magnitude lower than the rate constants for the bimetallic complexes
22 and 24. These data suggest that the two gold atoms in the tethered bimetallic complexes
interact to facilitate the reductive elimination of halogen from both the Auzm’III and Auzl’III
complexes. In line with this observation, the reduction of 25 is promoted by 11, which results in
deviations from pseudo-first-order behavior when the concentration of 11 is appreciable. Halide-
bridged intermediates have been postulated in ligand-redistribution reactions,*® so it is possible

that such an intermediate, albeit short-lived and not spectroscopically identifiable, could form

when 25 is in the presence of 11. As we have shown,”>”* bridged intermediates are crucial to
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Scheme 1.9. Electrophilic mechanism for thermal reaction of Au™ bromide complexes with

alkenes.
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facilitating reductive elimination from bimetallic cores.

Product analysis reveals that the photochemical reaction mechanism deviates from that of

the thermal reaction. Excitation of the low-energy absorption bands of Au'

complexes yields
significant amounts of the syn-addition haloalkane product, in addition to the major anti-addition
diastereomer that is exclusively observed in the thermal reaction. The presence of the syn-
addition diastereomer is partly accounted for by the observation deduced from "H NMR spectra
of the final product mixtures, showing that phosphine-gold compounds photocatalyze the
cis/trans isomerization of alkenes. Nonetheless, the observed ratio of syn to anti-addition
products is higher than the ratio of photoisomerized alkene, particularly for photoreactions
involving trans alkenes. These results suggest that a radical-based mechanism is operative in

addition to an electrophilic mechanism, which should exclusively lead to anti addition across the

carbon-carbon double bond of the trap.

The quantum yields for these photochemical transformations were measured for 12 Au™

halide complexes in the presence of varying concentrations of 1-hexene (Table 1.2). In general,
very good quantum efficiencies are observed, with most values in the vicinity of 15%. The
quantum yield for the complex Au,"""(depm)Clg (18) was found to be as high as 26%, among

the highest ever for photochemical halogen elimination.'’ "%

In discerning trends associated
with ligand substitution, either with respect to halides or phosphines, some modest, albeit
noticeable, patterns emerge. In general, compounds with cyclohexyl-substituted phosphines gave
higher quantum yields than otherwise analogous complexes with phenyl-substituted phosphine
ligands. This may be a result of subtle differences in electronic structure—as gleaned from
Figure 1.6, the bathochromic shift accompanying substitution of bromide for chloride is more
pronounced in cyclohexyl-substituted complexes. This is suggestive that more substantial halide
LMCT character gives rise to more efficient photochemistry. Another noticeable trend from the
data in Table 1.2 is that Au,"" complexes have substantially lower quantum yields than their
Auw,"™ counterparts. This effect is especially pronounced when comparing Au,""(dppm)Br;
(21), to its Au,™™ relative 22. For 21, the lowest quantum yield in the series, ~ 2%, is observed,
compared to values of ~ 10-15% for 22. This effect may be due to an internal halogen-transfer

I

pathway, whereby photoexcitation of the Au'" center leads to halogen transfer to Au'; i.e. the Au'

and the alkene compete as halogen traps. This hypothesis, which has no strong experimental
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Scheme 1.10. Proposed intramolecular trapping/photoisomerization mechanism for Au,"™

complexes.

backing at this point, is summarized in Scheme 1.10. One final trend that emerges from the
extensive list of quantum yields is that, in general, the values show minimal sensitivity to the
concentration of alkene trap, suggesting very efficient trapping of photoliberated halogen even at

the lowest extremes of concentration that were studied.

The photochemical reaction occurs upon excitation of absorption bands with significant
ligand-to-metal charger transfer (LMCT) character. The significant shift of the low-energy
absorption band upon substituting chlorides for bromides in otherwise identical complexes is a
qualitative indicator of significant LMCT character.*’ LMCT excitation of late-metal halide
complexes typically results in liberation of halogen radicals and a formal one-electron reduction
of the metal.>® This behavior has been extensively studied for the [Pt Cl¢]* anion, which
photochemically reduces to the [Pt"Cl]* anion, in a process involving a [Pt™Cls]*
intermediate.”® Similar behavior is postulated for Au™Cl;~ ion.*® For either Pt or Au systems,
extensive thermal chemistry follows the initial one-electron photoreduction. To this end, the Au™
photochemistry reported here is exceptional as the inorganic and organic photoproducts are
consistent with X, elimination. If X« is liberated upon LMCT excitation, then (i) cage escape of
Xe is minimal based on the haloalkane product analysis and (ii) the subsequent elimination of a
second X+ must be sufficiently rapid to overwhelm recombination of Xe and the Au" primary
photoproduct, since haloalkane products characteristic of radical-based chemistry are produced
in minor quantities. Solid-state photolysis reactions provide further evidence for X, elimination.
Au' complexes and X, are produced under conditions where radical trapping or stabilization is
not feasible. Thus a stepwise elimination of Xe to furnish X, must be extremely rapid.
Alternatively, Xe is not the predominant photoproduced species. Terminal ligands in the
equatorial waist of the two-electron mixed-valent cores exhibit a propensity to migrate to and
from bridging positions, owing to low reorganization energies arising from the ability of the

bimetallic core to preserve the electronic and coordination asymmetry accompanying
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rearrangement.”>>>® Such a migration permits X, elimination and averts Xe formation. The
photochemistry of complexes involving two-electron mixed-valent metal complexes was
previously confined to those compounds containing a metal-metal bond. In these cases, the
metal-metal bond provides a visible chromophore from which to drive the photoreductive
elimination. As was shown here, when no metal-metal bond exists, the LMCT transition of high-
oxidation-state metals may be exploited as a visible chromophore and a productive two-electron

photochemistry may be achieved.

Finally, the observation that X, thermally adds to the Au' compounds in the solid state to
give the Au'" photoreactants is noteworthy. Under the same physical conditions, the reaction
may be reversed using light, establishing that the photoreaction is energy-storing. The ability to
effect trap-free halogen photoelimination greatly eases the complexity of the criteria for the

design of a solar-energy-storing HX-splitting cycle.

1.4 Conclusions
In this chapter, studies on thermal and photochemical halogen elimination from Au™

halide complexes were described. Phosphine-terminated Au'

bromide complexes react
thermally with alkenes, delivering a Br; equivalent via an exclusively electrophilic mechanism.
Bimetallic complexes react much more rapidly than their monometallic congeners, suggesting
some form of bimetallic cooperativity in this thermal reaction chemistry. Photochemical
irradiation of these complexes also results in clean halogen elimination, at greatly accelerated
rates compared to the thermal reactions. These photochemical reactions occur with generally
very good quantum yields, as high as 26%, and close inspection of the stereochemical outcome
of alkene trapping reveals some mechanistic differences from the thermal reactions, namely
some participation of radical chemistry. In addition, the photochemistry is operative in the solid

state, providing rare examples of trap-free, authentic X, elimination from transition-metal

complexes.

Taken together, these preceding results present several advances and new insights in
halogen-elimination photochemistry. Our group had begun to recognize the importance of
LMCT excited-state character in photochemical halogen elimination, but had confined our

studies to metal-metal-bonded bimetallic complexes. However, the results here demonstrate that
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complexes with purely LMCT excited states can mediate efficient halogen photoelimination,
generalizing halogen-elimination photochemistry to a whole new class of complexes. Included in
these findings are the first demonstrations of authentic X, elimination from such complexes, in a
trap-free setup where the volatile halogen photoproducts were collected and identified. Our
ability to drive the thermodynamically uphill X,-elimination reaction overcame one of the
greatest challenges in photocatalytic HX splitting, and could lead to photocatalysts with much
improved efficiencies and the ability to store solar energy. The fact that X, elimination can occur
with LMCT excitation in complexes devoid of metal-metal bonds opens up numerous additional
possibilities for the design of multimetallic catalysts or catalyst systems that can achieve HX

splitting to generate H, and X,.

1.5 Experimental Methods
1.5.1 General Considerations

All solvents were obtained commercially and used as received except for CH,Cl, and
THF, which were dried by passage through an alumina column. Air-sensitive phosphines were
handled in a nitrogen-filled glovebox. All gold compounds reported here are air-stable and were
routinely handled in an ambient atmosphere. The phosphines PPh;, PCys, dppm, and depm were
obtained from Strem Chemicals, bromine was obtained from Sigma-Aldrich (reagent grade) and
chlorine was delivered as the iodobenzene adduct, PhICIL,.%" The ligands CH3N[P(OCH,CF3):],

%39 and bis(diphenylphosphino)isopropane (dppip)®® were prepared by published

(tfepma)
procedures. The starting materials Auzl’l(dppm)Clz (3),41 Auzl’l(dcpm)Clz (4),°" Au'(PPh;)Cl (5),26
and Au'(PCy3)Cl (6)** were prepared by reacting stoichiometric amounts of the appropriate
phosphine with chloro(tetrahydrothiophene)gold(I) [Au'(tht)CI]*® in THF, followed by
precipitation with pentane and isolation by vacuum filtration. Halide exchange to prepare
Au,"'(dppm)Br; (9), Auy"'(depm)Br; (10), Au'(PPhs)Br (11), and Au'(PCys3)Br (12) was carried
out by reaction with excess aqueous KBr, and Au,""(dppm)Br, (21) and Au(PPh;)Br; (25)
were prepared following known methods.*® All thermal reductions of Au™ were carried out at

room temperature in 1 M olefin solutions; light was rigorously excluded by thoroughly wrapping

all reaction vessels in aluminum foil.
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1.5.2 Physical Methods

NMR spectra were recorded at the MIT Department of Chemistry Instrumentation
Facility on a Varian Mercury-300 NMR Spectrometer, operating at 300 MHz ('H) or 121.5 MHz
(31P), or a Varian Inova-500 NMR Spectrometer operating at 500 MHz ('H) or 202.5 MHz (31P).
JP{'"H} NMR spectra were referenced to an external standard of 85% D3;PO, and 'H spectra
were referenced to the residual proteo solvent resonances. > P{'"H} NMR kinetics experiments
were performed at 20 °C using triphenylphosphate as an internal integration standard. *'P{'H}
spectra of solid-state photolysis samples were quantified with a known concentration of
triphenylphosphate as an internal standard; a spectrometer delay time of 30 s was employed. UV-
vis spectra were recorded at room temperature in quartz cuvettes on a Varian Cary 5000 UV-vis-
NIR spectrophotometer. Extinction coefficients were determined over a concentration range of ~

5-100 puM, for which all compounds obeyed Beer’s Law.

Photochemical reactions were performed using a 1000 W high-pressure Hg/Xe arc lamp
(Oriel). The beam was passed through a water-jacketed filter holder containing appropriate long-
pass filters, an iris and collimating lens. Dichloromethane solutions of samples prepared for
large-scale photolysis experiments were contained in standard borosilicate NMR tubes or glass
Schlenk tubes. Solid-state photolysis experiments were conducted in a custom-built H-shaped
cell with the two compartments separated by a Teflon valve; one of the two compartments was
equipped with an inlet and outlet port for gas measurements. To obtain a uniform coating of solid
for photolysis experiments, a 10—15 mg sample was dissolved in a minimum amount of CH,Cl,,
which was deposited in the cell and evaporated under reduced pressure. The entire apparatus was
evacuated to <200 mTorr prior to photolysis. The photolysis cell was periodically rotated during
irradiation to ensure maximum exposure to the beam. The surface of the sample photolyzed
rapidly, though in many cases starting material was observed in the product mixture after > 3 h
irradiation times. Longer photolysis times did lead to further conversion, at the expense of an
increased buildup of side products in the sample. Evolved Cl, was collected by opening the valve
dividing the two cell compartments and immersing the sample-free compartment in liquid
nitrogen. Chlorine was analyzed by mass spectrometry using an Agilent Technologies 5975C
Mass Selective Detector operating in electron impact ionization mode. The liquid nitrogen

cooled side of the sample cell that contained evolved gases was purged with He carrier gas for

55



two hours until a stable baseline was obtained. The frozen compartment was rapidly warmed by
immersion in water and the evolved gases were fed into the mass spectrometer for real-time
analysis. Data were collected until all gas levels returned to near baseline values. The mass
spectrometer was operated in selective ion mode that monitored for 35 (Cl, fragment), 37 (Cl,
fragment), 70 (Cl,), 72 (Cl,) and 74 (Cl,) amu ions. The three Cl, ions gave very weak signals
and were not considered in the data analysis. Evolved Br, was collected in a similar fashion to
the methods employed for Cl,, except that the frozen cell compartment was pre-charged with 5

mL of distilled water. The resulting aqueous Br, solution was analyzed by DPD titrimetry. ©*

For solution quantum yield experiments, samples were contained in a quartz cuvette
equipped with a Teflon-coated magnetic stir bar. Monochromatic light was generated by

M chlorides

combining the output from a long-pass filter with a Hg line filter of 320 nm for Au
and 370 nm for Au"" bromides. Potassium ferrioxalate was synthesized via a published procedure
and used as a chemical actinometer.** The photon flux was determined from the average of the
actinometric measurements collected before and after irradiation of a set of three samples. UV-
vis spectra for quantum yield measurements were recorded on a Spectral Instruments 400 diode

array spectrophotometer and were blanked to the appropriate solvent.

1.5.3 Preparation of Au,"'(tfepma)Cl, (1)

A solution of tfepma (175 mg, 0.359 mmol, 1.00 eq) was prepared in 2 mL of CH,Cl,. A
sample of Au'(tht)Cl (230 mg, 0.719 mmol, 2.00 eq) was added as a solid. The solution was
shielded from light and stirred at room temperature of 1 h. The solvent was removed in vacuo,
and the resulting white powder washed with 3 x 3 mL of pentane and dried in vacuo. Yield: 324
mg (95%). '"H NMR (300 MHz, CD;CN) &/ppm: 4.69 (m, 8H), 2.95 (t, *Jip = 7.5 Hz, 3H).
S'p{'H} NMR (121.5 MHz, CD;CN) ¢/ppm: 126.0 (s). Anal. Calcd. for CoH;;Au,CLF,NO4P;:
C, 11.36; H, 1.16; N, 1.47. Found: C, 11.66; H, 1.49; N, 1.38.

1.5.4 Preparation of Au,"'(dppip)CL, (2)

Solid Au'(tht)Cl (1.462 g, 4.560 mmol, 2.00 eq) was suspended in 8 mL of THF. A
solution of dppip (940 mg, 2.28 mmol, 1.00 eq) in 8 mL of THF was added dropwise with
stirring, initially giving a colorless solution. Within a few minutes, a voluminous white

precipitate had formed, and the mixture was stirred for 2 h. The suspension was poured into 50
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mL of pentane, and the product removed by vacuum filtration. The white solid was washed with
100 mL of pentane and dried in vacuo. The solid was redissolved in CH,Cl, and precipitated by
adding pentane. The solid was recollected, and dried in vacuo. Yield: 2.02 g of 2-0.5CH,Cl,
(96.3%). '"H NMR (500 MHz, CDCl;) o/ppm: 7.90 (m, 8H), 7.52 (m, 4H), 7.39 (m, 8H), 1.69
(t, *Jo_u = 15.3 Hz, 6H). *'P{'"H} NMR (121.5 MHz, CDCl;) d/ppm: 53.7 (s). Anal. Calcd. for
Cy7H26Au,CloP,:0.5CH,Cly: C, 35.91; H, 2.96. Found: C, 35.30; H, 3.00.

1.5.5 Preparation of Auzl’l(tfepma)Brz 7

A sample of 1 (498 mg, 0.523 mmol, 1.00 eq) was dissolved in 20 mL of CH,Cl,. To the
resulting solution was added a solution of KBr (656 mg, 5.51 mmol, 10.5 eq) in 15 mL of water.
The biphasic mixture was stirred vigorously for 3 h at room temperature. The organic layer was
separated, and the remaining aqueous layer was extracted with 3 x 5 mL of CH,Cl,. The
combined organic layer was dried over MgSO, and filtered. The solution was concentrated to < 5
mL, at which time a white solid began to precipitate. Addition of 50 mL of pentane induced
further separation of white solid, which was collected by filtration and dried in vacuo. Yield: 502
mg (92.2%). "H NMR (300 MHz, CDsCN) &/ppm: 4.69 (m, 8H), 2.96 (t, *Jo_y = 7.5 Hz, 3H).
3'p{'"H} NMR (121.5 MHz, CD;CN) 6/ppm: 127.5 (s). Anal. Calcd. for CoH; Au,BrF12NO,P:
C, 10.39; H, 1.07; N, 1.35. Found: C, 10.44; H, 1.15; N, 1.22.

1.5.6 Preparation of Auzl’l(dppip)Brz 8)

A solution of 2:0.5CH,Cl, (1.00 g, 1.08 mmol, 1.00 eq) was prepared in 70 mL of
CH,Cl,. The solution was treated with 40 mL an aqueous solution of KBr
(1.36 g, 11.4 mmol, 10.0 eq). The biphasic mixture was covered with aluminum foil and stirred
at room temperature for 4.5 h. The aqueous layer was separated and washed with 3 x 15 mL of
CH,Cl,. The combined organic extracts were washed with 3 x 10 mL of water, dried over
MgSO, and filtered. The solution was concentrated to < 20 mL, and addition of 150 mL of
pentane liberated a white solid, which was collected by filtration. The residue that was left
behind was redissolved in a small amount of CH,Cl,, precipitated with pentane, and collected
and combined with the first batch of solid. Yield: 1.02 g of 8-:0.5CH,Cl, (93.2%). 'H NMR
(500 MHz, CDCl3) oJ/ppm: 790 (m, 8H), 7.51 (m, 4H), 7.38 (m, 8H), 1.69
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(t, *Jo_u = 15.3 Hz, 6H). *'P{'"H} NMR (121.5 MHz, CDCl;) d/ppm: 54.1 (s). Anal. Calcd. for
C27H26AUQBI‘2P2'O.5CH2C12Z C, 32.75; H, 2.70. Found: C, 3285, H, 2.78.

1.5.7 Oxidation of 2 with PhICI, to form Au,"™"(dppip)Cls (13) and Au,""(dppip)Cls (14)

A scintillation vial was charged with a solution of 2:0.5CH,Cl,
(100 mg, 0.109 mmol, 1.00 eq) dissolved in 9 mL of CH,Cl,. A solution of PhICI,
(31.4 mg, 0.114 mmol, 1.05 eq) in 1.5 mL of CH,Cl, was added dropwise, giving a yellow-
orange solution that was stirred at room temperature for 2.5 h. At this time, > P{'H} NMR
showed a mixture of 13 (25%) and 14 (75%). The aliquot that was removed for NMR analysis
was layered with pentane, producing yellow-orange crystals of 13, which were characterized by
X-ray diffraction. *'P{'"H} NMR data for 13 (121.5 MHz, CH,CL) &/ppm: 37.8 (s). *'P{'H}
NMR data for 14 (121.5 MHz, CH)Cl,) d/ppm: 58.0 (d, 2Jp_p - 16 Hz, 1P), 53.7
(d, “Jp_p~ 16 Hz, 1P).

1.5.8 Preparation of Au,""'(dppm)Cl, (15)

To a solution of 3 (100 mg, 0.118 mmol, 1.00 eq) in 5 mL of CH,Cl,, was added
dropwise a solution of PhICl, (34 mg, 0.12 mmol, 1.0 eq) in 1 mL of CH,Cl,. The resulting
solution was stirred for 12 h in the dark during which time some product precipitated. The
mixture was layered with ~ 15 mL of pentane and stored at —20 °C for 1 day. Product 15 formed
as a microcrystalline pale yellow solid. The supernatant was decanted, and the remaining solid
product washed with 2 x 15 mL pentane and dried in vacuo. Yield: 100 mg (92.3%). '"H NMR
(500 MHz, CD,Cl,) o/ppm: 7.81-7.87 (m, 4H), 7.56-7.62 (m, 2H), 7.47-7.55 (m, 6H),
7.36-7.46 (m, 8H) 4.27 (dd, *Jp_y= 11.0 Hz, 13.2 Hz, 2H). *'P{'"H} NMR (121.5 MHz, CD,Cl,)
§/ppm: 362 (d, “Jpp = 17 Hz, 1P), 18.5 (d, “Jpp = 16 Hz, 1P). UV-vis (CH,CL): A/nm
(e/(M " em™)) 341 (9400). Anal. Calcd. for CosHpAu,ClyPy: C, 32.63; H, 2.41. Found: C, 32.82;
H, 2.51.

1.5.9 Preparation of Au,"""(dppm)Cl; (16)

A sample of PhICI, (68 mg, 0.25 mmol, 2.1 eq) in 2 mL of CH,Cl, was added to a stirred
solution of 3 (100 mg, 0.118 mmol, 1.00 eq) in 8 mL of CH,Cl,. The yellow solution was stirred
in the dark for 17 h and then was concentrated to ~ 4 mL, at which time a yellow solid began to

precipitate. Addition of 15 mL pentane gave the product as a yellow solid, which was separated
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from the supernatant by decantation, washed with 2 x 15 mL pentane and dried in vacuo. Yield:
101 mg of 16-0.5CH,Cl, (83.0%). '"H NMR (500 MHz, CDCl;) §/ppm: 7.75-7.82 (m, 12H),
7.61-7.66 (m, 8H), 5.12 (t, *Jp_y = 14.8 Hz, 2H). *'P{'H} NMR (121.5 MHz, CDCls) 6/ppm:
292 (s). UV-vis (CH,ClL): Anm (¢/M' cm™)) 339 (16000). Anal. Caled. for
CasHxAu,ClgP,-0.5CH,Cly: C, 29.63; H, 2.24. Found: C, 29.43; H, 2.37.

1.5.10 Preparation of Auzl’m(dcpm)Ch a7

A sample of 4 (100 mg, 0.114 mmol, 1.00 eq) was dissolved in 10 mL of CH,CL,. A
solution of PhICl, (32 mg, 0.12 mmol, 1.1 eq) in 1 mL of CH,Cl, was added dropwise to give a
yellow solution, which was stirred at room temperature for 3 h. The volatiles were removed to
give a yellow residue, which was redissolved in 2 mL of CH,Cl, and slowly added to 15 mL of
pentane to furnish a yellow solid. The supernatant was decanted and the resulting solid material
was washed with pentane and dried in vacuo. Yield: 93 mg (86%). "H NMR (500 MHz, CDCl5)
§/ppm: 3.39-3.51 (br, m, 2H), 2.93 (dd, *Jp_z = 10.6 Hz, 13.8 Hz, 2H), 2.30-2.41 (br, m, 2H),
1.68-2.24 (br, m, 24H), 1.19-1.62 (br, m, 16H). *'P{'"H} NMR (121.5 MHz, CDCl;) é/ppm: 60.0
(d, 2Jo_p = 9 Hz, 1P), 35.9 (d, “Jp_p = 9 Hz, 1P). UV-vis (CH,CL): /nm (¢/((M ' ecm™")) 327
(8500). Anal. Calcd. for CsHsAu,ClsP,: C, 31.80; H, 4.91. Found: C, 32.31; H, 4.96.

1.5.11 Preparation of Auy""""(depm)Clg (18)

A solution of PhICl, (66 mg, 0.24 mmol, 2.1 eq) in 1.5 mL of CH,Cl, was added to 4
(100 mg, 0.114 mmol, 1.00 eq) in 10 mL of CH,Cl,. The yellow solution was stirred in the dark
for 16 h, at which time the volatiles were removed via rotary evaporation to leave a yellow
residue. The residue was taken up in ~ 2 mL of CH,Cl, and added dropwise to 15 mL of pentane,
prompting a pale yellow solid to separate. The supernatant was decanted and the solid was
washed with pentane and dried in vacuo. Yield: 98 mg (84%). 'H NMR (500 MHz, CDCls)
S/ppm: 3.64(t, *Jp_y = 13.8 Hz, 2H), 3.14-3.24 (br, m, 4H), 2.19-2.31 (br, m, 8H), 1.79-2.02
(br, m, 20H), 1.33-1.50 (br, m, 12H). *'P{'"H} NMR (121.5 MHz, CDCls) é/ppm: 60.3 (s).
UV-vis (CH,Cl,): A/nm (s/(Mf1 cmfl)) 328 (16000). Anal. Calcd. for CpsHasAu,ClgPo: C, 29.58;
H, 4.57. Found: C, 29.96; H, 4.60.
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1.5.12 Preparation of Au"'(PPh;)Cl; (19)

This compound has been reported previously by oxidation with Cl, gas.’'*® Here the
synthesis is reported using PhICl,. To a solution of 5 (100 mg, 0.202 mmol, 1.00 eq) in 2 mL of
CH,Cl, was added a solution of PhICl, (58 mg, 0.21 mmol, 1.0 eq) in 2 mL of CH,Cl,. After
stirring for 8 h at room temperature in the dark, the solution was concentrated to < 1 mL, and ~
15 mL of pentane was added to afford the product as a yellow powder. The solvent mixture was
decanted and the solid was washed with pentane dried in vacuo. Yield: 95 mg (83%). '"H NMR
(500 MHz, CDCl) d/ppm: 7.66-7.75 (m, 9H), 7.54-7.60 (m, 6H). *'P{'H} NMR
(121.5 MHz, CDCls) 6/ppm: 44.3 (s). UV-vis (CH,Cl,): //am (¢/(M "' cm™')) 336 (13000). Anal.
Calcd. for CigHisAuCL3P: C, 38.22; H, 2.67. Found: C, 38.23; H, 2.66.

1.5.13 Preparation of Aum(PCy3)Cl3 (20)

A sample of 6 (100 mg, 0.195 mmol, 1.00 eq) was dissolved in 1.5 mL of CH,Cl,. To this
solution was added PhICl, (56 mg, 0.20 mmol, 1.03 eq) in 1.5 mL of CH,Cl,. The resulting
yellow solution was stirred in the dark at room temperature for 8 h. After concentrating to < 1
mL, 15 mL of pentane was added to separate 20 as a pale yellow solid. The supernatant was
decanted and the product was washed with pentane and dried in vacuo. Yield: 100 mg (87.8%).
'H NMR (500 MHz, CDCl3) 6/ppm: 2.95-3.06 (br, m, 3H), 2.00-2.08 (br, m, 6H), 1.86-1.96
(br, m, 6H), 1.68-1.84 (br, m, 9H) 1.27-1.40 (br, m, 9H). *'P{'"H} NMR (121.5 MHz, CDCl5)
8/ppm: 74.8 (s). UV-vis (CH,Cly): /nm (¢/(M™" em™")) 253 (12000), 328 (8700). Anal. Calcd.
for CsH33AuCl3P: C, 37.03; H, 5.70. Found: C, 37.25; H, 5.63.

1.5.14 Preparation of Auzm’m(dppm)Br6 (22)

To a solution of 9 (86 mg, 0.091 mmol, 1.0 eq) in 4 mL of CH,Cl, was added a solution
of Br; (36 mg, 0.228 mmol, 2.5 eq) in 2 mL of CH,Cl,. The solution turned red immediately and
was stirred in the dark for 90 min. The reaction mixture was layered with pentane and stored at
—20 °C to give red crystals of 22. The supernatant was decanted and the product was washed
with pentane and dried in vacuo. Yield: 111 mg (96.3%). '"H NMR (500 MHz, CDCls) §/ppm:
7.69-7.80 (m, 12H), 7.57-7.62 (m, 8H), 542 (t, “Jo.u = 14.6 Hz, 2H). *'P{'H} NMR
(121.5 MHz, CDCl3) §/ppm: 14.6 (s). UV-vis (CH,Cl,): /nm (¢/(M' em™")) 256 (56000), 349
(12000). Anal. Calcd. for CysHAuyBrePo: C, 23.87; H, 1.76. Found: C, 24.12; H, 2.04.
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1.5.15 Preparation of Au,"" (dcpm)Br; (23)

To a solution of 10 (100 mg, 0.104 mmol, 1.00 eq) in 6 mL of CH,Cl, was added
dropwise a solution of Br; (17 mg, 0.11 mmol, 1.05 eq) in 1 mL of CH,Cl,. The solution turned
red immediately and was stirred at room temperature for 3.5 h in exclusion of light. The solution
was concentrated to ~ 2 mL, and addition of 15 mL pentane gave the product as a salmon-
colored powder. The solvents were decanted and the material was washed with pentane and dried
in vacuo. Yield: 98 mg (84%). 'H NMR (500 MHz, CDCl5) o/ppm: 3.63-3.73 (br, m, 2H), 2.92
(dd, “Jp_ = 10.5 Hz, 13.6 Hz, 2H), 2.40-2.50 (br, m, 2H), 2.21-2.30 (br, m, 2H), 1.20-2.19
(br, m, 38H). *'P{'"H} NMR (121.5 MHz, CDCls) §/ppm: 45.0 (s, 1P), 37.6 (s, 1P). UV-vis
(CHoCL): /nm (¢/(M' em™)) 253 (19000), 397 (3900). Anal. Calcd. for CosHisAu,BrsPs:
C, 26.76; H, 4.13. Found: C, 27.12; H, 4.12.

1.5.16 Preparation of Au,"""(dcpm)Brg (24)

A sample of 10 (100 mg, 0.104 mmol, 1.00 eq) was dissolved in 6 mL of CH,Cl,. A
solution of Br; (62 mg, 0.38 mmol, 3.7 eq) in 1 mL of CH,Cl, was added. The resulting red
solution was stirred in exclusion of light for 6 h. After concentrating to ~ 1 mL, 15 mL of
pentane was added to give a dark red solid, which was separated by decantation, washed with 2 X
15 mL of pentane and dried in vacuo. Yield: 116 mg (87.1%). '"H NMR (500 MHz, CDCls)
&/ppm: 3.89 (t, “Jp = 13.9 Hz, 2H), 3.24-3.34 (br, m, 4H), 2.23-2.31 (br, m, 8H), 1.76-2.00
(br, m, 20H), 1.35-1.50 (br, m, 12H). *'P{'"H} NMR (121.5 MHz, CDCls) d/ppm: 48.4 (s).
UV-vis (CHxClL): Anm (/M cm™')) 254 (33000), 401 (7300). Anal. Calcd. for
CasHasAu,BrePo: C, 23.42; H, 3.62. Found: C, 23.42; H, 3.56.

1.5.17 Preparation of Au"(PCy;)Br; (26)

To a solution of 12 (100 mg, 0.179 mmol, 1.00 eq) in 1.5 mL of CH,Cl, was added a
solution of Br, (62 mg, 0.39 mmol, 2.2 eq) in 1 mL of CH,Cl,. The dark red solution was
shielded from light and stirred for 2 h, at which time it was concentrated to ~ 1 mL. Addition of
15 mL of pentane gave an orange solid, which was washed with pentane and dried in vacuo.
Yield: 116 mg (90.4%). 'H NMR (500 MHz, CDCl3) é/ppm: 3.08-3.21 (br, m, 3H), 2.01-2.12
(br, m, 6H), 1.65-1.95 (br, m, 15H), 1.29-1.42 (br, m, 9H). *'P{'H} NMR (121.5 MHz, CDCl;)
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o/ppm: 65.0 (s). UV-vis (CH,Cl,): A/nm (e/(M " em™)) 250 (23000), 279 (18000), 400 (5700).
Anal. Calcd. for C;gHs3AuBr3P: C, 30.15; H, 4.64. Found: C, 30.16; H, 4.65.

1.5.18 X-Ray Crystallographic Details

Single crystals of 1, 7, and 13 were obtained from CH,Cl, layered with pentane, whereas
crystals of 2 were obtained in a similar fashion from CHCls/pentane. Single crystals of 4 were
obtained from a 1,1,2,2-tetrachloroethane solution layered with heptane, 15, 16, 20, 22, and 26
were crystallized from CH,Cl, solutions layered with pentane, crystals of 23 were grown from a
chlorobenzene solution layered with heptane, and crystals of 24 were obtained from a 1,2-
dichloroethane solution layered with heptane. The crystals were mounted on a Bruker three-
circle goniometer platform equipped with an APEX detector. A graphite monochromator was
employed for wavelength selection of the Mo Ka radiation (4 = 0.71073 A). The data were
processed and refined using the program SAINT supplied by Siemens Industrial Automation.
Structures were solved by direct methods in SHELXS and refined by standard difference Fourier
techniques in the SHELXTL program suite (6.10 v., Sheldrick G. M., and Siemens Industrial
Automation, 2000). Hydrogen atoms were placed in calculated positions using the standard
riding model and refined isotropically; all other atoms were refined anisotropically. The crystal
of 13 was a nonmerohedral twin; the final model was refined against two unit-cell domains. In
the structure of 7, one of the —CF;3 groups was modeled as a two-part disorder. A positional
disorder of the three bromine atoms bonded to Au(2) in the structure of 22 was modeled. In the
same structure, the CH,Cl, solvate was modeled as a two-part disorder. In the structure of 24,
one of the two independent dichloroethane solvates was modeled as a two-part disorder. In the
structure of 2, the C—C distances of the solvent molecule were restrained to a reasonable value
(1.54 A) using a DFIX command. The 1-2 and 1-3 distances of all disordered parts were
restrained to be similar using the SADI command; the rigid-bond restraints SIMU and DELU
were also used on disordered parts. Crystallographic details for 1, 2, 4 (CCDC 737767), 7, 13, 15
(CCDC 737768), 16 (CCDC 737769), 20 (CCDC 737770), 22 (CCDC 737771), 23 (CCDC
737772), 24 (CCDC 737773) and 26 (CCDC 737774 ) are summarized in Tables 1.3—1.6 below.
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Table 1.3. Crystallographic summary for complexes 1, 2, and 4.

1 2-CHClI, 4-2.5C,H,Cly
Formula CoH11Au,CLF 12NO4P,  CosHosAuClsP,  CsoHs i AuaClyoPs
fw, g/mol 951.96 995.61 1292.98
Temperature/K 100(2) 100(2) 100(2)
cryst. syst. Monoclinic Monoclinic Trigonal
space group P2, Pn P3,21
color Colorless Colorless Colorless
a/A 8.8755(10) 9.4607(6) 15.787(2)
b/A 25.219(3) 9.5806(7) 15.787(2)
c/A 9.8748(11) 17.2293(12) 30.811(4)
a/° 90 90 90
pl° 99.111(2) 102.6190(10) 90
/° 90 90 120
VIA® 2182.4(4) 1523.93(18) 6650.5(16)
p (calc.)/(gem™) 2.897 2.170 1.937
Z 4 2 6
no. refl. 50656 34361 88178
no. unique refl. 13127 9180 7559
Rint 0.0402 0.0370 0.0746
R,“ (all data) 0.0257 0.0216 0.0471
wR,” (all data) 0.0559 0.0420 0.1080
R [(I>20)] 0.0241 0.0205 0.0406
wR, [(I> 20)] 0.0551 0.0417 0.1026
GOF* 1.017 0.924 1.079

YR = Z|F, — [F/ZIF. ° WR, = (z“(W(F‘o2 - Fcz)z)/z(W(Foz)z))l/z- ¢ GOF =
(E WF,2 — FH*(n — p))"* where n is the number of data and p is the number of

parameters refined.
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Table 1.4. Crystallographic summary for complexes 7, 13, and 15.

7 13-CH,Cl, 15
Formula CoH11AuBrF1oNO4Py  CogHogAunClgPy  CasHan AuaCluPs
fw, g/mol 1040.88 1033.08 920.1
Temperature/K 100(2) 100(2) 100(2)
cryst. syst. Monoclinic Monoclinic Orthorhombic
space group C2/c P2/c P2,2,2,
color Colorless Orange Yellow
alA 11.1212(17) 15.9344(12) 12.570(3)
b/A 25.976(4) 10.7593(8) 13.011(3)
c/A 8.7499(13) 18.5207(14) 16.508(3)
a/° 90 90 90
p/° 94.191(2) 97.851(2) 90
y/° 90 90 90
VIA® 2520.9(7) 3145.5(4) 2700.0(9)
VA 4 4 4
p (calc.)/(gem™) 2.743 2.181 2.264
no. refl. 28351 108083 60788
no. unique refl. 3847 9654 7914
Rint 0.0437 0.0731 0.0744
R\“ (all data) 0.0428 0.0382 0.0315
WR," (all data) 0.1004 0.0678 0.0678
Ry [(I>20)] 0.0374 0.0643 0.0293
wR, [(I>20)] 0.0980 0.0306 0.0671
GOF* 1.322 1.020 1.052

YR = Z|F, — [F/ZIF. ° WR, = (z“(W(F‘o2 - Fcz)z)/z(W(Foz)z))l/z- ¢ GOF =
(E WF,2 — FH*(n — p))"* where n is the number of data and p is the number of

parameters refined.
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Table 1.5. Crystallographic summary for complexes 16, 20, and 22.

16-CH,Cl, 20 22-CH)Cl,
Formula Ca6Ha4Au,ClgPs CigH33AuClP - CysHasAuaBreClo Py
fw, g/mol 1075.83 583.73 1342.69
Temperature/K 100(2) 100(2) 100(2)
cryst. syst. Monoclinic Monoclinic Triclinic
space group P2i/n C2/c PT
color Yellow Yellow Red
a/A 9.9293(6) 17.2194(14) 11.2927(12)
b/A 14.9256(9) 13.7859(14) 12.2466(13)
c/A 21.1774(13) 18.2238(16) 15.2241(15)
o/° 90 90 73.373(2)
p/° 93.0540(10) 99.905(2) 79.170(2)
/° 90 90 68.124(2)
VIA® 3134.0(3) 4261.6(7) 1864.3(3)
p (calc.)/(gem™)  2.280 1.820 2.245
Z 4 8 2
no. refl. 73318 43886 42049
no. unique refl. 10118 6266 11157
Rint 0.0501 0.0675 0.0493
R“ (all data) 0.0301 0.0437 0.0658
wR,” (all data) 0.0507 0.0681 0.1189
R, [(I>20)] 0.0234 0.0341 0.0408
wR, [(1> 20)] 0.0481 0.0650 0.1042
GOF* 1.032 1.122 1.021

R = ZFy = |Fl/Z|F|. ° WRy = (z“(W(F'o2 - Fcz)z)/E(W(Foz)Z))l/z' ¢ GOF =
(E w(F,? — FA*(n — p))"* where n is the number of data and p is the number of parameters

refined.
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Table 1.6. Crystallographic summary for complexes 23, 24, and 26.

23 24-C,H4Cly 26
Formula CosHasAuyBrsPs Cy7H50AusBrsCLP,  CisHi3AuBrsP
fw, g/mol 1122.13 1380.90 717.11
Temperature/K 100(2) 100(2) 100(2)
cryst. syst. Monoclinic Monoclinic Orthorhombic
space group P2/n P2/n Pnma
color Red Red Orange
alA 11.7519(9) 9.5914(8) 14.7919(9)
b/A 14.3982(10) 15.0383(13) 16.4575(10)
c/A 19.2592(14) 26.602(2) 9.0123(5)
a/° 90 90 90
p/° 95.4610(10) 96.941(2) 90
y/° 90 90 90
VIA® 3244.0(4) 3808.9(6) 2193.9(2)
p (calc.)/(gem™) 2.298 2.408 2.171
VA 4 4 4
no. refl. 73851 75308 48982
no. unique refl. 9877 9102 3467
Rint 0.0602 0.0572 0.0568
R\“ (all data) 0.0444 0.0407 0.0295
WR," (all data) 0.0805 0.0749 0.0501
R [(I>20)] 0.0319 0.0344 0.0224
wR, [(I>20)] 0.0748 0.0730 0.0474
GOF* 1.048 1.173 1.050

YR = Z|F, — [F/ZIF. ° WR, = (z“(W(F‘o2 - Fcz)z)/z(W(Foz)z))l/z- ¢ GOF =
(E WF,2 — FH*(n — p))"* where n is the number of data and p is the number of

parameters refined.
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Chapter 2 —
Halogen Photoreductive Elimination from Metal-Metal-Bonded
M"-Au" (M = Rh, Ir) Heterobimetallic Complexes

Portions of this work have been previously published:

Reproduced in part with permission from Teets, T. S.; Lutterman, D. A.; Nocera, D. G.

Inorg. Chem. 2010, 49, 3035-3043. Copyright 2010 American Chemical Society.

Teets, T. S.; Neumann, M. P.; Nocera, D. G. Chem. Commun. 2011, 47, 1485-1487.

Reproduced by permission of the Royal Society of Chemistry.
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2.1 Introduction

In this chapter, the theme of developing more efficient HX-splitting (X = CI, Br)
photocatalysts continues, again with much focus on the more thermodynamically challenging X,
photoelimination. Our group’s first foray into HX splitting centered around dirhodium
complexes, which were catalytic for hydrogen eveolution'” but exceedingly sluggish at
eliminating X,,>* which only occurred in the presence of a chemical trap. In the preceding

chapter, it was demonstrated that photolysis of Au™

halide complexes elicits efficient X,
elimination, and that this photoreaction can be executed in the absence of a halogen trap. This
knowledge, coupled with our group’s other findings that more oxidizing late transition-metal
complexes containing platinum and/or gold also show high quantum yields for halogen
photoelimination,™® has led us to consider designs of next-generation HX-splitting catalysts
incorporating these later metals. Our interest in heterobimetallic complexes stems from a desire
to strike a balance in designing molecular photocatalysts that can manage the formal reduction of
protons to hydrogen but at the same time are oxidizing enough to efficiently eliminate halogen to
complete HX-splitting cycles. Armed with the knowledge (i) that metal-metal-bonded dirhodium
and diiridium complexes display a rich reaction chemistry with hydrohalic acids and reversibly
add hydrogen™’ and (ii) that complexes containing more oxidizing transition metals efficiently

eliminate halogen (vide supra), we turned our attention to rhodium-gold and iridium—gold

heterobimetallic complexes as promising candidates as next-generation HX-splitting catalysts.

Iridium(I)—gold(I) heterobimetallic complexes were first reported by Shaw and
coworkers, who detailed the synthesis of [Ir'Au'(dppm)(CO)CI]Cl (dppm =
bis(diphenylphosphino)methane),® and later described synthetic methods for substituting methyl
isocyanide (MeNC) onto the iridium center.’ Since these initial reports, efforts led by the Balch
and Crosby groups have elucidated many of the key photophysical'®"® aspects of these
complexes; the ubiquitous do* — po transition dominates the low-energy electronic spectra of
these complexes, which will be considered in more detail later in this chapter. Computational
studies of Ir'Au' complexes have also emerged, providing additional insights on the electronic
structure.'* However, the reactivity of these complexes had remained underexplored. Reactions
with select Lewis acids such as HgCl, and BF; have been characterized for

[Ir' Au'(dppm)>(CO)C1](PFs)"® and a trimetallic I''Au'Ir' complex has been oxidized.'® Scheme
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Scheme 2.1. Previous examples of iridium—gold heterobimetallic complexes.

2.1 summarizes the assembly and key transformations of iridium—gold complexes which have
been reported primarily by the groups of Shaw and Balch. Of note is that two general classes of
bimetallic Ir'-Au' complexes emerge from these previous studies—monocationic complexes
featuring a “Vaska-type” iridium(I) center, and dicationic complexes where a full complement of
neutral ligands is bound to iridium(I). These previous studies did not include oxidative-addition
reactions of bimetallic iridium—gold species, and photochemical transformations involving

iridium—gold heterobimetallics are likewise unknown.

Rhodium—gold heterobimetallic complexes have been described to even less of an extent,
with one such complex, [Rh'Au'(dppm),(CN'Bu),]*" as a lone example outside of our group.
This complex was first prepared by Shaw and coworkers,” and was also subjected to rigorous
photophysical studies by two different groups.'”'™® Our group later described the first d’—d’
metal-metal-bonded rhodium—gold complex, which could only be synthesized when the dppm
bridging ligand was replaced with CH3;N[P(OCH,CFs),]» (tfepma). Oxidation of
Rh'Au'(tfepma),(CN'Bu),Cl, with KAu'"Cl; produced the metal-metal-bonded complex
[Rh"" Au"(tfepma)»(CN'Bu),Cl3][Au'Cl,], but ultimately this product was too thermally unstable
to allow for detailed photochemical characterization."” These previous examples of rhodium—

gold heterobimetallic complexes are summarized in Scheme 2.2.

In this chapter, syntheses of new d®*-d'® M'Au' (M = Rh, Ir) complexes spanned by two
bridging diphosphines are described. Halogen oxidation furnishes d’-d° M"Au" bimetallic
complexes; this electron count has heretofore not been observed for Ir bonded to Au. Included in

this suite of complexes are the first examples of thermally robust Rh"Au" complexes. The
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Scheme 2.2. Previous examples of rhodium—gold heterobimetallic complexes.

complexes possess a formal metal-metal ¢ bond, which is validated by structural metrics from
X-ray crystallography. Experimental and computational studies establish an electronic structure
that is dominated by do — do* character with significant halide LMCT admixture. Consistent
with this bonding formulation, irradiation of the M"Au" complexes activates M—X bonds and
halogen photoreductive elimination is achieved. The enhanced thermal stability of the new class

of rhodium—gold complexes permits the first photochemical study of this type of complex.
2.2 Results

2.2.1 Synthesis and Characterization of M'Au' (M = Rh, Ir) Complexes

Rh'Au' halide complexes are prepared in the stepwise procedure outlined in Scheme 2.3,
generating heterobimetallic complexes 1-4, which are isolated as either PFs (1-3) or
trifluoromethanesulfonate (OTf) (4) salts. The common Rh' starting material [Rh'(COD)CI],
(COD = 1,5-cyclooctadiene) is treated with 4 eq of the bridging phosphine, CH,(PR;), [R = Cy

. e N by
[Rh/(COD)X], (i) 1 atm CO R,P X PR,
CH2C|2 ! o~ |
+ | |
3 v
4 R,PCH2PR, (i) 2 Au'(tht)x OC” | |
2 2 () (tht) RZP\/ PR,
1: R=Cy, X =CI (83%)
2: R=Cy, X=Br (83%)
3: R = Ph, X = CI (81%)
4: R =Ph, X =Br (74%)

Scheme 2.3. Synthesis of Rh'Au' complexes 1-4. Isolated yields are listed in parentheses.
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(dcpm), Ph (dppm)]. This generates the bischelate complex
[Rh'(k*-CH2(PR,)2)2]Cl, which may be isolated and used as the starting material, though equally
satisfying results are obtained if this complex is generated in situ. Whether isolated or generated
in situ, this Rh' intermediate is treated with excess CO, at which time the labile Au' starting
material Au'(tht)Cl (tht = tetrahydrothiophene) is introduced, assembling the heterobimetallic
complexes. Crude NMR spectra suggest near quantitative formation of the Rh'Au' complexes,
which can be purified and isolated in yields of 74-83%. The Rh'Au' complexes are readily
identified by their *'P{'"H} NMR spectra, which show two AA'XX' multiplets largely

Figure 2.1. X-ray crystal structures of 1-4. Ellipsoids are depicted at the 50% probability level
with counterions, solvent molecules and hydrogen atoms omitted for clarity.
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reminiscent of the splitting observed for isostructural Ir'Au' complexes (vide infra). One of the
two multiplets is additionally coupled to '“Rh, allowing for unambiguous assignment of the

3 1P{IH} resonances. The observed lJRh,p values are 113-120 Hz.

All four Rh'Au' complexes were characterized by X-ray diffraction, and their structures
are collected in Figure 2.1. Complexes 1-4 are structurally similar to one another, with
approximately square-planar Rh' centers and approximately linear Au' centers. In all cases, the
anion (PFs or OTTf") is outer-sphere, and no interaction with either metal center is apparent. The
Rh--Au internuclear distances are quite similar across the series. The Rh(1)---Au(1) distances of
2.9250(4) A and 2.9187(2) A in dcpm-bridged 1 and 2 elongate slightly to 2.9551(3) A and
2.9537(5) A in dppm-bridged 3 and 4. These values are indicative of a weak metal-metal

interaction, but the absence of a formal bond, as expected for the d®---d'? electron count.

Monocationic Ir'Au' compounds, with “Vaska-type” Ir' centers, were synthesized by
following the route depicted in Scheme 2.4. This method furnishes the complexes
[Ir' Au'(depm)»(CO)X](PFs) [X = CI (5), Br (6)] in a manner similar to that used for the synthesis
of the dppm-bridged complex.® [Ir'(dcpm),CO]X is prepared by treatment of Vaska’s complex,
trans-Ir'(PPhs),(CO)X, with two equivalents of dcpm. This precursor is combined with Au'(tht)X
in CH,Cl, to assemble the heterobimetallic complex. Anion exchange with methanolic NH4PFg
affords 5 and 6 as bright orange solids. This reaction is similar to the aforementioned Rh'Au'
synthesis, with the exception that the CO-bound Ir' starting material is isolable and is used as the
starting point. The 'H NMR spectra of 5 and 6 are not particularly informative, consisting mainly
of broad, overlapping cyclohexyl resonances. The compounds are most readily identified by *'P
NMR. In the *'P{'H} spectrum of both 5 and 6, 14 of the 20 possible lines resulting from the
AA'XX’ spin system can be resolved, and the position of the two frequencies is responsive to

halide substitution. The two peaks in the spectrum of §, centered at 51.0 and 25.3 ppm, shift to

i “1(PF
(' @dcpm)conx ) 23_';2:'2 Cyzﬁ’/\;ﬁ’Cyz (FFe)

+ —_— Ir!----- Aul
Autht)X (i) 1.5 NH,PFs oC” | |
MeOH  CyaP< _PCy»

5: X = CI (79%)
6: X = Br (87%)

Scheme 2.4. Synthesis of I''Au' complexes 5 and 6. Isolated yields are listed in parentheses.
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50.4 and 23.2 ppm in 6. The larger shift of the upfield resonance suggests that it originates from
the phosphorus atoms bound to iridium, which is the site of the halide substitution. Complexes 5
and 6 also possess distinctive C=O IR stretching frequencies at 1944 cm™' (5) and 1945 cm™' (6),
which are invariant to halide substitution. A dicationic Ir'Au' complex, with isocyanide ligands
on the iridium, was also prepared. Though the methyl isocyanide complex
[Ir' Au'(dppm)>(CNMe),](PF), was reported by Shaw and co-workers,” we opted to prepare the
tert-butyl isocyanide (CN'Bu) complex owing to the commercial availability of this isocyanide.
As shown in Scheme 2.5, the desired [IrlAul(dppm)z(CN’Bu)g]2+ product, which can be isolated
as its green PF¢ salt (7), is obtained in moderate yields in a stepwise fashion starting with
[Ir(COD)Cl],, which reacts sequentially with stoichiometric amounts of dppm, CN'Bu, and
Au'(tht)Cl, in a manner similar to the synthesis of some Rh'Au' complexes.” The *'P{'H} NMR
spectrum of 7 shows a complex splitting pattern similar to that of § and 6, with two multiplets
centered at 30.0 and 10.4 ppm. As with 5§ and 6, 14 of the 20 lines can be discerned. The splitting
pattern is distinct from that of 5 and 6, however, because the two outermost lines of each 7-line
multiplet are the most intense. Complex 7 shows a characteristic C=N stretch in the IR spectrum

at 2138 cm .

Compounds 5 and 6 were structurally characterized by X-ray crystallography. The
thermal ellipsoid plots of the structures of 5 and 6, shown in Figure 2.2, exhibit the expected
square-planar coordination environment for d* Ir' and linear geometry for d'® Au'. The Ir---Au
distance of 2.9411(3) A in 5 changes minimally with halide substitution, contracting by < 0.03 A
to 2.9174(2) A in bromide-substituted 6. The Ir---Au distances in 5 and 6 are nearly identical to
the isostructural Rh'Au' complexes discussed above and slightly shorter than the distance of
2.986(1) A reported for the dppm-bridged analogue [IrlAul(dppm)z(CO)Cl](PF6).10 Complex 7
eluded structural characterization, but the related complex [Ir'Au'(dppm),(CNMe),](PFs), has a

i) CH,CI
(F(COD)CI], + 4 PPh,CH,PPh, G2 PhePm | PPhy
+ — I Aul!

(i) 5 NH,PFs L7 |
4 CNBu + 2 Au'(tht)CI MeOH pth\/pph2
7: L = CN'Bu (53%)

Scheme 2.5. Synthesis of I''Au' complex 7. Isolated yield is listed in parentheses.
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Figure 2.2. X-ray crystal structure of complexes 5 and 6. Ellipsoids are shown at the 50%
probability level with counterions, solvent molecules and hydrogen atoms omitted for clarity.

reported Ir--- Au distance of 2.944(1) A."!

2.2.2 Halogen Oxidation of M'Au' (M = Rh, Ir) Complexes to Prepare M"Au" (M =Rh, Ir)
Complexes

Halogen oxidation of Rh'Au' complexes 1-4 affords Rh"Au" complexes 8-11
quantitatively, as shown in Scheme 2.6. A substantial upfield shift of the *'P resonances of the
Rh'Au' precursor occurs upon its treatment with PhICl, or Bro. A deceptively simple triplet
splitting pattern is observed for the AA"XX" spin system, and additional coupling is observed for
one of the resonances, with 'Jx,_p values slightly smaller than those of the Rh'Au' precursors, at
74-79 Hz. Whereas dppm-bridged 10 and 11 decompose above —20 °C to an intractable mixture

of products, dcpm-bridged 8 and 9 are stable in solution at room temperature for at least 8 h with

+ +
RoP~ PR, PHICL(X=C) g o pg ]
C WX Br, (X = Br) cW X
JRh=--Al — > XZRh'—AU'-X
oc” | I oc” | I
RoP PR, RoP__PR;
1:R=Cy, X =Cl 8:R=Cy, X=CI(97%
2:R=Cy, X=Br 9: R = Cy, X = Br (92%)
3:R=Ph,X=Cl 10: R = Ph, X = CI (unstable)
4: R=Ph, X=Br 11: R = Ph, X = Br (unstable)

Scheme 2.6. Halogen oxidation of Rh'Au' complexes to furnish Rh"'Au" complexes. Isolated
yields are listed in parentheses.
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Figure 2.3. X-ray crystal structures of 8 and 9. Ellipsoids are shown at the 50% probability level
with counterions, solvent molecules and hydrogen atoms omitted for clarity.

no observable change in the *'P spectrum.

The X-ray crystal structures of 8 and 9 are shown in Figure 2.3. Crystallographic
characterization of the complexes reveals the presence of a metal-metal bond. The Rh"-Au'
intermetallic distances of 2.9250(4) A in 1 and 2.9187(2) A in 2 contract to 2.6812(4) A in 8 and
2.6960(3) A in 9, consistent with formation of a metal-metal bond. These values are slightly
longer than the 2.6549(4) A Rh—Au distance in [Rh"Au" (tfepma),(CN'Bu),Clz](Au'CL,), the only
other example of a o-bonded rhodium-gold complex.” This slight difference may reflect the
differences in bite angles between methylene spaced dcpm and methylamine-spaced tfepma, the
latter of which incurs substantial sp® character at the bridgehead nitrogen.” The typical octahedral
coordination environment of metal-metal-bonded d’ Rh" and the square-planar environment of

d’ Au" centers are readily apparent in the crystal structures of 8 and 9.

Whereas treatment of the known complex [IrIAuI(dppm)z(CO)Cl](PF6)8 with PhICI, leads
to a mixture of two products that decompose in a matter of hours to an intractable white solid,
treatment of complexes 5—7 with PhICl, or Br, leads to a clean two-electron oxidation that
quantitatively furnishes d’'—d’ Ir'"Au" complexes. The complexes [Ir' Au"(depm),(CO)X3](PFe)
(X = Cl (12); Br (13)) and [Ir'"Au"(dppm)»(CN'Bu),X,](PFe), (X = CI (14); Br (15)) were

prepared in good isolated yields by halogen oxidation of the appropriate Ir'Au' starting material.
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PO _2| (PFe)n  PhICI, (X = CI) /\PRZI (PFe)n

R,P PR R,P
Z |“‘\L1 - Br, (X = Br) Z, et
...... —_—. —_— R —
e e
RoP__PR; RoP PR,

12:L,=CO;L,=X=Cl;, R=Cy; n=1(99%)
13: L, =CO; L, =X=Br; R=Cy; n=1(87%)
14: L, =L, =CNBu; X =CI; R=Ph; n=2(90%)
15: L, =L, = CNBu; X =Br; R =Ph; n=2(96%)

5:L1=CO;L,=Cl;R=Cy; n=1
6:L;=CO;L,=Br; R=Cy; n=1
7:L4=L,=CNBu; R=Ph; n=2

Scheme 2.7. Halogen oxidation of Ir'Au' complexes to prepare Ir"Au" complexes. Isolated
yields are listed in parentheses.

Scheme 2.7 summarizes the syntheses of these complexes, where either PhICI, or Br; are used as
halogen oxidants. Oxidation of the Ir'Au' complexes results in a sizable upfield shift of the
3'p{'H} spectrum, which for the Ir'" Au" complexes consists of two deceptively simple AA XX’
1:2:1 triplets where only 6 of the 20 lines of the AA"XX" splitting pattern are resolved. The
AA’XX" triplets undergo a significant upfield shift upon substituting chloride for bromide in
otherwise identical complexes. Resonances at 31.6 and —11.0 ppm in the *'P{'H} NMR
spectrum of 12 shift to 25.7 and —18.6 ppm in bromide-substituted 13. Similarly, peaks at 7.7
and —17.6 ppm in the spectrum of 14 shift upfield to 3.1 and —22.2 ppm for bromide complex 15.
This substantial perturbation of both *'P resonances is consistent with halogen ligation of both
metal centers. Complexes 12—15 also possess distinct C=0 or C=N stretching frequencies, which
appear at 2009 (12), 2007 (13), 2192 (14) and 2189 cm ™' (15). These IR stretches show minimal
dependence on the identity of the halogen ligands.

Structural characterization of 12—15 confirms the assignment of these products as metal—
metal-bonded Ir"Au" complexes. Thermal ellipsoid plots for 12-15 are depicted in Figure 2.4.
Clearly evident are the octahedral and square-planar coordination environments of the d’ Ir" and
the d° Au" centers, respectively. Furthermore, a significant contraction in the Ir—Au bond
distance is observed upon oxidation. For the [Ir"' Au"(dcpm),(CO)X;](PFy) series, the Ir—Au bond
lengths of 2.6954(3) A (12) and 2.7096(4) A (13) are > 0.2 A shorter than those of their
precursors 5 and 6, and are again very similar to the isostructural Rh"Au" complexes described
in the previous section. The metal-metal bond lengths in isocyanide complexes 14 and 15 at
2.6729(4) A and 2.6840(4) A, respectively, are slightly shorter than their CO analogs 12 and 13,

but are still consistent with a metal-metal single bond. As with other complexes in this series, all
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Figure 2.4. X-ray crystal structures of 12—15. Ellipsoids are shown at the 50% probability level
with counterions, solvent molecules, CN'Bu methyl groups, and hydrogen atoms omitted.

counterions, in this case PF¢ , are strictly outer-sphere and have no impact on the observed solid-

state structures.

2.2.3 Photophysical Properties and Electronic Structure of M'Au' (M = Rh, Ir) Complexes

The photophysical properties of d*+d'® complexes,'” including those of rhodium and
iridium with gold,'*"*'® have been studied extensively, and will be considered here briefly. The
Rh'Au' halide complexes 1—4 all show a single, strong absorption feature in the visible region,

attributed to a do* — po transition characteristic of d® --d'’ complexes.!” This absorption
p p p
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Figure 2.5. (a) Electronic absorption (==, red) and emission (===, blue) spectra of 1. (b)
Electronic absorption spectrum of 3. Absorption spectra were recorded at 293 K in CH,Cl,, the
emission spectrum at 77 K in a frozen glass of 1:1 CH,Cly/toluene.

maximum is minimally sensitive to substitution of either the bridging diphosphine or the halide,
occurring at 418 nm (1), 423 nm (2), 424 nm (3) and 430 nm (4). In the case of complexes 1 and
2, bridged by dcpm, luminescence is observed at 77 K, when the low-energy absorption peak is
excited. The emission maxima occur at ~ 770 nm for both 1 and 2, and the large Stokes shift is
suggestive of emission from a triplet excited state. As representative examples, the electronic

spectra of 1 and 3 are depicted in Figure 2.5.

Figure 2.6 displays electronic spectra for Ir'Au' complexes 5 and 7; which are
qualitatively similar to those of 1-4. The spectra of 6 are nearly identical to 5 and are not shown
here. The absorption profiles are again dominated by the intense do* — poc transition, as has

been assigned for other complexes of this type.'*"!

The transition is fairly metal localized as
indicated by a minimal shift in the band maximum from 431 nm (¢ = 17000 M 'em™) for 5 to
437 nm (¢ = 18000 M~ cm ") for 6. These maxima are slightly red-shifted compared to those of
the isostructural Rh'Au' congeners 1 and 2. Complex 7, [Ir'Au'(dppm),(CN'Bu),](PF),, shows
an intense low-energy maximum that is even further red-shifted, at 490 nm
(¢ = 26000 M' cm™"). Time-dependent DFT calculations on the truncated phosphine model
complexes [Ir' Au'(dmpm),(CO)X]" (X = Cl (5); X = Br (6")) and [Ir'Au'(dmpm),(CNMe),]**
(7"), where dmpm = bis(dimethylphosphino)methane, confirm the do* — po nature of the

intense low-energy transitions in 5—7. Moreover, minimal halide contributions to the computed
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Figure 2.6. Overlaid absorption (==, red), glass emission (===, green), and solid-state emission
(e, blue) spectra. The spectra of § are shown in (a) and 7 in (b). The absorption spectra were
recorded at 293 K in CH,Cl, solution. Emission spectra (lex = 431 nm (5); 490 nm (7)) were
recorded at 77 K; the frozen glass was of a 1:1 CH,Cl,/toluene solvent mixture.

frontier orbitals of 5" and 6" are observed. Our results are consistent with recent computational

findings on a series of Ir' Au' complexes."

The do*po excited states of these complexes are emissive at 77 K, both in rigid solvent
glass (1:1 CHyCly/toluene) and in the solid state (Figure 2.6). Emission data for 5-7 are
summarized in Table 2.1. The 77 K emission spectra in 1:1 CH,Cly/toluene display maxima of
575 nm (5), 582 nm (6), and 640 nm (7), corresponding to Stokes shifts of 5800 cm ™' (5), 5700
cm ' (6), and 4800 cm ' (7), respectively. These emission maxima for 5 and 6 represent

substantial hypsochromic shifts relative to the Rh'Au' analogs 1 and 2, in spite of the similar

Table 2.1. Summary of 77 K emission data for complexes 5-7.
Parenthetical numbers represent the relative contributions of the two
biexponential fitting parameters.

Solution” Solid State
Cmpd. Aem/INM 7/us Aem/TNM 71/us /us
5 575 9.8 605 0.81(0.49) 6.7(0.51)
6 582 9.8 620 0.55(0.55) 4.0(0.45)
7 640 6.8 670 0.67 (0.42) 3.6 (0.68)

“4 % 107 M in 1:1 CH,Cly/toluene
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energies of the absorption features. The emission in 5-7 is further red-shifted by ca. 1000 cm™ ' in
the solid state. Emission of samples in solvent glass decay monoexponentially (z = 9.8 us (5), 9.8
us (6), and 6.8 us (7)) whereas the emission decays of solid-state samples are better
approximated by a biexponential fit. The lifetimes and excited-state characteristics of 5-7 are in

line with previous studies on triplet-state emission of Ir'Au’ heterobimetallic complexes.'* "

2.2.4 Photophysical Properties and Electronic Structure of M"Au" (M = Rh, Ir) Complexes

The electronic spectra of the M"Au" complexes are markedly different than their M'Au'
precursors, reflecting the change in electronic structure upon oxidizing the d*+d'" core to d’—d’.
The spectra of Rh"Au" complexes 8 and 9 are collected in Figure 2.7. Substitution of the
chlorides in 8 with bromides in 9 causes a noticeable bathochromic shift in the three distinct

absorption features, indicative of LMCT character in the excited states.

The spectral properties of the Ir'Au' likewise core change markedly upon oxidation to
Ir'"Au". Figure 2.8 displays overlaid absorption spectra for complexes 12—15, measured at 293 K
in CH,Cl, solution. The most intense absorption features occur at significantly higher energies
for the Ir"Au" complexes, as compared to both their Ir'Au’ precursors, and in the case of 12 and
13, to their Rh"Au" structural analogs. Nonetheless, the absorption features for 8/9, with three
distinct maxima, are markedly similar to those of 12/13, notwithstanding the sizeable shift in
absorption energies. In contrast, the spectra of dicationic isocyanide-bound complexes 14 and 15,

while demonstrating a similar bathochromic shift upon halide substitution, are dominated by a
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Figure 2.7. Room-temperature UV-vis absorption spectra of 8-(PFs) (==, red) and 9-(PF)
(===, green) recorded in CH,Cl; solution.
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Figure 2.8. Overlaid electronic absorption spectra, measured in CH,Cl, at 293 K. The spectra of
12 (==, red) and 13 (===, green) are shown in (a), 14 (==, red) and 15 (===, green) in (b).

single intense feature. For these Ir"Au" complexes, the absorption maxima shift
bathochromically upon substitution of bromide for chloride in otherwise isostructural complexes.
The M"Au" complexes are non-emissive at room temperature and 77 K, both in solution and in

the solid state.

To better understand the electronic structure that gives rise to the aforementioned optical

" complexes were examined by DFT calculations. Model complexes were

spectra, the Ir"Au
truncated by replacing all phenyl, cyclohexyl, and fert-butyl groups with methyl groups, and
counterions were omitted ([Ir"Au'(dmpm),(CO)X;]", X = Cl (12°); Br (13") and
[IrHAuH(dmpm)z(CNMe)2X2]2+, X =CI (147); Br (15")). Frequency calculations ensured that all
optimized geometries represent minima on the potential-energy surface. Metal-metal distances
in the geometry-optimized models are consistently 0.06-0.10 A longer than the observed
distances from X-ray crystallography, but in general there is good agreement between calculated
and observed structures. The orbital manifolds of 12" and 13" each contain two distorted o-
bonding orbitals responsible for the net metal-metal bond. The HOMO is primarily derived from
d orbitals with nearly equal contribution from the two metal atoms. The HOMO—7 also shows o-
orbital density between the metal atoms; this orbital is polarized towards the iridium and is of
mixed d and p parentage, with considerable Au s contribution as well. In 14" and 15°, a single
cylindrically symmetric 6-bonding orbital of mixed d and p parentage at the HOMO-2 level is

responsible for the metal-metal bond. The HOMO in these complexes is a primarily iridium-

centered dn* orbital. The LUMO in 12°—15" is the do* orbital, which is also c-antibonding with
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Figure 2.9. Partial orbital energy diagrams for model complexes 127, 13", 14", and 15".

respect to the axial halide ligands. Consistent with the sizable bathochromic shift that was
observed in the absorption spectrum of the Ir"Au" complexes upon substitution of chloride, the
HOMO and other nearby filled orbitals for bromide-substituted 13" and 15" are destabilized by ~
0.3 eV, as shown in the partial energy level diagrams of Figure 2.9. These higher-lying occupied
orbitals involve M—X o* or n* interactions, which are responsible for the destabilization that
occurs when chloride is replaced with bromide. In contrast, the LUMOs and other nearby virtual
orbitals, which feature comparatively small halide contributions, are very minimally perturbed

upon halide substitution.

Time-dependent DFT calculations on the geometry optimized models provide insight into
the nature of I Au"" excited states. Calculations show that the most intense electronic transitions
are primarily metal-metal ¢ — o* in character. Figure 2.10 shows the orbitals that are involved
in this transition for bromide complexes 13" and 15°. The transitions involved in the analogous
chloride complexes are essentially identical. The most intense electronic transition in 12" and 13°
is between the HOMO-7, a distorted 6-bonding orbital of mixed d and p parentage, and the do*
LUMO. This one-electron promotion comprises 74% (12”) and 81% (13") of the excited state of
the highest oscillator strength. The calculated transitions at 314 nm for 12" and 336 nm for 13”
are reasonably close to the observed wavelengths of 331 and 369 nm for 12 and 13. The
transitions in 14" and 15" are also best described as (d,p)c — do* and are reminiscent of the
electronic transition calculated for an isostructural Rh"Au" complex.” The most intense

excitation in 14" is calculated to occur at 328 nm, whereas that for 15" at 351 nm. Again, these
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Figure 2.10. Plots for the predominant orbitals involved in the most intense electronic transitions
of 13" and 15°, with contour levels of 0.04 a.u. Geometry optimizations were initiated from
coordinates obtained from the crystal structures of 13 and 15. Excitation energies (E = 3.69 eV
for 13" and E = 3.53 eV for 15") and oscillator strengths (f336 nm = 0.38 for 13" and f35; nm = 0.53
for 15") were determined from time-dependent DFT calculations.

are reasonably close to the observed transitions of 320 and 344 nm for 14 and 15. The
calculations also demonstrate that there is significant LMCT character in the low-energy
transitions of 12°-15". In all cases, the Ir-Au o-bonding orbital possesses substantial halide
character, whereas the do* LUMO has greater metal character as a percentage of the total orbital
composition. As a representative example, the HOMO—7 (d,p)c orbital for 13" has a 66.8%
contribution from bromine atomic orbitals, but the do* LUMO is only 18.1% derived from

bromine atomic orbitals.

2.2.5 Photochemical Halogen Elimination from M"Au" (M = Rh, Ir) Complexes

The LMCT character of the excited states of the M"Au" complexes suggests that a
halogen-elimination photochemistry may be accessible. Indeed, irradiation of solutions of
thermally stable complexes 8, 9, and 12—15, in the presence of a suitable halogen trap, leads to
photoelimination of halogen and regeneration of the reduced M'Au' complex. This
transformation is generalized in Scheme 2.8, with details for each subset of complexes

considered below.
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15: L, =L, =CNBu; X=Br; R=Ph; n=2

Scheme 2.8. Photochemistry of M"Au" complexes.

Photolysis of acetonitrile solutions of complexes 8-(PF¢) or 9-(PF¢) with UV light in the
presence of 2,3-dimethyl-1,3-butadiene (DMBD) as a halogen trap results in smooth conversion
to the corresponding Rh'Au' complexes 1-(PFs) and 2-(PF). Figure 2.11 shows the evolution of
the UV-vis spectra during the photoconversion of the Rh"Au" complexes 8 and 9. Figure 2.11a
depicts the spectral change associated with the conversion of chloride complex 8 (40 uM) to 1
when irradiated at 320 nm in the presence of 2.2 M DMBD. Well-anchored isosbestic points are
maintained at 400 and 440 nm, suggesting a clean conversion with no steady-state intermediates,
and the final spectrum matches an authentic spectrum of 1. The product-forming quantum yield

(®,) for this transformation was found to be 9.4(8)% in 2.2 M DMBD. The quantum efficiency
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Figure 2.11. Spectral evolution for the photolysis of 8 (a) and 9 (b) with monochromatic 320 nm
light in acetonitrile with 2.2 M DMBD at 283 K. In (a) traces shown from 0 to 39 min in 3 min
intervals, in (b) spectra are shown from 0 to 8 min; 2 min interval for the first spectrum and 1
min intervals afterward. The inset in (b) shows the dependence of the photochemical quantum
yield on the concentration of [DMBD], with 320 nm excitation.
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is minimally responsive to the DMBD concentration in the range of 0.55 to 4.4 M.

Photoconversion of bromide-substituted 9 to its Rh'Au' precursor 2 is likewise facile with
320 nm excitation, as gleaned from the UV-vis traces in Figure 2.11b. Isosbestic points are
maintained at 416 and 429 nm, and again quantitative photoreduction is apparent. For this
conversion, the quantum yield, @,, increases significantly as the [DMBD] is increased, as shown
in the inset of Figure 2.11b. The photochemical quantum yield, &,, at 0.055 M DMBD is
3.1(2)%, and a value of 18.2(5)% is attained when the DMBD concentration is 4.4 M.

In a similar fashion, irradiation of the Ir"Au" complexes 12—15 in the presence of the
halogen trap, 2,3-dimethyl-1,3-butadiene (DMBD), and with the exclusion of O,, results in the
prompt conversion of the photoreactants to the corresponding Ir'Au' complexes. In the cases of
monocationic CO complexes 12 and 13, the photoconversion is once again quantitative, as was
observed for the Rh"' Au" complexes discussed just prior. Figure 2.12a depicts the evolution of
the absorption spectrum when a CH,Cl, solution of [Ir' Au"(depm)2(CO)CL:](PF), 12, at 45 uM,
is irradiated with monochromic 320 nm light in the presence of 2.2 M DMBD. Pristine isosbestic
points are maintained at 408, 462 and 506 nm, indicating the absence of photochemical
intermediates on a steady-state time scale. The final spectrum indicates quantitative production
of the Ir'Au' complex 5. Clean formation of 5 is also observed when 12 is irradiated at other

wavelengths within the photoreactant’s absorption manifold. The dependence of the product-
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Figure 2.12. (a) Spectral evolution during the photolysis of (a) 12 with monochromic 320 nm
and (b) 13 with monochromatic 370 nm light, in CH,Cl, with 2.2 M DMBD at 283 K. The open
circles depict the values for the product appearance quantum yields, @, measured in 2.2 M
DMBD as a function of excitation wavelength. The inset in (b) shows the dependence of the
quantum yield on [DMBD], with A¢x = 370 nm.
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formation quantum yield, @,, on the wavelength of excitation, with 2.2 M DMBD present, is also
presented in Figure 2.12a. The observed photochemical quantum yield decreases dramatically as
the excitation energy is lowered. At 320 nm excitation, the observed quantum yield is 6.0(2)%,
which decreases to 2.3(3)% at 370 nm and 0.30(3)% at 410 nm. At 465 nm excitation, negligible
photoconversion is observed. The dependence of the quantum yield on DMBD concentration
was investigated for 1ex = 320 nm and 370 nm. In both cases, the quantum yields were found to
be independent of trap concentration, over the range of 0.055 M to 2.2 M for Aex = 320 nm and
0.055 M to 4.4 M for Aex = 370 nm.

The photochemistry of bromide-substituted 13 largely parallels that observed for 12.
Figure 2.12b shows the changes in the absorption spectrum during the photolysis (ex = 370 nm)
of a CH,Cl, solution containing [Ir'" Au"(dcpm)>(CO)Br3](PFs), 13, at 60 pM and 2.2 M DMBD.
Well-anchored isosbestic points are maintained at 421 and 461 nm, and the final absorption
spectrum reveals the quantitative formation of Ir'Au' complex 8. Clean photochemistry is
reproduced at other excitation wavelengths that fall within absorption manifold of 13 (Figure
2.8a). The photochemical quantum yield of 13 decreases substantially as the excitation
wavelength is increased, with values of 9.4(6)% at 320 nm, 3.9(3)% at 370 nm, 3.2(1)% at 410
nm, and 0.7(1)% at 465 nm, when the DMBD concentration is held at 2.2 M. In contrast to 12,
however, the photochemical quantum yield of 13 is sensitive to the DMBD concentration. As
shown in the inset of Figure 2.12b, the photochemical quantum yield increases linearly over the

range of 0.055 to 4.4 M-DMBD.

UV irradiation of [Ir'" Au"(dppm)2(CN‘Bu),X2](PFs)2, 14 and 15, results in the formation
of 7, as judged by the changes to the UV-vis absorption spectra. Figure 2.13 depicts the
evolution of the absorption spectra when 14 and 15 are photolyzed at 320 nm in the presence of
2.2 M DMBD. Photoproduct 7 is unstable to photolytic reaction conditions; the absorption bands
of 7 bleach over extended irradiation times, and a colorless UV-absorbing species forms.
Consistent with these observations, isosbestic points are not maintained over the course of
photolysis of either 14 or 15, and the final absorption spectra indicate low yields of the Ir'Au’
product 7.
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Figure 2.13. Spectral evolution during the photolysis of (a) 14 and (b) 15 with 320 nm light in
CH,Cl, with 2.2 M DMBD at 283 K.

2.2.6 Synthesis and Reactivity of a Rh'Au' Hydride Complex

Having established the halogen-elimination photochemistry of rhodium—gold and
iridium—gold complexes, their reactivity with HX (X = Cl, Br) was assessed. It was found that
heterobimetallic halide-bound complexes 1, 2, 5, and 6 were all unreactive towards HX, both in
their ground and excited states. Undeterred, hydride-bound analogues, which would be likely
intermediates in a HX-splitting scheme, were sought. Such complexes would allow further
interrogation of chemistry relevant to HX splitting, and ascertain which step(s) in the cycle prove
to be problematic. In one instance, conditions were established to synthetically install a hydride
on a M'Au' heterobimetallic complex, and the results of studies on this complex are described in

this section.

As depicted in Scheme 2.9, treatment of chloride-bound Rh'Au' complex 1-(PFg) with a
stoichiometric amount of Li(HBEt;) (Super-Hydride™) yields the hydride complex
[Rh'Au'(depm),(CO)H](PFs) (16), which was isolated in 86% yield. An analogous strategy has
been used to prepare a gold(I) hydride,” though in our case the hydride is bound to rhodium,

owing to the strong tendency of gold(I) to remain in a linear, two-coordinate geometry. The most

Rh Ayl +LiHBEt; ———>  Rpl- Ayl
oc” | | ° THF o7 |
Cy2P__PCy2 Cy2P - PCy2
1 16 (86%)

Scheme 2.9. Synthesis of Rh'Au' hydride complex 16. Isolated yield is listed in parentheses.
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Figure 2.14. Low-frequency region of the 'H NMR spectrum of 16. The fully coupled spectrum
is shown in (a), (b) shows the fully decoupled "H{*'P} spectrum, and (c) shows the partially *'P
decoupled spectrum.

definitive evidence for the presence of a hydride ligand comes from the '"H NMR spectrum.
Figure 2.14 shows the hydride region of the "H NMR spectrum, with different levels of *'P
decoupling. The fully coupled spectrum of Figure 2.14a shows a symmetric nine-line multiplet
centered at —4.41 ppm for the hydride bound to rhodium. 'H{*'P} NMR spectra provided
additional insight into the splitting pattern. A fully decoupled 'H{*'P} spectrum shows a doublet
splitting pattern, with 'Jry i = 12 Hz (Figure 2.14b). With a lower decoupling power, only short-
range °'P coupling is observed, resulting in an apparent quartet splitting pattern indicative of a
*Jp_i1 coupling constant that is also 12 Hz (Figure 2.14c). The remainder of the nine-line splitting
pattern is generated by considering long-range Jp_y coupling with a value of 6 Hz. This
collection of coupling constants predicts a 1:2:4:6:6:6:4:2:1 nonet, which is precisely what is

observed. The optical spectrum of 16 (Figure 2.15) is consistent with the formulation of a d*--d'°
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Figure 2.15. Electronic absorption spectrum of 16, recorded at 293 K in benzene.
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Figure 2.16. X-ray crystal structure of 16. Ellipsoids are shown at the 50% probability level with
counterions, solvent molecules and carbon-bound hydrogen atoms omitted.

electronic structure. The intense do* — po transition is clearly evident, and red-shifted relative

to that of chloride complex 1.

Crystallographic characterization verifies the identity of 16, as shown in the thermal
ellipsoid plot in Figure 2.16. The intermetallic distance of 2.8556(5) A in 16 is only slightly
shorter than the one found in 1 and is consistent with a weak metal-metal interaction, as
observed in other d®--d'® complexes.”'*" The coordination geometries around the metal centers
are also reminiscent of these previous examples. Additionally, the trans influence of the hydride
ligand, which was located in the difference map, is evident when comparing the structure of
hydride complex 16 to those of halide complexes 1 and 2. The Rh—C internuclear distance,
which is 1.828(4) A in 1 and 1.807(3) A in 2, lengthens to 1.885(4) A in 16.

With the goal of accessing a mixed hydrido-halide Rh"Au" complex, 16 was treated with
one equivalent of PhICL. *'P{'H} NMR of the reaction mixture showed a ca. 1:1 mixture of
Rh'Au' chloride complex 1 and the Rh"'Au" complex 8, suggesting that hydride 16 is completely
consumed with a substoichiometric amount of PhICL. Indeed, treatment of hydride-bound 16
with 0.5 equivalents of PhICI, furnishes 1 cleanly. The same reaction, carried out in benzene in
the presence of 2,6-lutidine, leads to precipitation of 2,6-lutidinium hydrochloride (LutH'CI")
and incomplete consumption of 16, demonstrating that HCI is produced during the reaction.

Hydride complex 16 reacts rapidly with LutH CI™ in solvents such as acetonitrile, where both are
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Scheme 2.10. Reactivity of Rh'Au' hydride complex 16.

substantially soluble. The overall reactivity of complex 16 is summarized in Scheme 2.10. Such
reactivity is well-documented for late-transition-metal hydride complexes,”' and precludes the

isolation of mixed hydrido-halide Rh" Au" complexes.

Further support of the reaction pathways depicted in Scheme 2.10 is provided by GC
analysis of the headspace gases evolved from each of the reactions. For both reactions, GC
measurements demonstrated that H, was the exclusive gaseous product. Reaction of 16 with one
equivalent of LutH'CI™ yielded 0.84 + 0.08 equivalents of Hj, in good agreement with the
expected stoichiometry. The reaction of 16 with 0.5 equivalents of PhICl, produced 0.38 £ 0.03

equivalents of H; (relative to 16), again reasonably close to the expected 0.5 equivalents.

2.3 Discussion

In this chapter, the preparation and photochemical reactivity of a series of rhodium—gold
and iridium—gold heterobimetallics were the focus. As a first objective, the synthesis of
thermally stable M"Au" (M = Rh, Ir) complexes was sought. Our group had previously shown
that halogen oxidation of the known complex [Rh'Au'(dppm),(CN'Bu),]*" produced an
intractable mixture of products, and only very limited thermal stability of a Rh"Au" core was
obtained by oxidation of the modified complex Rh'Au'(tfepma),(CN'Bu),Cl,. Similarly, halogen
oxidation of the known complex [Ir'Au'(dppm)>(CO)CI]" gave a mixture of products, which

rapidly and nonspecifically decomposed.

With these limitations in mind, modifications to these known complexes were sought, in
hopes of discovering new classes of complexes with enhanced stabilities. The first success came
with the compounds [IrIAuI(dcpm)z(CO)X](PF6) (X = CI (5), Br (6)), where the more electron-
donating dcpm bridging ligand replaces dppm. The compounds are furnished by following
methods similar to that employed by Shaw and co-workers. In their preparation of

[Ir' Au'(dppm)2(CO)CI]CI, they treated [Ir'(dppm)>(CO)]CI with Au'(PPh;)CI in boiling acetone.”
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In combination with the starting material [Ir'(dcpm),(CO)]X, we elected to use the Au' starting
material Au'(tht)X, which is more labile and thus allows for milder reaction conditions to
assemble heterobimetallic complexes 5 and 6 in high yields. Considerable m back-donation from
the Ir' center is evident from the low energy of the C=0O stretching vibrations (Vc=o = 1944 and
1945 cm™' for 5 and 6 vs. 2143 cm' for '*C'°0).2 A second type of Ir'Au' complex,
[Ir'Au'(dppm)>(CN'Bu),](PFs), (7), was prepared as previously described for isostructural
Rh'Au' complexes."” Initial attempts to prepare 3 by treatment of [Ir'Au'(dppm)»(CO)CI](PFe)
with two equivalents of CN'Bu resulted in a mixture of starting material, bis-CN'Bu and tris-
CN'Bu complexes, but the stepwise route described in Scheme 2.5 gave exclusively the desired
product. The C=N IR stretch for 3 is observed at 2138 cm™', which is nearly identical to the
value of 2136 cm ™' for free CN'Bu.

Halogen oxidation of 5-7 gives complexes 12-15, the first examples of d’—d’ iridium—
gold metal-metal-bonded complexes, which show prolonged thermal stability both in solution
and solid-state, particularly for monocationic CO-bound complexes 12 and 13. Encouraged by
these findings, rhodium—gold complexes isostructural to 12 and 13 were sought. The Rh'Au'
precursors 1 and 2 were heretofore unknown, but were conveniently accessed by sequential
addition of depm, CO gas, and Au'(tht)Cl to a solution of [Rh'(COD)Cl],. The analogous dppm-
bridged complexes 3 and 4 were obtained in the same fashion. Whereas halogen oxidation of
these latter complexes gave Rh"Au" complexes with only minimal stability at low temperatures,
oxidation of 1 and 2 with PhICL, and Br,, respectively, produced thermally robust Rh"Au"
complexes 8 and 9 quantitatively. Thus, simple ligand substitutions in otherwise structurally
analogous complexes greatly enhanced the stability of the Rh"' Au" complexes, enabling the in-

depth spectroscopic and photochemical studies that were described in this chapter.

Metal-metal bonding in the M"Au" species is supported by all physical and
spectroscopic characterization methods employed in this study. The C=0 and C=N IR stretches
shift by ~ 50-75 cm ' to higher energy, consistent with diminished 7 back-donation resulting
from oxidation of the bimetallic core. The crystal structures of these complexes show a
contraction of the M—Au bond length that is indicative of direct metal-metal ¢ bonding. The
metal-metal bond lengths of 8, 9, and 12-15 compare favorably with those of other d’—d’

bimetallic complexes; they are slightly longer than the bond lengths of structurally characterized
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Pt"'Au" ° and Pt"'Pt' ® complexes, and slightly shorter than found in isoelectronic Ir'Ir’
complexes.” The electronic structure of the M"Au" core is also dominated by the metal-metal-
bonding interaction. The most intense absorptions in 8, 9, and 12—15 arise from metal-metal o
— o* transitions; the transition is Laporte allowed and gives rise to intense UV absorption
features. Moreover, the metal-metal bond shows characteristic mixing with the terminal halide
ligands, especially from the halide axially coordinated along the metal-metal bond. The
pronounced bathochromic shift in the absorption features upon substitution of chloride for
bromide is indicative of substantial LMCT character in the excited state. In contrast, the M'Au'
complexes show intense HOMO — LUMO absorptions that are primarily metal-centered. In the
reduced bimetallic core, the do* orbital is filled and the metal-based transition is of do* — poc

character. As is typical of this type of excited state,”> >

a pronounced emission is observed for
both solution and solid-state samples of the Ir'Au' complexes, and for solutions of Rh'Au'
complexes 1 and 2. With axial ligands removed from the metal-metal axis together with a
reduced metal core, halide mixing into the metal-based transitions of the M'Au' complexes is
greatly diminished. As an example, the absorption maximum of chloride-substituted S shifts by
only ~ 300 cm ' in bromide-substituted 6, consistent with a primarily metal-based transition

devoid of significant halide character, an observation which is corroborated by time-dependent

DFT calculations.

The presence of LMCT character in the lowest energy excited state of the M"Au"
complexes gives rise to a significant photochemistry. We have previously noted™>° that do*
excited states with heavily admixed LMCT character can promote the photoreductive elimination
of halogen with the concomitant two-electron reduction of the metal core. The photochemistry of
the complexes described in this chapter establishes that the same excited-state reactivity is
retained for M"Au" cores. Complexes of the type [M"Au"(depm),(CO)X5](PFe) cleanly reduce
to [M'Au'(depm)2(CO)X](PFs), when illuminated in the presence of a halogen trap. For the
iridium—gold complexes, it was shown that the quantum yields for this photoreaction decrease
substantially as the excitation wavelength is increased, as has been observed previously for d’—d’
bimetallic cores ligated by halide.” However, the dependence of quantum yields on the trap
concentration for chloride-bound 8 and 12 and bromide-bound 9 and 13 is different. The
photochemical quantum yields of 8 and 12 are invariant with respect to trap concentration over

the range of 55 mM to 4.4 M DMBD, whereas the observed quantum yields for 9 and 13 increase
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linearly over the same range of concentrations. This divergent behavior suggests possible
mechanistic differences in the photochemical transformations of the two complexes. Also of note
are comparisons of the quantum yields for structurally homologous rhodium—gold and iridium—
gold complexes. At parity of excitation wavelength and [DMBD], the rhodium—gold complexes
8 and 9 have higher quantum yields than iridium—gold complexes 12 and 13. For example, with
[DMBD] = 2.2 M, and Aex = 320 nm, the photochemical quantum yield for 8 is 9.4(8)%, and is
only 6.0(2)% for 12. For the bromide complexes under these same conditions, the quantum yield

for 9 is 13(2)%, and is 9.4(6)% for 13.

The primary motivation for pursuing heterobimetallic complexes is the desire to strike a
balance between efficient halogen elimination, rendered possible by the presence of more
oxidizing centers, and hydrogen production, enabled by the group 9 metal. Having established
the halogen-elimination photochemistry of rhodium—gold and iridium—gold complexes, forays
into HX splitting with these complexes was undertaken. None of the rhodium—gold or iridium—
gold halide complexes are reactive towards HCI or HBr, indicating that the presence of the Au'
center substantially attenuates the reactivity of the M' (M = Rh, Ir) center. A rhodium—gold
hydride complex 16 was synthetically prepared, and its reactivity relevant to HX splitting was
deciphered. The rhodium-hydrogen bond is hydridic enough to be protonated by the acid 2,6-
lutidinium chloride, liberating one equivalent of H,. In addition, treatment with the chlorine
oxidant PhICI, results in generation of HCI, which reacts further with remaining hydride. This
latter reaction suggests that Rh"'Au" hydrido-chloride complex may form but is unstable with

respect to HCI loss, confirming the earlier observation that HCI does not oxidatively add to the

1 1
Rh'Au core.

2.4 Conclusions

In this chapter, it was demonstrated that d’—d’ metal-metal-bonded M"Au" (M = Rh, Ir)
complexes are prepared by halogen oxidation of d®...d"" M'Au’ complexes. In contrast to
thermally unstable tfepma-bridged Rh"'Au" complexes, which are prepared by halogen transfer
from a tetrachloroaurate, the M"Au" complexes described here are robust and their synthesis is
general and straightforward. This suite of metal-metal-bonded complexes includes the first
examples of iridium—gold bimetallic complexes with a formal ¢ bond, as well as the first

examples of thermally stable rhodium-gold bonds. The M"Au" complexes add to a growing
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library of d’—d” species that photoeliminate X, by reductive elimination. Previous to the d'—d’
class of compounds, X, reductive elimination had not been observed from coordination or
organometallic compounds. As demonstrated here for the M"Au" complexes, the electronic
structure of d’-d’ compounds late in the transition-metal series features significant mixing of
halide-centered orbitals into the metal-metal-bonding manifold, particularly for the highest
occupied orbitals. As such, the low-energy excited states of these complexes possess substantial
halide LMCT character, which is an important determinant for efficient halogen-elimination

photochemistry, a key step in photocatalytic HX splitting.

However, what the results here also showed is that this class of group 9/gold
heterobimetallic complexes is unable to oxidatively add HX, the first step in a HX-splitting
cycle. The reactivity of an isolable Rh'Au' hydride complex, described in this chapter, confirms
this contention. Although the hydride does react with HX to liberate H,, the putative M"Au"
hydrido-dihalide species, which would form from HCI addition, was found to be
thermodynamically inaccessible. As such, the production of H, from HCI, using these complexes
as catalysts, is thermodynamically prohibited in the ground state. These results highlight the
continuing challenge in developing efficient HX-splitting catalysts, where a delicate balance
between efficient H, generation and X, elimination must be achieved, and that overoptimization

can render one of the two half-reactions inaccessible.

2.5 Experimental Methods
2.5.1 General Considerations

All reactions involving air-sensitive materials were executed in a nitrogen-filled glovebox
using solvents previously dried by passage through an alumina column under argon, after
sparging with argon. The starting materials bis(diphenylphosphino)methane (dppm),
bis(dicyclohexylphosphino)methane (dcpm), and [M'(COD)Cl, (M = Rh, Ir; COD = 1,5-
cyclooctadiene) were obtained from Strem. Bromine, LiIHBEt; (1 M in THF), 2,6-lutidine, 2 M
HCI/Et,0O solution, ammonium hexafluorphosphate and sodium trifluoromethanesulfonate
(NaOTY) were obtained from Sigma-Aldrich, whereas CO was purchased from BOC (Grade 2.3).
Chlorine was delivered as the iodobenzene adduct PhICL,.* [Ir'(dcpm)»(CO)]C1  and
[Ir'(depm),(CO)|Br were prepared in an analogous fashion to that described for
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[IrI(dppm)z(CO)]Cl.27’28 [Rh'(COD)Br], was prepared according to the literature.”” Gold(I)
starting materials Au'(tht)Cl (tht = tetrahydrothiophene) and Au'(tht)Br were synthesized as
previously described.® For additions of Br; to reactions, a stock solution was prepared using a
weighed amount of bromine, and then an appropriate aliquot was added using an autopipet.
2,6-lutidinium hydrochloride (LutH CI") was synthesized by reacting 2,6-lutidine with HCI (2 M
Et,0 solution).

2.5.2 Physical Methods

NMR spectra were recorded at the MIT Department of Chemistry Instrumentation
Facility on a Varian Mercury-300 NMR Spectrometer, operating at 121.5 MHz for *'P
acquisition, or a Varian Inova-500 NMR Spectrometer operating at 500 MHz for 'H acquisition.
3 1P{ 1H} NMR spectra were referenced to an external standard of 85% D;PO4 and 'H spectra
were referenced to the residual proteo solvent resonances. UV-vis spectra were recorded at 293
K in CH,Cl,; solutions in quartz cuvettes on a Varian Cary 5000 UV-vis-NIR spectrophotometer.
Extinction coefficients were determined over a concentration range of ~ 2—50 uM, for which all
compounds obeyed Beer’s Law. 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 photomultiplier tube. Excitation light was excluded with appropriate
glass filters. Samples were housed in custom quartz EPR tubes with a ground-glass joint and
Teflon plug. Solution samples were prepared in 1:1 CH,Cl,/ toluene and freeze-pump-thaw
degassed (4 cycles, 1 x 107 torr). Solid samples were prepared by evaporation of a CH,Cl,
solution under vacuum; the resulting solid film was evacuated to < 1 x 107 torr. Spectra were
recorded at 77 K by immersion of the sealed EPR tubes into a liquid-nitrogen-filled quartz
dewar. Time resolved phosphorescence lifetimes were recorded on a nanosecond laser system
described previously.”! IR spectra of powdered samples were recorded on a PerkinElmer
Spectrum 400 FT-IR/FT-FIR Spectrometer outfitted with a Pike Technologies GladiATR
attenuated total reflectance accessory with a monolithic diamond crystal stage and pressure

clamp.
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2.5.3 Photochemistry

Photochemical reactions were performed using a 1000 W high-pressure Hg/Xe arc lamp
(Oriel). The beam was passed through a water-jacketed filter holder containing appropriate long-
pass filters, an iris and collimating lens. Samples for all photolysis experiments were prepared in
a nitrogen-filled glovebox in quartz cuvettes equipped with a magnetic stir bar and a threaded
screw-cap and kept rigorously excluded from light until the start of irradiation. Monochromatic
light was generated by combining the output from a long-pass filter with a Hg line filter of the
appropriate wavelength. For quantum yield measurements, potassium ferrioxalate was
synthesized via a published procedure and used as a chemical actinometer.’” The photon flux
was determined from the average of the actinometric measurements collected before and after
irradiation of a set of six samples. UV-vis spectra for steady-state photolysis experiments and
quantum yield measurements were recorded on a Spectral Instruments 400 diode array

spectrophotometer and were blanked to the appropriate solvent.

2.5.4 GC Measurements

Gas quantification measurements were performed on an Agilent 7890A GC System
equipped with an Agilent G3432A EPC Thermal Conductivity Detector. The oven temperature
was 150 °C, the rate of the N, makeup flow set to 3 ml/min, and the N, reference flow adjusted
to 5 ml/min (N, was supplied by Airgas, UHP grade). A calibration curve was generated using

gas mixtures of N»/H, with known ratios.

2.5.5 Computational Methods

All calculations were performed using the Gaussian 03 program suite. Where possible,
atomic coordinates for geometry optimizations originated from X-ray diffraction data.
Cyclohexyl, phenyl, and fert-butyl groups were replaced with methyl groups, and counterions
were omitted. DFT calculations were carried out using the three hybrid functionals of Becke® in
conjunction with the correlation functional of Lee, Yang, and Parr (B3LYP).>*** The 6-31G(p,d)
basis set was applied to all non-metal atoms,’® and the Stuttgart effective core potential and
associated basis set was used for Ir and Au.”” All calculations were spin-restricted on gas-phase

molecules, with no imposed symmetry. Time-dependent calculations were initiated from the
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optimized geometry using the B3LYP exchange and correlation functionals. Molecular orbitals

were imaged in the program GaussView 3.0 with an isodensity of 0.04 applied.

2.5.6 Preparation of [Rh'Au'(depm),(CO)CI|(PFg) [1-(PFg)]

A solution of [Rh'(COD)CI], (186 mg, 0.377 mmol, 1.00 eq) in 10 mL of CH,CL, was
prepared in the glovebox and contained in a 100-mL Schlenk flask. A solution of dcpm
(616 mg, 1.51 mmol, 4.00 eq) in 10 mL of CH,ClI, was added dropwise to afford a bright orange
solution. The solution was bubbled with CO gas for 10 min (oil bubbler pressure) with no
noticeable color change. At this time, Au'(tht)Cl (242 mg, 0.754 mmol, 2.00 eq) dissolved in 10
mL of CH,Cl, was added, resulting in a lighter yellow-orange solution. The solution was stirred
at room temperature for 30 min and then filtered through a plug of glass wool in open air. A
solution of NH4PFs (307 mg, 1.89 mmol, 5.00 eq) in 20 mL of MeOH was added with stirring.
The resulting solution was concentrated by rotary evaporation to < 10 mL, resulting in the
formation of a yellow-orange solid which was collected by filtration, washed with 10 mL of
MeOH and dried in vacuo. Yield: 831 mg (83.1%). '"H NMR (500 MHz, CD,Cl,) &/ppm:
2.53-2.64 (m, 2H), 2.45-2.53 (br, m, 4H), 2.21-2.30 (m, 4H), 2.14-2.20 (br, d, 2H), 1.13-2.12
(br, m, 80H). *'P{'H} NMR (121.5 MHz, CD,CL) d/ppm: 52.9 (m, 2P), 34.8
(dm, 'Jrnp = 114 Hz, 2P), —144.1 (sept., 'Jrp = 711 Hz, 1P). UV-vis (CH,Cl): A/nm
(/M em™)) 263 (9700), 291 (sh) (5100), 418 (14000). IR (solid): =0 = 1953 cm . Anal.
Calcd. for Cs;HgpAuCIFsRhOPs: C, 46.21; H, 7.00. Found: C, 46.28; H, 6.83.

2.5.7 Preparation of [Rh'Au'(decpm),(CO)Br|(PF) [2-(PFy)]

[Rh'(COD)Br], (212 mg ,0.365 mmol, 1.00 eq) was dissolved in 10 mL of CH,Cl,. With
stirring, dcpm (596 mg, 1.46 mmol, 4.00 eq) in 10 mL of CH,Cl, was added dropwise to give a
bright orange solution. CO was bubbled through the solution for 15 min with no color change.
Addition of Au'(tht)Br (266 mg 0.730 mmol, 2.00 eq) dissolved in 10 mL CH,Cl, effected a
color change to yellow. The solution was stirred under a CO atmosphere for 60 min and
afterwards filtered through a plug of glass wool. A solution of NH4PFs
(300 mg, 1.82 mmol, 5.00 eq) in 20 mL of MeOH was added, stirred for 5 min and concentrated
to < 10 mL by rotary evaporation. A light orange solid was collected by filtration, washed with
MeOH and dried in vacuo. Yield: 832 mg (83.2%). '"H NMR (500 MHz, CD,Cl,) é/ppm:
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2.55-2.73 (m, 6H), 2.12-2.36 (m, 6H), 1.10-2.12 (m, 80H). *'P{'"H} NMR (121.5 MHz, CD,Cl,)
S/ppm: 52.5 (m, 2P), 33.7 (dm, 'Jrnp = 113 Hz, 2P), —144.1 (sept., 'Jr_p = 711 Hz, 1P). UV-vis
(CHCly): A/nm (¢/(M™' cm™)) 263 (9300), 305 (6000), 423 (14000). IR (solid): =0 = 1955
cm ', Anal. Caled. for Cs;HopAuBrF¢RhOPs: C,44.71; H, 6.77; Found: C, 44.56; H, 6.65.

2.5.8 Preparation of [Rh'Au'(dppm),(CO)CI|(PFy) [3-(PFy)]

In a Schlenk flask equipped with a stir bar, [Rh'(COD)Cl],
(186 mg, 0.377 mmol, 1.00 eq) was dissolved in 10 mL of CH,Cl, with stirring giving a dark
yellow solution. A sample of dppm (580 mg, 1.51 mmol, 4.00 eq) was dissolved in 10 mL of
CH,Cl; and added dropwise, causing a color change to orange. After stirring the solution at RT
for 10 min, CO was bubbled through it for 15 min. Au'(tht)Cl (242 mg, 0.754 mmol, 2.00 eq)
dissolved in 10 mL CH,Cl, was added and the solution stirred for 30 min. Addition of NH4PF¢
(308 mg, 1.89 mmol, 5.00 eq) that was dissolved in 20 mL of MeOH gave an orange solution.
Upon concentrating the solution to < 10 mL by rotary evaporation, an orange solid precipitated.
The solid was collected by filtration, washed with methanol and dried in vacuo. Yield: 779 mg
(80.9%). "H NMR (500 MHz, CD;CN) ¢/ppm: 7.89-7.91 (m, 4H), 7.79—7.86 (m, 4H), 7.64-7.71
(m, 4H), 7.39-7.60 (m, 22H), 7.21-7.27 (m, 2H), 7.05-7.12 (m, 4H), 4.15-4.30 (m, 4H).
J'p{'H} NMR (121.5 MHz, CD;CN) &/ppm: 36.9 (m, 2P), 28.3 (dm, 'Jrnp = 120 Hz, 2P),
—143.4 (sept., 'Jrp = 706 Hz, 1P). UV-vis (CH,CL): A/nm (¢/((M ' cm")) 424 (15000). IR
(solid): ve=0 = 1966 cm ', Anal. Calcd. for Cs1H44AuCIFRhOPs: C, 47.96; H, 3.47; Found:
C, 47.58; H, 3.45.

2.5.9 Preparation of [RhIAuI(dppm)z(CO)Br] (CF3S03) [4-(OTY)]

In a Schlenk flask equipped with a stir bar, [Rh'(COD)Brl],
(146 mg, 0.250 mmol, 1.00 eq) was dissolved in 6 mL of CH,Cl, with stirring to afford a dark
yellow solution. To this solution was added dppm (384 mg, 1 mmol, 4.00 eq) dissolved in 5 mL
of CH,Cl,, resulting in a color change to orange. After stirring the solution at RT for 10 min, CO
was bubbled through it for 15 min. Au'(tht)Br (183 mg, 0.500 mmol, 2.00 eq) dissolved in 5 mL
CH,Cl, was added and the solution stirred for 30 min. Addition of NaOTf
(430 mg, 2.50 mmol, 10.0 eq) that was dissolved in 10 mL MeOH produced an orange solution.

Concentrating the solution to < 10 mL by rotary evaporation caused an orange solid to
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precipitate. The solid was collected by filtration, washed with methanol and dried in vacuo.
Yield: 490 mg (73.9%). '"H NMR (500 MHz, CD,Cl,) d/ppm: 7.80-7.91 (m, 4H), 7.65-7.75
(m, 4H), 7.36-7.63 (m, 22H), 7.25-7.34 (m, 4H), 7.18-7.24 (m, 2H), 7.00-7.07 (m, 4H),
4.35-4.48 (m, 2H), 4.02-4.12 (m, 2H). *'P{'H} NMR (121.5 MHz, CD,Cl,) §/ppm: 32.4
(m, 2P), 24.2 (dm, 'Jrnp = 119 Hz, 2P). UV-vis (CH,Cl,): /nm (¢/((M ' cm ")) 430 (12000). IR
(solid): Ve=o = 1966 cm ', Anal. Caled. for Cs;HiAuBrF;RhO4P,S: C, 47.11; H, 3.35; Found:
C, 46.86; H, 3.29.

2.5.10 Preparation of [Ir'Au'(dcpm)2(CO)CI(PF) (5)

To a solution of [Ir'(depm),(CO)]CI (1.00 g, 0.932 mmol, 1.00 eq) in 6 mL of CH,Cl,
was added a solution of Au'(tht)Cl (299 mg, 0.932 mmol, 1.00 eq) in 8 mL of CH,Cl,. The
orange solution was stirred at room temperature for 1 h, at which time a solution of NH4PFs
(228 mg, 1.40 mmol, 1.50 eq) in 15 mL of methanol was added. The solution was concentrated
to < 10 mL via rotary evaporation, during which time an orange solid precipitated. The solid was
collected by filtration, washed with 5 mL of methanol and dried in vacuo. Yield: 1.04 g (78.8%).
'H NMR (500 MHz, CD,Cly) o/ppm: 2.50-2.69 (br, m, 6H), 2.33 (br, d, 2H), 2.17-2.29
(br, m, 4H), 1.14-2.09 (br, m, 80H). *'P{'"H} NMR (121.5 MHz, CD,Cl,) é/ppm: 51.0 (m, 2P),
25.3 (m, 2P), —144.1 (sept., 'Jy_p = 711 Hz, 1P). UV-vis (CH,Cl,): /nm (¢/((M "' cm™")) 300 (sh)
(4300), 316 (5700), 355 (2500), 431 (17000), 517 (300). IR (solid): 7=o = 1944 cm'. Anal.
Calcd. for Cs;Hgp AuCIF4IrOPs: C, 43.30; H, 6.55. Found: C, 43.37; H, 6.51.

2.5.11 Preparation of [Ir'Au'(dcpm),(CO)Br|(PF) (6)

A solution of Au'(tht)Br (327 mg, 0.895 mmol, 1.00 eq) in 8 mL of CH,Cl, was added to
a solution of [Ir'(dcpm)»(CO)]Br (1.00 g, 0.895 mmol, 1.00 eq) in 6 mL of CH,Cl,. The resulting
dark orange solution was stirred for 90 min at room temperature and then filtered through a plug
of glass wool. A solution of NH4PFs (220 mg, 1.35 mmol, 1.51 eq) in 15 mL of methanol was
added, and the resulting bright orange solution was stirred for 1 h. After concentrating to < 10
mL by rotary evaporation, an orange solid formed, which was collected by filtration, washed
with 10 mL of methanol and dried in vacuo. Yield: 1.14 g (87.0%). 'H NMR (500 MHz, CD,Cl,)
&/ppm: 2.50-2.82 (br, m, 6H), 2.15-2.40 (br, m, 6H), 1.00-2.10 (br, m, 80H). *'P{'"H} NMR
(121.5 MHz, CD,CL,) d/ppm: 50.4 (m, 2P), 23.2 (m, 2P), —144.2 (sept., 'Jep = 711 Hz, 1P).
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UV-vis (CH,Cl,): A/nm (g/(M_l cm_l)) 307 (sh) (5800), 319 (6400), 360 (2600), 437 (18000),
526 (320). IR (solid): vc=p = 1945 cm ', Anal. Calcd. for Cs1Ho, AuBrF¢IrOPs: C, 41.98; H, 6.35.
Found: C, 41.90; H, 6.36.

2.5.12 Preparation of [IrIAu'(dppm)z(CN’Bu)z](PF6)2 @)

To a solution of [Ir(COD)CI], (149 mg, 0.222 mmol, 1.00 eq) in 5 mL of CH,Cl, was
added a solution of dppm (341 mg, 0.887 mmol, 4.00 eq) in 2 mL of CH,Cl,, giving a yellow
solution. A solution of CN'Bu (73.7 mg, 0.887 mmol, 4.00 eq) was added immediately, initially
causing a change to a lighter yellow color, which darkened to yellow-orange as the solution was
stirred for 20 min. At this time, a solution of Au(tht)CI (142 mg, 0.443 mmol, 2.00 eq) in 2 mL
of CH,Cl, was added, giving a deep red solution which was stirred for 45 min. Addition of a
solution of NH4PF¢ (180 mg, 1.10 mmol, 4.95 eq) in 20 mL of MeOH prompted an instantaneous
color change to dark green. The solution was concentrated to 5 mL, and the resulting green solid
was filtered and washed with 5 mL of methanol. The crude solid was dissolved in 2 mL of
CH,Cl, and recrystallized by layering with 1 mL of methanol followed by 17 mL of diethyl
ether. After several hours, green microcrystals formed, which were separated from the
supernatant by decantation and dried in vacuo. Yield: 382 mg (53.4%). 'H NMR
(500 MHz, CD,Cly) o/ppm: 7.84-7.90 (m, 8H), 7.68-7.74 (m, 8H), 7.52-7.63 (m, 12H),
7.44-7.50 (m, 4H), 7.38-7.43 (m, 8H), 4.10 (br, pseudoquintet, 4H), 0.63 (s, 18H). *'P{'H}
NMR (202.5 MHz, CD,Cl) &ppm: 30.0 (m, 2P), 104 (m, 2P), —1439
(sept., 'Je_p = 712 Hz, 2P). UV-vis (CH,Cl,): /nm (¢/(M " cm™")) 345 (11000), 402 (4400), 490
(26000), 606 (520). IR (solid): ¥c=x = 2138 cm™'. Anal. Calcd. for CsoHsxAuF ;,IrN,Pg: C, 44.65;
H, 3.87; N, 1.74. Found: C, 44.39; H, 3.82; N, 1.59.

2.5.13 Preparation of [Rh"Au" (dcpm),(CO)CL3](PF) [8-(PFo)]

A sample of 1-(PFe) (100 mg, 0.0750 mmol, 1.00 eq) was dissolved in 10 mL of CH,Cl,
and frozen in the coldwell of the glovebox. Upon thawing a cold solution of PhICI,
(22.0 mg 0.0800 mmol, 1.05 eq), dissolved in 10 mL of CH,Cl,, was added dropwise, giving a
dark red solution that was stirred at RT for 30 min. Addition of 18 mL of pentane afforded a red
solid which was isolated by decantation and washed with 10 mL of pentane twice. Yield: 102 mg

(96.9%). "H NMR (500 MHz, CD,Cl,) &/ppm: 3.40-3.55 (m, 2H), 3.19-3.32 (m, 2H), 2.83-3.02
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(m, 4H), 2.68-2.80 (m, 2H), 2.49-2.63 (m, 4H), 1.20-2.40 (m, 78H). *'P{'H} NMR
(121.5 MHz, CD,Cl,) S/ppm: 37.8 (t, 2P), 20.2 (dt, 'Jrnp = 74 Hz, 2P), —144.1
(sept., 'Jy_p =711 Hz, 1P). UV-vis (CH,CL): A/nm (¢/(M ' cm ")) 306 (26000), 372 (20000), 450
(6200). IR (solid): vc=0 = 2030 cm . Anal. Caled. for Cs51HopAuCLLFsRhOPs: C, 43.87; H, 6.64;
Found: C, 44.51; H, 6.60.

2.5.14 Preparation of [Rh" Au"(dcpm)2(CO)Br;](PFe) [9-(PF6)]

In 4 mL of CH;CN 2-(PFe) (100 mg, 0.073 mmol, 1.00 eq) was dissolved. Br;
(12.2 mg, 0.0763 mmol, 1.05 eq) that was dissolved in 157 pL. of CH3CN was added and the
solution stirred at RT for 15 min during which time a solid started to precipitate. The solution
was concentrated at the rotary evaporator and the resulting dark solid dried in vacuo. The solid
was redissolved in 2 mL of CH,Cl, and precipitated with Et;O. The solvent was removed via
pipet and the red solid dried in vacuo. Yield: 103 mg (92.2%). '"H NMR (500 MHz, CD,Cl,)
o/ppm: 3.65-3.76 (m, 2H), 3.41-3.54 (m, 2H), 3.13-3.27 (m, 2H), 2.87-3.00 (m, 2H), 2.70-2.87
(m, 2H), 2.52-2.71 (m, 4H), 2.37 (br, d, 2H), 2.28 (br, d, 2H), 1.20-2.17 (m, 74H). *'P{'H}
NMR (121.5 MHz, CD,Cl,) 6/ppm: 32.8 (t, 2P), 14.3 (dt, 'Jrnp= 74 Hz, 2P), —144.1 (sept., 'Jrp
= 711 Hz, 1P). UV-vis (CH,Cl,): /nm (¢/(M"' cm™")) 335 (26000), 426 (13000). IR (solid):
Y=o = 2028 ¢cm . Anal. Calcd. for Cs;Hg,AuBr;FsRhOPs: C, 40.04; H, 6.06; Found: C, 40.17;
H, 6.06.

2.5.15 Preparation of [Rh" Au"(dppm),(CO)CL;](PFs) [10-(PFe)]

PhICl, (11.3 mg, 0.0411 mmol, 1.05 eq) was dissolved in 1 mL of CH,Cl, and frozen in
the coldwell of the glovebox. 3-(PFe) (50.0 mg, 0.0392 mmol, 1.00 eq) was dissolved in 5 mL of
CH,Cl; and likewise frozen. Upon thawing the solution of PhICIl, was added dropwise, effecting
a color change from yellow to deep red. The resulting solution was frozen in the coldwell again
to avoid decomposition of the product which is stable below —20 °C but decomposes rapidly at
RT. The instability of the product precluded determination of the isolated yield and further
characterization, though NMR indicates a clean conversion. *'P{'H} NMR (121.5 MHz, CD,Cl,)
Slppm: 27.7 (t, 2P), 11.3 (dt, 'Jrnp = 78 Hz, 2P), —143.4 (sept., 'Jr_p = 708 Hz, 1P).
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2.5.16 Preparation of [Rh" Au"(dppm)»(CO)Br;](CFsSO;) [11-(OTf)]

4-(OTY) (25.0 mg, 0.0188 mmol, 1.00 eq) was dissolved in 5 mL of CH,Cl, and cooled to
—78 °C with a dry ice/acetone bath. Br; (3.15 mg, 0.0197 mmol, 1.05 eq) in 0.167 mL of CH,Cl,
was added to the cold solution of 4 resulting in an immediate color change to dark red. The
solution was kept in the cold to avoid decomposition of the product. Due to the thermal
instability of the product it was not possible to determine the yield or perform further
characterization. 'P{'H} NMR (121.5 MHz, CD,Cl) o/ppm: 20.5 (t, 2P), 3.4
(dt, "Jrnp = 79 Hz, 2P).

2.5.17 Preparation of [Ir'' Au" (dcpm)2(CO)CL3](PFe) (12)

A solution of 5 (100 mg, 0.0707 mmol, 1.00 eq) in 1.5 mL of CH,Cl, and a solution of
PhICl, (23.3 mg, 0.0848 mmol, 1.20 eq) in 0.7 mL of CH,Cl, were both chilled with liquid N; in
the glovebox cold well. Once frozen, the two samples were removed, and upon melting the
PhICI,; solution was added dropwise to the solution of 5. The color immediately faded to a lighter
orange, and the solution was stirred at room temperature for 3 h. Dropwise addition of 15 mL of
pentane to the stirred solution yielded a yellow-orange solid, which was separated from the
supernatant by decantation and dried in vacuo. Yield: 104 mg (99.0%). 'H NMR
(500 MHz, CD,Cl,) d/ppm: 3.62-3.73 (m, 2H), 3.08-3.22 (br, m, 4H), 2.81-2.90 (br, m, 2H),
2.68-2.77 (br, m, 2H), 2.54-2.64 (br, m, 2H), 2.44-2.51 (br, m, 2H), 2.08-2.32 (br, m, 6H),
1.20-2.05 (br, m, 72H). *'P{'"H} NMR (121.5 MHz, CD,Cl,) &/ppm: 31.6 (t, 2P), —11.0 (t, 2P),
—144.1 (sept., 'Jo_r = 714 Hz, 1P). UV-vis (CH,Cly): /nm (¢/(M"' ecm™ ")) 266 (22000), 331
(23000), 396 (5800) 455 (sh) (1200). IR (solid): =0 = 2009 cm . Anal. Calcd. for
Cs1Ho, AuCLF¢IrOPs: C, 41.23; H, 6.24. Found: C, 40.96; H, 6.15.

2.5.18 Preparation of [Ir'"'Au"(dcpm),(CO)Br;](PFe) (13)

A sample of 6 (100 mg, 0.0685 mmol, 1.00 eq) was dissolved in 4 mL of acetonitrile. A
solution of Br, (11.5 mg, 0.0720 mmol, 1.05 eq) in 0.3 mL of acetonitrile was added dropwise.
The resulting suspension was stirred at room temperature for 30 min. All volatiles were removed
by rotary evaporation to afford an orange solid, which was suspended in 15 mL of diethyl ether
and collected by filtration. The product was washed with 10 mL of diethyl ether and dried in
vacuo. Yield: 97 mg (87%). '"H NMR (500 MHz, CD,Cl,) ¢/ppm: 3.84-3.94 (m, 2H), 3.35-3.49
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(br, m, 4H), 2.88-2.96 (br, m, 2H), 2.73-2.81 (br, m, 2H), 2.33 (br, d, 2H) 2.24 (br, d, 2H), 2.08
(br, d, 2H), 1.21-2.05 (br, m, 76H). *'P{'H} NMR (121.5 MHz, CD,Cl,) &/ppm: 25.7 (t, 2P),
—18.6 (t, 2P), —144.2 (sept., 'Jr_p = 711 Hz, 1P). UV-vis (CH,Cl,): /nm (¢/((M "' cm™ ")) 283 (sh)
(16000), 305 (23000), 369 (15000), 416 (sh) (9400), 496 (sh) (1500). IR (solid): F=o = 2007
cm . Anal. Caled. for Cs;Hoy AuBr;F¢IrOPs: C, 37.83; H, 5.73. Found: C, 37.59; H, 5.64.

2.5.19 Preparation of [Ir'"' Au"(dppm)2(CN'Bu),Cl,](PF), (14)

A solution 7 (100 mg, 0.0620 mmol, 1.00 eq) in 1.5 mL of CH,Cl, and a solution of
PhICl, (18 mg, 0.065 mmol, 1.2 eq) in 1 mL of CH,Cl, were prepared and frozen in the
glovebox cold well. After removing from the cold well and allowing the solution to melt, the
PhICI, solution was added dropwise, prompting an immediate color change from dark green to
bright yellow. The reaction solution was stirred in the dark for 1 h. The yellow solution was
filtered through a plug of glass wool into 18 mL of pentane, which resulted in the formation of a
pale yellow powder. The supernatant was decanted and the remaining solid was washed with
pentane and dried in vacuo. Yield: 94 mg (90%). '"H NMR (500 MHz, CD,Cl,) §/ppm: 7.61-7.70
(br, m, 16H), 7.46-7.56 (br, m, 24H), 5.24 (br, pseudoquintet, 4H), 1.01 (s, 18H). *'P{'"H} NMR
(121.5 MHz, CD,Cl,) &/ppm: 7.7 (t, 2P), —17.6 (t, 2P), —143.9 (sept., 'Jep = 711 Hz, 2P).
UV-vis (CH,Cly): /nm (¢/(M ™" em™)) 257 (34000), 320 (33000), 388 (sh) (2600). IR (solid):
Ve=n = 2192 cm '. Anal. Caled. for CeoHe2AuCLF,IrN,Pg: C, 42.77; H, 3.71; N, 1.66. Found:
C, 42.43; H, 3.87; N, 1.60.

2.5.20 Preparation of [Ir'"'Au"(dppm)2(CN'Bu),Br;](PF); (15)

A 10-mL Schlenk tube was charged with a solution of 7 (100 mg, 0.0620 mmol, 1.00 eq)
in 2 mL of CH)Cl, and chilled to —78 °C under an argon atmosphere. A solution of Br;
(10.4 mg, 0.0650 mmol, 1.05 eq) in 228 pL of CH,Cl, was added dropwise, causing an
immediate color change to pale orange. The solution was allowed to warm to room temperature
and stirred for 15 min. Addition of 17 mL of pentane afforded a yellow-orange solid, which was
separated by decanting the supernatant and dried in vacuo. Yield: 106 mg (96.4%). '"H NMR
(500 MHz, CD,Cl,) é/ppm: 7.61-7.69 (br, m, 16H), 7.35-7.60 (br, m, 24H), 5.33-5.37
(br, m, 4H), 1.06 (s, 18H). *'P{'"H} NMR (202.5 MHz, CD,Cl,) é/ppm: 3.1 (t, 2P), —=22.2 (t, 2P),
—143.9 (sept., 'Jr_p = 712 Hz, 2P). UV-vis (CH,Cl,): /nm (¢/(M ' cm ")) 255 (sh) (34000), 344
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(38000). IR (solid): ve=n = 2189 cm . Anal. Caled. for CeoHerAuBroF,IrN,Ps: C, 40.62;
H, 3.52; N, 1.58. Found: C, 40.63; H, 3.62; N, 1.45.

2.5.21 Preparation of [Rh'Au'(dcpm),(CO)H](PFs) (16)

1-(PF¢) (300 mg, 0.226 mmol, 1.00 eq) was dissolved in 10 mL of THF and the solution
frozen in the coldwell of the glovebox. Upon thawing a 1 M LiHBEt; solution in THF
(0.238 mL, 0.238 mmol, 1.05 eq) was added. The solution was allowed to warm to RT and
stirred for 1 h, giving a dark red solution. The solvent was removed in vacuo to afford a red-
orange residue. The residue was triturated with 4 mL of Et,O to afford an orange solid, and
subsequently the Et,O was removed in vacuo. The resulting solid was taken up in 6 mL of
benzene and filtered through celite. Evaporation of the benzene yielded a red-orange solid, which
was washed with 2 x 5 mL of Et,O to remove a dark red impurity. The resulting orange solid
was dried in vacuo. Yield: 250 mg (85.5%). '"H NMR (500 MHz, C¢Ds) d/ppm: 2.63-2.77
(m, 4H), 2.33-2.48 (m, 4H), 1.98-233 (m, 20H), 1.00-1.96 (m, 64H), —4.40
(nonet, 'Jrn 1 = “pu = 12 Hz, *Jp_y = 6 Hz, 1H). *'P{'H} NMR (C¢D¢) 6/ppm: 54.6 (m, 2P),
50.4 (dm, 'Jrnp = 137 Hz, 2P), —144.1 (sept., 'Jor = 711 Hz, 1P). UV-vis (C¢He): A/nm
(/M cm™)) 359 (5000), 472 (16000). IR (solid): =0 = 1948 cm '. Anal. Calcd. for
Cs1HosAuFcRhOPs: C, 47.45; H, 7.26; Found: C, 47.49; H, 7.31.

2.5.22 Reactions of 16 with LutH C1™ and PhICl,

Samples for all experiments were prepared in a nitrogen-filled glovebox. In a typical
experiment 16 (25 mg, 0.019 mmol, 1.0 eq) was weighed into a scintillation vial, dissolved in 2
mL of CH3;CN and sealed with a septum. 2,6-lutidinium chloride (3.0 mg 0.021 mmol, 1.1 eq) or
PhICI; (2.9 mg, 0.010 mmol, 0.55 eq), dissolved in CH3;CN, were added via syringe from stock
solutions prepared previously in the glovebox. The reaction was stirred for 5 min at RT before a

10 uL sample of the headspace gas was removed by syringe and injected directly into the GC.

2.5.23 X-Ray Crystallographic Details

Single crystals of 1, 8, 13, 14, and 15 were obtained by layering a CH,Cl, solution with
diethyl ether, crystals of 2, 5, and 6 were grown by vapor diffusion of diethyl ether into an
acetonitrile solution, crystals of 3 and 4 were grown by layering CH,Cl, solutions with pentane,

crystals of 9 and 12 were obtained by layering a CH,Cl, solution with methanol/diethyl ether,
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and crystals of 16 were obtained from a CsD¢ NMR sample layered with diethyl ether. The
crystals were mounted on a Bruker three-circle goniometer platform equipped with an APEX
detector. A graphite monochromator was employed for 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. Structures were solved by direct methods in
SHELXS and refined by standard difference Fourier techniques in the SHELXTL program suite
(6.10 v., Sheldrick G. M., and Siemens Industrial Automation, 2000). Hydrogen atoms bonded to
carbon were placed in calculated positions using the standard riding model and refined
isotropically; all other atoms were refined anisotropically. The rhodium-bound hydrogen atom in
16 was located in the difference map and refined semifreely. A positional disorder of the CO
ligand and the halide #rans to it was present in the structures of 2, 5, 6, 8, 9, 12 and 13. The
thermal displacement parameters of the CO ligand in the minor disordered component were
constrained to be identical to those of the CO ligand in the major component. The structures of 1,
4, 8,9, 13, 14, and 15 all contained one dichloromethane solvate molecule that was modeled as a
two-part disorder. In 1, 2, and 16, one of the cyclohexyl groups was found to be disordered over
two sites, and an analogous two-part disorder was observed for one phenyl ring in 4. In 14, one
of the two fert-butyl groups was found to be disordered over two sites. In 16, the Rh---Au core
was found to be disordered over two sites. The (1,2) and (1,3) distances of all disordered parts
were restrained to be similar using the SADI command; the rigid-bond restraints SIMU and
DELU were also used on disordered parts. Crystallographic details for 1 (CCDC 789594), 2
(CCDC 789595), 3 (CCDC 789596), 4 (CCDC 789597), 5 (CCDC 786326), 6 (CCDC 786327),
8 (789598), 9 (CCDC 789599), 12 (CCDC 786328 ), 13 (CCDC 786329), 14 (CCDC 786330),
15 (CCDC 786331), and 16 (CCDC 789600) are summarized in Tables 2.2-2.6.
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Table 2.2. Crystallographic summary for complexes 1 and 2.

1-(PFg)-CH,Cl,

2-(PF¢)-Et,O

Formula

fw, g/mol

Temperature/K

cryst. syst.
space group
color

a/A

b/A

c/A

a/°

pl°

/°

VIA®

p (calc.)/(g cm ™)

VA

no. refl.

no. unique refl.

Rint

R“ (all data)
wR,” (all data)

R [(I>20)]

wR, [(I > 20)]

GOF*

Cs:HosAuCl3FcOPsRh
1410.35
100(2)
Monoclinic
P2i/n
Orange
15.031(2)
21.469(3)
20.325(3)
90
102.251(2)
90
6409.6(16)
1.462

4

145895
18727
0.0514
0.0401
0.0978
0.0329
0.0930
1.071

CssHip2AuBrFsO,PsRh
1444.00
100(2)
Monoclinic
P2i/n
Orange
15.0137(12)
21.2486(17)
20.3833(16)
90
102.5770(10)
90
6346.6(9)
1.511

4

147939
19764
0.0492
0.0390
0.0640
0.0279
0.0597
1.034

"Ry = Z||F, — |FVEIF. " wRy = (E(w(F," = FYEWFS))'™. © GOF =
(Z w(F,> — F2*(n — p))"* where n is the number of data and p is the
number of parameters refined.
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Table 2.3. Crystallographic summary for complexes 3 and 4.

3-(OTf)-CH,CL,

4-(OTf)-2CH,Cl,

Formula Cs3Ha6AuCl3F304P4RhS - Cs4Hags AuBrCIL4F;04P4RIS
fw, g/mol 1366.06 1495.45
Temperature/K 100(2) 100(2)
cryst. syst. Orthorhombic Monoclinic
space group P212:24 P2i/c

color Orange Orange

a/A 10.4553(11) 19.5635(17)
b/A 19.2177(19) 10.8423(10)
c/A 26.395(3) 28.356(3)
o/° 90 90

p/° 90 100.659(2)
/° 90 90

VIA® 5303.4(9) 5910.9(9)

p (calc.)/(gem™) 1.711 1.680

Z 4 4

no. refl. 120893 122157

no. unique refl. 16512 17969

Rint 0.0440 0.0523

R\“ (all data) 0.0287 0.0698
wRy’ (all data)  0.0591 0.1681

Ry [(I>20)] 0.0258 0.0572

WwR, [(1> 20)] 0.0583 0.1599
GOF* 1.041 1.074
Flack Param. 0.0089(21)  —meeee-

YRy = I||F, — |FJVZIF). ® wRy = CW(F, = FOYEWESD)'?. ¢ GOF =
(S w(F,> — F2)*/(n — p))"* where n is the number of data and p is the number of

parameters refined.
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Table 2.4. Crystallographic summary for complexes 5, 6, and 8.

5 6-Et,O 8-(PF¢)-CH,Cl,
Formula Cs1Ho, AuCIF4IrOPs CssHip2AuBrFelrO,Ps CsyHosAuClsFsOPsRh
fw, g/mol 1414.71 1533.29 1481.25
Temperature/K ~ 100(2) 100(2) 100(2)
cryst. syst. Monoclinic Monoclinic Monoclinic
space group P2i/c P2i/n P2/c
color Orange Orange Orange
a/A 13.5909(13) 15.0304(16) 14.6050(13)
b/A 22.404(2) 21.199(2) 20.5013(17)
c/A 18.9079(17) 20.366(2) 20.6567(18)
a/° 90 90 90
pl° 94.232(2) 102.708(2) 95.374(2)
/° 90 90 90
VIA® 5741.6(9) 6330.3(11) 6157.909)
p (calc.)/(gem™) 1.637 1.609 1.598
Z 4 4 4
no. refl. 131339 145929 122466
no. unique refl. 16785 19229 16655
Rint 0.0561 0.0511 0.0552
R,“ (all data) 0.0416 0.0356 0.0552
wR,” (all data) 0.0702 0.0669 0.0899
Ry [(I>20)] 0.0305 0.0278 0.0377
wR, [(I>20)] 0.0657 0.0636 0.0814
GOF* 1.070 1.049 1.060
* R = Y|F, F/ZIF). ° wRy = CEWFE, — FEWE))"? ¢ GOF =

(E w(Fy: — F2)*/(n — p))"* where n is the number of data and p is the number of parameters

refined.
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Table 2.5. Crystallographic summary for complexes 9, 12, and 13.

9-(PF¢)- CH,Cl, 12-CH,Cl, 13-CH,Cl,
Formula CsoHosAuBrsClFsOPsRh  CsoHos AuClsFlrOPs CsoHos AuBr3ClLFelrOPs
fw, g/mol 1614.63 1570.54 1703.92
Temperature/K ~ 100(2) 100(2) 100(2)
cryst. syst. Monoclinic Monoclinic Monoclinic
space group P2/c P2i/c P2/c
color Red Orange Orange
a/A 14.6332(13) 14.5925(16) 14.6114(14)
b/A 20.6673(18) 20.500(2) 20.703(2)
c/A 20.6771(18) 20.651(2) 20.627(2)
o/° 90 90 90
p/° 95.422(2) 95.279(2) 95.402(2)
/° 90 90 90
VIA® 6225.4(9) 6151.7(11) 6212.0(10)
p (calc)/(gem™) 1.723 1.696 1.822
Z 4 4 4
no. refl. 143038 142362 124959
no. unique refl. 18943 18704 17446
Rint 0.0525 0.0596 0.0678
R\“ (all data) 0.0461 0.0474 0.0534
wR," (all data) 0.0829 0.0826 0.0839
Ry [(I>20)] 0.0335 0.0348 0.0351
wR, [(I>20)] 0.0772 0.0765 0.0759
GOF* 1.041 1.051 1.012
TR = 3IF, — |FJ/EIF). ° wR, = CEWES: - FHHEWEN)A ¢ GOF =

(Z w(Fy: — F2)*(n — p))"* where n is the number of data and p is the number of parameters refined.
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Table 2.6. Crystallographic summary for complexes 14-16.

14-2CH,Cl, 15-2CH,Cl, 16-2.5(CsHe)

Formula Ce2Hes AuCi6F 12IrN,Ps - CeaHes AuBryCl4F 12IrNoPs - CoeHi0s AuFsOPsRh
fw, g/mol 1854.85 1943.77 1486.25
Temperature/K 100(2) 100(2) 100(2)

cryst. syst. Monoclinic Monoclinic Triclinic
space group P2,/c P2/c PT

color Yellow Orange Orange

a/A 16.551(2) 16.4460(18) 13.5672(15)
b/A 20.888(3) 20.891(2) 14.0811(15)
c/A 21.963(3) 22.145(2) 19.974(2)
a/° 90 90 76.123(2)
pl° 106.100(2) 105.181(2) 82.666(2)

/° 90 90 66.756(2)
VIA® 7295.4(17) 7343.1(14) 3401.4(6)

p (calc.)/(gem™) 1.689 1.758 1.451

Z 4 4 2

no. refl. 152587 159423 78297

no. unique refl. 18605 19773 19683

Rint 0.0625 0.0675 0.0395

R,“ (all data) 0.0582 0.0690 0.0394

wR,” (all data) 0.1000 0.1070 0.0723

Ry [(I>20)] 0.0399 0.0417 0.0325

wR, [(I>20)] 0.0894 0.0931 0.0698

GOF* 1.038 1.023 1.117
R = YF, — |FWEF. * wR = EWE, — FOOEWENNZ ¢ GOF =

(Z w(F,2 — F2Y*/(n — p))"* where n is the number of data and p is the number of parameters refined.
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Chapter 3 -
Redox Chemistry, Acid Reactivity, and Hydrogenation Reactions of
Two-Electron Mixed-Valent Dirhodium and Diiridium Complexes

Portions of this work have been previously published:

Reproduced in part with permission from Teets, T. S.; Cook, T. R.; McCarthy, B. D.;
Nocera, D. G. J. Am. Chem. Soc. 2011, 133, 8114-8117. Copyright 2011 American Chemical

Society.

Reproduced in part with permission from Teets, T. S.; Cook, T. R.; McCarthy, B. D.;
Nocera, D. G. Inorg. Chem. 2011, 50, 5223—-5233. Copyright 2011 American Chemical Society.
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3.1 Introduction

The two half-reactions of HX splitting, formally the reduction of protons to H, and the
oxidation of halides to X,'? each present their own unique set of challenges, which must be
simultaneously overcome to design more efficient photocatalysts. Our interrogation of dirhodium
catalysts affirmed that the sluggish halogen photoelimination limited the overall catalytic
efficiency, motivating the study of more efficient halogen elimination from bimetallic and
monometallic centers.”” In the first two chapters of this thesis, the focus was on photochemical
halogen elimination, with studies on monometallic and bimetallic complexes of varying
architectures geared towards improving and understanding the key design criteria that abet
efficient halogen photoelimination. These previous results demonstrated success in designing
systems which eliminate halogen with high quantum yields, in some cases not requiring a
chemical trap, but to this date no one has been able to marry efficient X, (X = CI, Br) elimination

with hydrogen production in a molecular photocatalytic construct.'’

In this chapter, the focus shifts to reactivity and small-molecule activation pertaining to
the reductive half-reaction of HX splitting. The reductive half-reaction of HX splitting proceeds
through hydrido-halide intermediates, generated by oxidative addition of HX. Early success in
photocatalytic hydrogen production from HX solutions was realized with diphosphazane-bridged
dirhodium complexes of the type Rh,"(dfpma);L, (dfpma =
bis(difluorophosphino)methylamine, L = CO, PR;),' which proceed via dihydride-dihalide
Rh,™" intermediates.” In this previous work, HX addition was found to be preceded by
photochemical CO liberation from a five-coordinate Rh” center, which generates a reactive four-
coordinate center. This necessity to photoactivate the metal prior to HX addition translates to
hydride-containing intermediates present in only minor quantities, and often these types of
intermediates are unstable under the conditions used to generate them. Accordingly, these
limitations complicate the structural and spectral characterization of key hydride intermediates of
the catalytic cycle. Notwithstanding these limitations, several hydrido-halide model complexes
have been prepared by either protonation or hydrogenation of two-electron mixed-valent cores,
as summarized in Scheme 3.1. By using bulkier supporting ligands® and also preparing
analogous diiridium species,'' proposed catalytic intermediates have been characterized. The

aforementioned hydride model complexes were all accessed by oxidative addition across
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Scheme 3.1. Previous examples of dirhodium and diiridium hydride model complexes.

bimetallic cores which contain a saturated five-coordinate M’ center and a reactive four-
coordinate M" center, a structure not known to be on the catalytic cycle. In addition, as shown in
Scheme 3.1, the structural consequences of H, addition are disparate between the rhodium and
iridium analogues, and all told it was unclear to what degree the structures of the model

complexes in Scheme 3.1 were relevant to HX-splitting photocatalysis.

By avoiding high-coordination metal centers, key hydride intermediates may be
generated by thermal addition of HX and H to group 9 two-electron mixed-valent complexes
that feature coordinatively unsaturated M° centers. As such, a long-standing goal in our group
has been to prepare two-electron mixed-valent dirhodium and diiridium complexes which are
structurally homologous to one another and feature stable four-coordinate M° centers in their
ground states, allowing synthetic access to hydride-containing complexes via HX addition and/or
hydrogenation. In addition to allowing the thorough characterization of ground- and excited-state
reactivity as it pertains to HX splitting, the hydride complexes thus prepared are of potential
interest to those studying hydrogenation,'> O, reduction,” aerobic oxidation,'*"” and CO,
reduction chemistries,’® among others."” In this chapter, the preparation and reactivity towards
small molecules of a new class of two-electron mixed-valent complexes are described. The

complexes M, " (tfepma),(CN'Bu),Cl, (M = Rh (1), Ir (2); tfepma = CH;N[P(OCH,CF3),],) are
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structurally homologous and feature four-coordinate, unsaturated M° centers. The two-electron
reduction and oxidation chemistries of 1 and 2 are described. Ligand-addition/substitution
reactions of the complexes containing unsaturated M° centers are highlighted, and bimetallic
hydride complexes are obtained by protonation of 1 and 2 and hydrogenation of 2. The results
described herein provide access to a new suite of dirhodium and diiridium hydride complexes,
which are promising targets to further our understanding of both H, production and other small-

molecule chemistries mediated by group 9 bimetallic complexes.

3.2 Results
3.2.1 Synthesis and Characterization of Mzo’”(tfepma)z(CN'Bu)ZClz (M =Rh, Ir)

Two-electron mixed-valent complexes Mzo’”(tfepma)z(CNtBu)zClz [M = Rh (1), Ir (2)]
are formed by treatment of [M'(COD)CI], (COD = 1,5-cyclooctadiene) with two equivalents of
tfepma and CN'Bu at room temperature, as outlined in Scheme 3.2. Note that in all schemes,
P-N-P refers to the bridging ligand tfepma, and L refers to CN'Bu. Dirhodium complex 1 is
isolated in 84.2% yield, whereas diiridium complex 2 is prepared in a lower isolated yield of
64.3%. The room-temperature > P{'"H} NMR spectra of 1 and 2 show two distinct signals, at
124.5 and 145.1 ppm for 1 and 85.9 and 132.3 ppm for 2, indicative of the coordination
asymmetry as a result of the two-electron mixed-valent core. The complex multiplicities in these
spectra can be attributed to the AA’XX' spin system that arises from the four phosphorus atoms,
with additional coupling to '"*Rh present in 1. Further verification that the two-electron mixed
valency persists in solution comes from the '"H NMR spectra, which each possess two distinct
tert-butyl resonances, as well as in the IR spectra where two C=N stretching frequencies are

observed. These spectral conclusions are verified by the X-ray crystal structures of 1 and 2,

|
N

7 ~N
M(coD)Cl], P P L
+ 2 tfepma (P-N-P) T» |__|\|/|0_/,\|/|||_C|
+ 2 'BUNC (L) P\CI/ P

1: M = Rh (84%)
2: M = Ir (64%)

Scheme 3.2. Synthesis of M,"" complexes 1 and 2. Isolated yields are listed in parentheses.
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Figure 3.1. X-ray crystal structures of 1 and 2. Ellipsoids are shown at the 50% probability level
with —CH,CF;3 groups and hydrogen atoms omitted for clarity.

which are shown in Figure 3.1. The respective square-planar and octahedral environments of the
M” and M" centers are evident; the Rh(1)-Rh(2) internuclear distance of 2.6807(3) A in 1 and
the Ir(1)-Ir(2) distance of 2.7112(3) A in 2 indicate a formal metal-metal bond.

3.2.2 Addition of CN'Bu to 1 and 2

As 1 and 2 feature coordinatively unsaturated M centers, we sought to explore the
possibility of occupying the vacant coordination site with an additional equivalent of CN'Bu. As
shown in Scheme 3.3, different outcomes ensue when 1 and 2 are combined with CN'Bu.

0,11

Treatment of Rh,™" complex 1 with one equivalent of CN'Bu leads to reversible association of

the added ligand, as judged by NMR spectra. The *'P{'H} spectrum features broad resonances

| | |

_N__ "IClI N /N\ N__lcl
P CN'B FI) FI) L t | Cl |:|> C |:I) P L
I IS u CN'B MeCN
L—Il?ho—/ll?h”—Cl WL—I\I/IO—/I\I/I”—CI W”»L—/Iro—\ir —Cl — L—Iro—lr” Cl
L C| % "P L
P P = P _P = L L P P
N (M = Rh) ~n- (M=) PL / N
| | \ |
3 (59%) 1:M = Rh 4a (70%) 4b
2M=1Ir

Scheme 3.3. Addition of CN'Bu to 1 and 2. Isolated yields are listed in parentheses.
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Figure 3.2. X-ray crystal structures of 3 and 4a. Ellipsoids are shown at the 50% probability
level with —CH,CF; groups, CN'Bu methyl groups, outer-sphere anions and hydrogen atoms
omitted for clarity.

whose chemical shifts are nearly identical to parent complex 1. The "H spectrum is similarly
broadened and only shows a single fert-butyl resonance, offering little insight to the structure.
UV-vis spectra of the isolated product, recorded in the range of 3—50 uM, are identical to that of
complex 1, suggesting complete dissociation of the additional CN'Bu ligand at these low
concentrations. X-ray crystallography reveals the structure of the addition product to be
[Rh,*"(tfepma)>(CN'Bu);Cl]CI (3), shown in Figure 3.2. The incoming CN'Bu ligand substitutes
for one of the chloride ligands at the octahedral Rh" center whereas the Rh® center is
unperturbed. The intermetallic distances, 2.6847(10) A and 2.6857(10) A for the two
crystallographically independent molecules, verify that the metal-metal bond and two-electron

mixed valency are preserved upon ligand addition.

Treatment of Ir,*"" complex 2 with one equivalent of CN'Bu in THF (Scheme 3.3) leads
to a distinct outcome as compared to the addition chemistry of Rh,"" complex 1 with CN'Bu.
After 21 h, the >'P{'"H} NMR spectrum of the crude reaction mixture shows a major product with
three resonances—a multiplet at 102.6 ppm integrating to two phosphorus nuclei, and multiplets
at 80.6 and 69.6 ppm, each integrating to one phosphorus. These upfield resonances are
attributed to the phosphorus nuclei coordinated to Ir'", and their inequivalency suggests a cis

arrangement of the phosphorus ligands at Ir'. The solid-state structure of
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IrZO’H(tfepma)z(CNtBu)gClz (4a), shown in Figure 3.2, is consistent with this expectation. The I’
center is now five-coordinate, distorted trigonal-bipyramidal, and at the octahedral Ir"' center the
two phosphorus atoms are cis to one another. The metal-metal distance has lengthened by 0.08

A 102.7920(3) A, though this distance suggests that the metal-metal bond is intact.

When crystals of 4a are dissolved in acetonitrile, the NMR and UV-vis spectra suggest
isomerization to a considerably more symmetric structure. The *'P{'"H} NMR spectrum shows
only two resonances, with an AA’XX"’ splitting pattern. The spectrum is similar to that of parent

0,11
Iy

complex 2, though the upfield resonance shifts by ca. 6 ppm and the multiplicity is distinct.
The 'H NMR spectrum features two closely spaced, sharp fert-butyl resonances with a 2:1
integration ratio, suggesting that all three CN'Bu ligands remain bound. Furthermore, the UV-vis
spectra of 2 and 4 are decidedly similar in MeCN, with only slight 5-15 nm hypsochromic shifts
of most peaks in the spectrum of 4 relative to that of 2. These spectral data suggest that in
acetonitrile solution, chloride dissociation from 4a leads to the isomeric ionic complex
[Ir,*"(tfepma),(CN'Bu);CI]CI (4b), whose structure is analogous to 3. The octahedral Ir'" and

0,11

square-planar Ir” sites possess similar coordination environments to the parent Ir,”" complex 2,

giving rise to only slightly differing spectral features.

3.2.3 Chemical Reduction of 1 and 2

Whereas treatment of M20,11

complexes 1 and 2 with bis(cyclopentadienyl)cobalt(II)
(CoCpa, E°' = —1.33 V vs. ferrocene)” leads to incomplete reactions and mixtures of products,
treatment with the stronger reducing agent bis(pentamethylcyclopentadienyl)cobalt(Il)
(Conz*, E°' = -1.94 V) completely consumes the M,"" starting material. Integration of the

crude "H NMR spectra showed the major product of each reaction to contain three bound CN'Bu

PT TP L P” p L
2 CoCp*, ! 1
L—MO—Mm" L—MO—MO—L
| o7 CNBu | |
P\ P P\ P
N N~
| I
1: M =Rh 5: M = Rh (90%)
22M=1Ir

6:M=Ir (81%)

Scheme 3.4. Synthesis of M,™’ complexes 5 and 6. Isolated yields are listed in parentheses.
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ligands. The route shown in Scheme 3.4 gives optimized yields and purities of these major
products, M,*"(tfepma),(CN'Bu); [M = Rh (5), Ir (6)], which are obtained when complexes 1
and 2 are treated with both two equivalents of Con*z and one equivalent of CN'Bu. The solid-
state structures of compounds 5 and 6 are shown in Figure 3.3. An asymmetric structure is
observed, with a four-coordinate, square-planar environment about one M’ center, and a five-
coordinate, trigonal-bipyramidal structure about the other. Metal-metal distances of 2.7099(5) A
(5) and 2.7631(4) A (6) are observed for these formally d’—d’ complexes.

The room-temperature NMR spectra of 5 and 6 suggest conformational fluxionality in
solution. Although the solid-state structure of both complexes would predict asymmetric *'P{'H}

NMR spectra, they each show a single resonance, which appears as a symmetric multiplet in 5

Figure 3.3. X-ray crystal structures of 5 and 6. Ellipsoids are shown at the 50% probability level
with —CH,CF;3 groups and hydrogen atoms omitted for clarity.
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Figure 3.4. Variable-temperature 'H NMR spectra for complex 5 (a) and 6 (b), showing the tert-
butyl resonances. Spectra were recorded in toluene-dg at 500 MHz.

and a sharp singlet in 6; the splitting in 5 arises from Jrnp coupling. In addition, the room-
temperature 'H NMR spectra of 5 and 6 show a single zert-butyl resonance integrating to 27
protons, indicating that all three CN'Bu ligands remain bound in solution, albeit in a fluxional
manner. Variable-temperature 'H NMR, depicted in Figure 3.4 for the fert-butyl regions of
complexes 5 and 6, shows the evolution of two distinct tert-butyl resonances at low temperature,
with a 2:1 (upfield: downfield) integration ratio. This behavior indicates that the four- and five-
coordinate M" sites exchange slowly at low temperature, though even as low as —80 °C the two
CN'Bu ligands at the five-coordinate site rapidly exchange. For both complexes the remaining 'H
resonances are minimally perturbed as the temperature is altered. Variable-temperature *'P{'H}
NMR spectra demonstrate considerable broadening as the temperature is lowered, but a single

resonance is observed over the entire temperature range.

3.2.4 Chlorine Oxidation of 1 and 2

Chlorine oxidation of 1 and 2 was studied, using PhICI, as a solid chlorine surrogate, and

disparate structures are observed in each case. Scheme 3.5 summarizes the products that are

[ | | |
N N

N N
/N /7 N\ PN AR
P L P L P P L P~ Cl P CI
SR SR PRICl, ' 1S PhIC ST
CI—/Il?h”—th”—CI + CI—/Il?h”'—/Rh'—CI - L—|\|/|°—/l\|/|“—c:| —»CI—/I__r”—/IIr”—L
s a % s U'% (M=Rh)  p Cl"p M=l " 5C"p
N, N, N~ N7
h h | |
0 7b 1: M =Rh 8 (86%)
7a (77%) 2M=1r

Scheme 3.5. Oxidation of 1 and 2 with PhICl,. Isolated yields are listed in parentheses.
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observed upon chlorine oxidation. Oxidation of dirhodium complex 1 produces a mixture of
isomeric products in solution, of which two were crystallographically identified. The major
product, which can be isolated in pure form as red crystals by selective crystallization (or as
discussed in the next chapter, by aerobic oxidation), is the pseudo-Cy,-symmetric complex
han’ll(tfepma)z(CN’Bu)2C14 (7a). In both solution and the solid state, this Rh,™" complex
(excluding —OCH,CF; groups) adopts a nearly centrosymmetric structure where both Rh" sites
are equivalent. The *'P{'"H} NMR spectrum of 7a, recorded in CD;CN, shows a single
resonance, located at 113.8 ppm. In addition, the '"H NMR spectrum, which contains a single
tert-butyl resonance, and IR spectrum, which shows a single C=N stretch (2200 cm '), are
indicative of oxidation of the complex to a valence-symmetric species. The crystal structure
shown in Figure 3.5 confirms the spectral findings of a bimetallic core that possesses pseudo-Cs;,
symmetry, with two octahedral Rh" centers related by an approximate inversion center at the
metal-metal centroid. The Rh(1)-Rh(2) distance of 2.7391(3) A establishes that the rhodium—
rhodium bond is maintained. A second two-electron oxidized isomer (7b) was obtained in one
instance as dark green crystals, though its preparation was not reproducibly achieved. This
isomer, whose structure was solved but did not refine satisfactorily, is formulated as the two-

electron mixed-valent complex Rh,""(tfepma),(CN'Bu),Cls (7b). An asymmetric distribution

Figure 3.5. X-ray crystal structures of 7a and 7b. Ellipsoids are shown at the 50% probability
level with —CH,CF; groups and hydrogen atoms omitted for clarity. The atoms in 7b are
represented as isotropic spheres.
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of the isocyanide and chloride ligands is evident in the preliminary isotropic crystal structure of
Figure 3.5, which shows an approximate C,, symmetry for the bimetallic core. The

Rh(1)-Rh(1A) distance remains quite short, at 2.720(2) A.

In contrast, treatment of diiridium complex 2 with PhICl, leads to formation of a valence-
symmetric complex 8 which lacks the inversion center found in dirhodium analogue 7a. The
J'p{'H} NMR spectrum of Ir,""(tfepma),(CN'Bu),Cls (8) reveals two closely spaced multiplets,
which are related by a mirror plane and suggestive of an AA'BB’ spin system for which 12 of the
possible 24 lines*' are resolved. A very minor product (< 5%), present in both the crude reaction
mixture and isolated material, appears as a singlet in the *'P{'H} spectrum, consistent with a
small amount of the centrosymmetric isomer being formed. The "H NMR spectrum also reveals

asymmetry—two distinct zert-butyl peaks, each integrating to nine protons, are evident.

The solid-state X-ray structure of 8 presented in Figure 3.6 confirms the asymmetric
structure predicted by NMR. Two nearly octahedral Ir" centers separated by an intermetallic
distance of 2.7774(3) A are observed. The chloride ligands about Ir(1) maintain the cis
arrangement found in Ir,”" complex 2 (see Figure 3.1), whereas on Ir(2) the chloride ligands are

trans to one another, with an axial CN'Bu ligand. The complex has no symmetry element linking

ILIT

the two Ir'" centers, clearly lacking the inversion center found in the Rh,™" analogue 7a.

Figure 3.6. X-ray crystal structure of 8. Ellipsoids are shown at the 50% probability level with
—CH,CF;3 groups and hydrogen atoms omitted for clarity.
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Scheme 3.6. HCI addition to 1 and 2. Yields are listed in parentheses; those for 9a/9b are from a
reaction with 25 eq of HCI.

3.2.5 Protonation of 1 and 2 with HX (X =CI, OTs)

Complexes 1 and 2 oxidatively add HCI to form bimetallic hydrido-chloride complexes,
as depicted in Scheme 3.6. In the case of dirhodium complex 1, HCl addition is clearly
reversible. Treatment of 1 with HCI results in an equilibrium between two isomeric hydride-
containing products and 1. With a single equivalent of HCI, only ~ 60% conversion is observed.
By using an excess of HCI (25 eq), near quantitative conversion to Rh,"™"(tfepma),(CN‘Bu),CLsH
(9a and 9b) results. The *'P{'H} and partial 'H NMR spectra of the reaction products are shown
in Figure 3.7. Integration of the "H NMR spectrum reveals that the major isomer, 9a, is formed
in 84% yield along with 14% of 9b and ~ 2% of unreacted 1. The downfield region of the 'H
spectrum shows that each isomer contains two chemically inequivalent CN'Bu resonances. The
Rh—H resonances shown in Figure 3.7 appear as doublets of triplets, arising from coupling to two

phosphorus atoms and the 100% abundant 7= 1/2 '’Rh nucleus. The 'Jgyy values are 13.3 Hz in

(a) 9a/9b (b) 9a
9a
9b T T T T |{W %
14521461147
. il |
180 170 160 150 140 130 120 110 100 90 ' 80 135 145 155 -165 -17.5 -18.5 -19.5
Jdlppm J/ppm

Figure 3.7. (a) *'P{'H} and (b) low-frequency '"H NMR spectra of 9a and 9b, prepared by
treating 1 with 25 eq. of HCI gas in THF-dgs. The inset in (b) is an expansion of the Rh—-H
resonance of 9a. Spectra were recorded at 20 °C at 202.5 MHz (*'P) and 500 MHz ('H).
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9a and 14.5 Hz in 9b, whereas “Jp_; coupling constants are 9.1 Hz in 9a and 14.5 Hz in 9b. By
virtue of the equal 'Jry_y and *Jp_y; values, the hydride resonance for 9b appears as a quartet. The
observed splitting patterns with relatively small 2/ values indicate that the hydride ligand in
both isomers is cis to two equivalent phosphorus nuclei.”> When a solution of 9a and 9b is
concentrated to dryness and then redissolved, the *'P{'"H} NMR spectrum shows a mixture of

0,11

both isomers of 9 and Rh,™" complex 1 (ca. 40%), confirming the reversible nature of HCI

addition to 1.

The major isomer (9a) was crystallized; its structure is depicted in Figure 3.8. Two
octahedral Rh" centers are evident, and the Rh(1)-Rh(2) distance of 2.7560(2) A is once again
consistent with a single bond. The hydride ligand on Rh(2) is situated #rans to a chloride and syn
with respect to the chloride on Rh(1). The second isomer 9b was not crystallographically
characterized, but the NMR data (vide infra) are consistent with an analogous structure where the
hydride and chloride on Rh(2) are exchanged with one another, though any structure featuring a

hydride cis to both geminal phosphorus atoms is possible.

HCI addition to diiridium complex 2 is much more favorable thermodynamically, as

compared to 1. By treating 2 with either HCI or lutidinium hydrochloride (LutH C1"), a single

Figure 3.8. X-ray crystal structures of 9a and 10. Ellipsoids are drawn at the 50% probability
level. Solvent molecules, carbon-bound hydrogen atoms and —CH,CF3; groups are omitted for
clarity.
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isomer of Ir,""(tfepma),(CN'Bu),ClsH (10) is formed rapidly and quantitatively. The *'P{'H}
NMR spectrum shows two multiplets attributed to an AA’'BB’ spin system; in this case 20 of the
24 possible lines are resolved. The most definitive evidence for the presence of an iridium-bound
hydride ligand comes from the '"H NMR, which shows a 1:2:1 triplet at —20.69 ppm. This
hydride peak integrates to one proton, and the observed 2Jp_n of 16.0 Hz indicates that the
hydride is positioned cis to two equivalent phosphorus atoms. The solid-state structure of 10,
also shown in Figure 3.8, is analogous to that of tetrachloride complex 8, with a hydride
replacing one of the chlorides. Both Ir"' centers are again octahedral, and hydride ligand H(1) is
arranged trans to C1(3) and syn with respect to the CN'Bu ligand on the adjacent Ir" center. The
metal-metal distance is 2.7821(3) A, and the strong trans-influence of the hydride ligand is
readily apparent. The Ir(1)—CI(3) bond, situated trans to the hydride, has a distance of 2.5021(11)
A, which is substantially longer than the other equatorial chloride bond distance [Ir(2)-CI(2)]
(d = 2.4002(10) A). In comparing structures 9a and 10, it is worth noting the different
stereochemistries of the crystalline isomers; the hydrides in 9a and 10 reside on opposite sides of
the metal-metal axis. In other words, the proposed minor dirhodium hydride isomer 9b, which is
unobserved crystallographically, is isostructural to 10, the exclusive isomer that is formed by

HCI addition to diiridium complex 2.

Whereas dirhodium complex 1 is unreactive to p-toluenesulfonic acid (HOTs), showing
no sign of hydride formation even with a tenfold excess of acid, addition of HOTs to 2 proceeds
readily (Scheme 3.7). When the reaction between 2 and HOTs is carried out in acetonitrile, the
'H NMR reveals two hydride-containing products in a ca. 1:1 ratio. By changing the reaction
solvent to THF, a 9:1 ratio of the two products is isolated. The major isomer of

I, (tfepma),(CN'Bu),CLH(OTs) (11) can be crystallized. The structure of major product 11a,

I
~ N\ N\
P P L P”L P OTs P”CI'P OTs
| I HOTs AN (- A\ I
L—IIrO ir“—CI — CI—/I["—/ir"—L + CI—/I["—/1r"—L

P\CI/P Cl iD\ H/P L i:’\ H/P

N N

| | |

2 11a 11b

(94% isolated yield; 11a:11b = 9:1)
Scheme 3.7. Addition of HOTs to 2.
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Figure 3.9. X-ray crystal structure of 11a. Ellipsoids are shown at the 50% probability level with
solvent molecules, -CH,CF; groups and carbon-bound hydrogen atoms are omitted.

which is shown in Figure 3.9, bears many similarities to its HCl-addition analogue, namely an
axial CN'Bu ligand and a trans arrangement of the H(1) and OTs ligands at the site of
protonation. The major difference between the structures of 10 and 11a is the position of the
hydride relative to the CN'Bu ligand on the adjacent iridium; for 11a, the hydride is in an anti
conformation relative to the vicinal CN'Bu. Additionally, the metal-metal distance in 11a of
2.7573(5) A is slightly contracted relative to 10. The *'P{'H} NMR spectrum of tosylate
complex 11a is again characteristic of an AA'BB’ spin system, and its '"H NMR spectrum shows
an Ir—H resonance at —20.00 ppm, only marginally upfield relative to the hydride resonance of
10. The observed *Jp_y coupling constant in 11a is identical to that of 10 at 16.0 Hz. As alluded
to above, when 11 is isolated ca. 10% of a minor isomer is present. The minor product 11b
shows a hydride resonance at —20.71 ppm in the 'H spectrum, and yet again the two-bond
proton-phosphorus coupling constant is 16.0 Hz, placing the hydride cis to its neighboring
phosphorus nuclei. The remaining ' and 'H NMR features of the minor isomer are virtually
identical to those of the major product, suggesting an identical structure but with the hydride
flipped to the other side of the metal-metal axis to position it syn to the vicinal CN'Bu. This

isomerization will produce the same structure as that of hydrido-chloride complex 10, but with
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Scheme 3.8. Synthesis of 12 by HOTs addition to 5. Isolated yield is listed in parentheses.

the chloride trans to the hydride substituted for OTs . We cannot rule out other possibilities such
as intermetallic exchange of Cl and OTs , though the simple isomerization described above

seems most plausible for the structure of the minor product.

3.2.6 Protonation of 5 with HOTs

Reactions involving M,™® complexes 5 and 6 were explored with a variety of acids,
though in most cases, complex and intractable mixtures of products were formed. The lone
exception, described in  Scheme 3.8, was the exclusive production of
[Rh,"(tfepma)>(CN'Bu)s(u-H)](OTs) (12), obtained from the treatment of Rh,"” complex 5 with
one equivalent of HOTs in thawing acetonitrile. The crystal structure of 12 is depicted in Figure
3.10. The position of the hydride ligand could not be located precisely, and the refinement

statistics were indistinguishable if the hydride was modeled either as bridging or as a terminal

Figure 3.10. X-ray crystal structure of the cation of 12. Ellipsoids are shown at the 50%
probability level with —CH,CF3 groups, the outer-sphere tosylate anion and carbon-bound
hydrogen atoms omitted for clarity.
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hydride on Rh(1). However, on the basis of the NMR data (vide infra), complex 12 is assigned as
a Rh'-Rh' p-hydride species, as shown in Figure 3.10. All three CN'Bu ligands remain bound,
and the intermetallic distance of 2.7449(11) A compares favorably with other hydride-bridged

23-25

dirhodium complexes spanned by two diphosphines. The OTs counterion is outer-sphere

and does not interact with the cationic complex in the crystal structure.

Both the *'P{'H} and the "H NMR spectra support the assignment of a valence-
symmetric structure for 12. The *'P NMR spectrum shows a single, symmetric multiplet centered
at 150.7 ppm with a splitting pattern reminiscent of Rh,"’ precursor 6. This contrasts the
expected four-spin, second-order system expected for a two-electron mixed-valent state (vide
supra). In the room-temperature '"H NMR spectrum, a single, sharp fert-butyl resonance is
observed, which splits into two distinct peaks at low temperature, as shown in Figure 3.11. The
most definitive evidence for a bridging hydride ligand comes from the low-frequency region of
the '"H NMR spectrum. As shown Figure 3.12a, in the 'H NMR spectrum the rhodium hydride
resonance appears as a complex, symmetric multiplet, with nine lines clearly resolved and an
additional four lines appearing as shoulders. In the 'H{*'P} spectrum (Figure 3.12b), only
coupling to 'Rh is observed, and a triplet splitting pattern results. This triplet multiplicity
indicates equal coupling to both rhodium nuclei, with a 'Jg,_g of 14.8 Hz, and accordingly places
the hydride in a bridging position. The remainder of the multiplet in the phosphorus-coupled 'H
spectrum is generated by considering equal coupling of the hydride nucleus to all four
phosphorus nuclei, with an observed 2Jp_y of 8.5 Hz. This value is considerably smaller than the

*Jp_u coupling constants in bimetallic complexes of similar architectures featuring terminal

ijt e
o 10 °C
R %J\L&A— ] 7—100"%

———— " - -20°C
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Figure 3.11. Variable-temperature '"H NMR spectra for complex 12, showing the fert-butyl
resonances. Spectra were recorded in THF-dg at 500 MHz.
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Figure 3.12. 'H (a) and 'H{*'P} (b) NMR spectra of 12, showing the Rh—H resonance. Spectra
were recorded in CD;CN at 500 MHz and 293 K.

hydride ligands.”*® This arrangement of coupling constants would give a maximum of 15 lines in

a triplet-of-quintets pattern, 13 of which are resolved in the phosphorus-coupled spectrum.

3.2.7 Hydrogenation of 2

When a solution of 2 in THF-ds is introduced to ca. 1.5 atm of H», the bright orange color
rapidly fades to give a nearly colorless solution. Scheme 3.9 summarizes the outcome of this
reversible hydrogenation reaction. *'P{'H} and 'H NMR spectroscopy clearly show clean
conversion to two isomers of Ir,"""(tfepma),(CN'Bu),Cl,(H); (13), with the two isomers forming
in a ca. 19:1 ratio. The low-frequency region of the '"H NMR spectrum, reproduced in Figure
3.13, gives some insight into the structural differences between the two isomers. The major

product (13a) shows a complex, asymmetric multiplet integrating to two protons centered at ca.

I I

| N N
N PPN 7N\
P7 P P7H_ P L PP
| s H, % 2 ClL, % ] ClL
L—iro—/llr”—CI s L—:IQ'—IIr”—CI + H—,I(' 1r”—CI
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Scheme 3.9. Hydrogenation of 2. NMR vyields are listed in parentheses.
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Figure 3.13. Low-frequency region of the 'H NMR spectrum of 13, showing the Ir—H
resonances for the major and minor isomers. The structure of the major isomer and a likely
structure of the minor isomer are shown near the peaks they are assigned to.

—12.3 ppm. The large 187 Hz splitting between the two most intense peaks suggests the presence
of trans *Jp_y coupling. Though the precise structure of 13a was not elucidated from NMR

spectra, it has been structurally characterized by X-ray crystallography, described below.

For the minor product (13b), the two hydride ligands are chemically inequivalent, with a
straightforward triplet-of-doublets splitting pattern for each resonance. The two peaks have
slightly different %Jp_y coupling constants—the downfield resonance (—14.80 ppm) has a value of
17.9 Hz whereas the upfield resonance (—15.50 ppm) is coupled to phosphorus with a 13.8 Hz
coupling constant. These two values indicate that each of the inequivalent hydrides is arranged
cis to the two adjacent phosphorus nuclei. The doublet splitting results from “Jy;_y coupling of the
two hydride ligands and a coupling constant of 4.6 Hz indicates a cis arrangement of the two
hydrides, as observed for numerous other cis-dihydride complexes of iridium.”’ ' One of the two
resonances for this minor isomer is clearly visible in the *'P{'H} NMR spectrum, and its
appearance as an AA'XX' multiplet suggests a trans arrangement of the two phosphorus nuclei at
each iridium. A likely structure for this minor product is included in Scheme 3.9 and Figure 3.13,
though a structure in which the equatorial hydride is switched with the CN'Bu (L) trans to it
would also be consistent with the spectral data. Solutions of 13 are unstable with respect to H

0,11

loss. The orange color and NMR features of Ir, © complex 2 are restored by repeated freeze-

pump-thaw cycling of a solution of 13 or by removing all volatiles and drying in vacuo.

The major isomer 13a was crystallized from CD3;CN under an H, atmosphere and its

structure has been determined unequivocally by single-crystal X-ray diffraction, as shown in
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Figure 3.14. X-ray crystal structure of 13a. Ellipsoids are shown at the 50% probability level
with —CH,CF3 groups and carbon-bound hydrogen atoms omitted for clarity.

Figure 3.14. Both iridium centers are six-coordinate, with a cis-P», cis-H, geometry at Ir(2). The
geometry about Ir(2) is substantially distorted from octahedral, marked by a P(2)-Ir(2)-P(4)
angle of 118.46(5)° and a H(1)-Ir(2)-H(2) angle of 79(3)°. The H(1)-H(2) distance is 2.04(7) A,
with an Ir(1)-Ir(2) bond distance of 2.7487(3) A similar to the other metal-metal-bonded Ir,™"

complexes described herein.

3.2.8 Formation of a Bimetallic Iridium Hydride Complex by Cyclometallation

In the course of preparing M,™" complexes 1 and 2, we sought similar complexes bearing
other bridging phosphine ligands. Reaction of [Ir'(COD)CI], with two equivalents of dppm and
two equivalents of CN'Bu in THF leads to immediate formation of a dark green solution,
followed by the gradual deposition of a cream-colored solid, identified spectroscopically and
crystallographically as Ir,""(dppm)(PPh(o-CsH4)CH,PPh,)(CN'Bu),Cl,H (14). This reaction is

shown in Scheme 3.10. Complex 14 bears the expected stoichiometry but involves an

'y

[ir'(cob)Cly,

PhP ’
] H PPh,
PhoP—_
14 (74%)

Scheme 3.10. Synthesis of cyclometallated complex 14.
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Figure 3.15. X-ray crystal structure of 14. Ellipsoids are shown at the 50% probability level with
the solvent molecule, -CH,CF; groups and carbon-bound hydrogen atoms omitted for clarity.

intermetallic cyclometallation of one dppm ligand. The solid-state structure is depicted in Figure
3.15. The most noteworthy feature is the orthometallation of a phenyl ring bonded to P(4) onto
the opposite iridium site, Ir(1). The phenyl and hydride ligands are arranged cis to one another,
and again the geometry is distorted from octahedral. The P(1)-Ir(1)-P(3) angle is 109.83(3)°
whereas the C(82)-Ir(1)-H(1) angle is 81.4(13)°, giving a coordination geometry similar to that
of 13a. The Ir(1)-Ir(2) distance is 2.7928(4) A.

Complex 14 suffers from limited solution stability, decomposing to an intractable mixture
of products within hours. However, the NMR spectra of 14 do suggest that prior to
decomposition, the solid-state structure is maintained in solution, and that the C—H activation is
irreversible at room temperature. The *'P{'H} NMR spectrum shows three distinct chemical
environments for the phosphorus nuclei, with complex multiplicity in all of the peaks. In addition
to the expected 'H NMR resonances arising from dppm and CN'Bu protons, a doublet of
doublets integrating to one proton is seen at —10.69 ppm for the iridium hydride. The 2Jp_; values
of 163 Hz and 19.1 Hz are indicative of coupling of the hydride nucleus to a trans and cis
phosphorus nucleus, respectively. Furthermore, the dppm —CH,— resonances are each split into

two distinct frequencies, suggestive of the very rigid binding mode of the bridging ligands.
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Figure 3.16. Electronic absorption (==, blue) and emission (===, red) spectra of 2 (a) and 8 (b).
The absorption spectra were recorded at 295 K in CH3CN, the emission spectra were recorded at
77 K in 2-MeTHF with A = 325 nm (a) and 280 nm (b).

3.2.9 Electronic Absorption and Emission Spectra

Excepting complexes 3 and 14, which are unstable in dilute solution, the UV-vis
absorption features of all new compounds were collected, and a brief summary is provided here.
The electronic spectrum of Ir,""" complex 2 (Figure 3.16a) is decidedly more complex than that
of dirhodium analogue 1. The former shows 6 closely spaced, overlapping but resolved bands,
whereas the latter only has three distinct maxima. This complexity is mirrored in Ir,”" complex 4
which is prepared by CN'Bu addition to 2 and presumed to have a similar solution structure in
acetonitrile, giving rise to similar absorption features as discussed above. The absorption spectra
of M,™ complexes 5 and 6 also share similarities with one another, showing a maximum at 379
nm in dirhodium complex 5 and 383 nm in diiridium complex 6, along with a shoulder towards
the visible region and intense UV features. Complexes 8, 10, 11, and 13 all feature a d’—d’ Ir,"™"
core and have largely analogous absorption profiles. All show two distinct maxima and a
shoulder, whose positions are marginally responsive to the ligand environment. As a
representative example, the spectrum of Ir,""'Cly complex 8 is also shown in Figure 3.16b. In all
cases the highest-energy peak is the wavelength of maximum absorption, which ranges between
267 nm (13) and 285 nm (10). In addition to the electronic absorption features described above,
the I,"" and Ir,"™" complexes 2, 3, 8, 10 and 11 are emissive at 77 K in 2-methyltetrahydrofuran
solution. The emission bands are at ca. 600 nm, with maxima at 613 nm (2), 598 nm (3), 624 nm

(8), 641 nm (10) and 582 nm (11). For the Ir,"™" complexes, the relative energies of the emission
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maxima track well with the energy of the absorption maxima, and in all cases the large Stokes

shifts suggest emission from a triplet excited state.

3.3 Discussion

Two-electron mixed-valent dirhodium and diiridium complexes can serve as platforms
for a diverse range of chemistries, including photocatalytic H, production,'” multi-electron

" C-H activation,”” and other organometallic

photochemistry,”* reversible H, addition,
chemistry.* In all of these previous examples, the M>*"" complexes contain M” centers that are
five-coordinate, precluding reactivity at this reduced metal site. It was reasoned that addition
reactions could be facilitated by preparing two-electron mixed-valent group 9 bimetallic
complexes with four-coordinate M° sites. Complexes 1 and 2, which meet this criterion,
assemble readily when [M'(COD)Cl], (M = Rh, Ir) is treated with two equivalents of tfepma and
two equivalents of CN'Bu. The net result is valence disproportionation of the M,"" precursor to
yield My*"(tfepma),(CN'Bu),Cl, [M = Rh (1), Ir (2)]. The coordinative unsaturation at the Ir’
site in 2 drives the binding of donor ligands such as CN'Bu to furnish complex 4a. In the solid
state, 4a contains three bound CN'Bu molecules, indicating that the open coordination site at the
I’ center in 2 can accept an additional ligand. However, the solution behavior of 4, and the

o complex 1 towards CN'Bu revealed some unexpected results

disparate reactivity of Rhy
concerning ligand addition and substitution. When 1 is treated with CN'Bu, the broadened NMR
features suggest reversible binding to form 3. Crystals of 3 revealed the unexpected structure
shown in Figure 3.2, where the reaction results in ligand substitution instead of addition. The
equatorial Cl™ ligand at the Rh" site is displaced by the incoming CN‘Bu, maintaining the square-
planar Rh’ and octahedral Rh" geometries that are found in 1. This suggests that the
electrophilicity of the Rh" center dictates the reactivity, as opposed to the vacant coordination
site at Rh”. When crystals of 4a are dissolved in acetonitrile, the NMR and electronic absorption
spectra suggest isomerization to a structure analogous to 3, giving monocationic complex 4b
which retains a four-coordinate Ir” center. These results reveal that in the two-electron mixed-

valent state a four-coordinate M center is quite favorable, even when the possibility of forming a

five-coordinate center exists.

Our group has demonstrated that multi-electron photocatalytic processes are enabled

when the bimetallic catalyst can span multiple oxidation states differing by two electrons each.'”
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Thus, the ability to prepare a homologous series of d’—d’, d’—d’, and d°~d’ complexes motivates
future studies of multi-electron catalysis supported on the complexes described here. Indeed,
M,™" complexes 1 and 2 may be both reduced and oxidized by two electrons to prepare the full
suite of oxidation states. The initial goal was to reduce 1 and 2 to complexes of the stoichiometry
M,*(tfepma),(CN'Bu),, which would feature two four-coordinate M’ sites. However, such
species are not observed, and isostructural complexes M,™(tfepma),(CN'Bu);
[M = Rh (5), Ir (6)], are instead obtained where an additional equivalent of CN'Bu is required to
stabilize the fully reduced core. Nevertheless, the structures of 5 and 6 (Figure 3.3) each reveal a
single four-coordinate M” center, motivating further study of demanding addition reactions on
these highly reducing species. Oxidation of 1 and 2 with PhICl, produces complexes with three
distinct geometries. In the case of the dirhodium system, two valence isomers are observed,
where one is best formulated as retaining two-electron mixed valency in a Rh,"™" core (7b), and

M core (7a). Oxidation of diiridium complex 2, on the

the other is a pseudocentrosymmetric Rh,!
other hand, furnishes Ir,""(tfepma),(CN'Bu),Cl; (8), which is valence-symmetric but is

structurally distinct from its dirhodium analogue 7a.

Having established a redox chemistry of 1 and 2, routes for the preparation of hydride-
containing complexes are available. Protonation reactions of isoelectronic valence-symmetric
dirhodium A-frame complexes have been shown to give products featuring a bridging hydride,
where the net reaction is the protonation of the metal-metal bond.>* The reactivity of our first-
generation Ir,"" complexes'' arises from a vacant axial site on the M" center. Addition of
reagents such as HX and H; results in oxidative addition across the metal-metal bond, with the
two-electron mixed valency being preserved in the products (see Scheme 3.1). In contrast,
addition of HCI (to 1 and 2), HOTs (to 2) or H; (to 2) furnishes products suggestive of addition
to the M° site, with the M" center unperturbed. As seen in the crystal structures of
M, (tfepma)2(CN'Bu),CLHX [M = Rh: X = Cl (9a); M = Ir: X = CI” (10), OTs (11a)], the
hydride and X ligand situate in a frans configuration on the same metal center, and a valence-

M core ensues. Only terminal hydride products are observed for these acid-

symmetric M,'
addition reactions to the two-electron mixed-valent precursors. Ir,”" complex 2 reacts much
more readily with HX than its dirhodium analogue 1. HCI addition to 1 to furnish hydride
complexes 9a/b is decidedly reversible whereas in the case of 2 a single equivalent of HCI begets

quantitative formation of hydride-containing 10. In addition, Ir,""'CsH complex 10 is
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conveniently prepared by protonation of 2 with solid HCI surrogate LutH CI, though dirhodium
complex 1 is completely unreactive to this reagent. This difference in reactivity is likely tied to
the stronger iridium—hydride bond strengths as compared to rhodium.** Attempted protonation
reactions of M,™ complexes 5 and 6 were generally not fruitful, though Rh,*° complex 5 does
react readily with HOTs to furnish p-hydride complex 12 (Scheme 3.8 and Figure 3.10). This
outcome is largely reminiscent of earlier examples of protonation reactions involving other group
9 M,™ complexes, where the addition of acid also gives a hydride-bridged product and an outer-

- . 233536
sphere conjugate base anion.””

The hydrogenation reaction of 2 is also distinct from that of previous diiridium
constructs. Several products have been identified from hydrogenation reactions of valence-
symmetric diiridium complexes, as reported primarily by the groups of Eisenberg and Cowie.
Hydrogenation of a face-to-face diiridium(I) complex yields a vicinal dihydride product, where
the two terminal hydride ligands are syn with respect to each other.”” When diiridium A-frame
complexes are treated with H, the thermodynamically stable species is once again a vicinal

dihydride, though in this case the two H™ ligands occupy axial positions;>”® it has since been

39,40
7 In

shown that a geminal cis-dihydride forms initially which rearranges to this final product.
our earlier work on two-electron mixed-valent complexes,“ summarized in Scheme 3.1,
hydrogenation of the iridium—iridium bond was observed, producing a vicinal dihydride where

I core. The addition of H, to

the two-electron mixed valency was preserved in a formally Ir'—Ir
2, where the coordinative unsaturation resides at the four-coordinate It center, produces a result
distinct from these previously characterized reactions. In the same vein as the HX-addition
reactions, H, adds to a single metal center, resulting in two isomeric Ir,"" geminal cis-dihydride
products 13a and 13b; the structure of major product 13a is depicted in Figure 3.14. The minor
product 13b also features a cis-dihydride arrangement, as determined by the
*Jiu coupling constants in the "H NMR. On the basis of X-ray crystallography and "H NMR
spectroscopy there is no evidence for rearrangement to vicinal dihydride isomers. The observed
distance between the two hydrogen atoms is 2.04(7) A, which represents a lower limit for this
true interatomic distance, given the systematically short bonds to hydrogen that are observed in
X-ray crystallography. Nonetheless, this value shows that the H-H bond is cleaved completely,
and that the description of 13a as a dihydride complex (and not an n>-H, adduct) is valid, on the

. . 41 .
basis of comparisons to numerous other metal-H, structures.” The cis arrangement of the
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Scheme 3.11. Proposed cyclometallation mechanism for 14.

hydride ligands in 13, compared to the frans HX complexes described above, suggests the
possibility of a different mechanism for H, and HX oxidative additions. H, addition is clearly
reversible, and removal of the H, headspace from a solution of 13a/b regenerates complex 2

cleanly.

A route to a diiridium hydride complex is also achieved from intramolecular
cyclometallation (Scheme 3.10). With the bridging ligand dppm and reaction conditions
otherwise identical to the synthesis of 2, the complex
IrZH’H(dppm)(PPh(o-C6H4)CH2PPh2)(CN’Bu)2Cle (14) is formed as the final product. At early
reaction time a dark green solution is observed, which is qualitatively indicative of an initial

LI core oxidation

Ir"-Ir' product prior to the cyclometallation. The final product possesses an Ir
state with the expected stoichiometry (Figure 3.15). The cyclometallated binding mode of dppm
seen in the structure of 14 has been observed in a Cp -ligated diiridium complex,** where an
ortho C—H bond was activated in a base-assisted fashion. Although the mechanism of
cyclometallation of 14 has not been probed in detail, a plausible route is shown in Scheme 3.11.

The initially formed Ir'-Ir' complex rearranges to an Ir,""

state, and cyclometallation at the
reactive Ir” center yields 14. Direct cyclometallation of Ir'-Ir' cannot be explicitly ruled out,
though a more complex mechanism involving chloride-bridged intermediates and/or phosphine

dissociation would be required to avoid hypercoordinate intermediate species.

3.4 Conclusions

The work contained in this chapter demonstrates a multifaceted reaction chemistry
centered around coordinatively unsaturated two-electron mixed-valent dirhodium and diiridium
complexes. It has been shown that stable complexes with d°~d°, d’-d’, and d’-d’ electron counts

can all be prepared with the ligand framework employed here. In both the fully reduced d’—d’
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and mixed-valent d’'—d’ states, a four-coordinate, unsaturated M’ center is present, providing
enticing platforms for the study of small-molecule activation chemistry, extending beyond the
work presented here. In this chapter, three distinct routes to access hydride-containing products
are outlined: addition of HX (X = CI, OTs ), addition of H,, and intramolecular
cyclometallation. On account of the coordinative unsaturation at MO, both HX and H, oxidative
addition furnish hydride-containing products with novel structures; these complexes are
candidates for future HX-splitting schemes. In addition, many of the dirhodium and diiridium
complexes described here, including hydrido-halide complexes 9 and 10, are structurally
analogous to one another, allowing for meaningful comparisons of their structures and
reactivities. Though some stereochemical differences between dirhodium and diirdium
complexes do present themselves in this new class of complexes, it may be possible to use the
diiridium complexes, typically more stable and thermally robust, as structural analogues for more
reactive and difficult-to-observe dirhodium complexes. With our previous suite of two-electron
mixed-valent dirhodium and diiridium complexes, such structural homology was not achieved,
and it was likely that the model complexes that were prepared were not faithful structural models
to the catalytically active species. Our interest in bimetallic hydride-containing complexes is
ongoing, as we continue to explore their reactivity and unveil new routes for their facile
preparation, and the complexes whose preparations are described in this chapter further motivate

these continued studies.

3.5 Experimental Details
3.5.1 General Considerations

All reactions involving air-sensitive materials were executed in a nitrogen-filled
glovebox or on a high-vacuum manifold using solvents previously dried by passage through an
alumina column under argon, after sparging with argon. The starting materials [M'(COD)Cl],
(M = Rh, Ir; COD = 1,5-cyclooctadiene) and bis(diphenylphosphino)methane (dppm) were
obtained  from Strem  Chemicals. 2,6-lutidine, HCl (1 M in  Et,0),
bis(pentamethylcyclopentadienyl)cobalt(Il) ~ (CoCp,),  p-toluenesulfonic  acid  hydrate
(HOTsH,0), and tert-butylisocyanide (CN'Bu) were obtained from Sigma-Aldrich, whereas H,
was purchased from Airgas. Anhydrous 2,6-lutidinium hydrochloride (LutH Cl") was prepared
by adding anhydrous 2,6-lutidine to 1 M HCI/Et;0O under nitrogen. The ligand
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bis(bis(trifluoroethoxy)phosphino)methylamine (tfepma),” and PhICL,** were prepared as
described in the literature. Elemental analyses were performed by Midwest Microlab LLC or

Quantitative Technologies Incorporated.

3.5.2 Physical Methods

NMR spectra were recorded at the MIT Department of Chemistry Instrumentation
Facility on a Varian Mercury-300 NMR Spectrometer, operating at 121.5 MHz for *'P
acquisition, or a Varian Inova-500 NMR Spectrometer operating at 500 MHz for 'H acquisition.
S'P{'H} NMR spectra were referenced to an external standard of 85% Ds;PO, and 'H spectra
were referenced to the residual proteo solvent resonances. UV-vis samples were prepared in a
nitrogen-filled glovebox and spectra were recorded at 293 K in THF solutions in quartz cuvettes
on a Varian Cary 5000 UV-vis-NIR spectrophotometer. Extinction coefficients were determined
over a concentration range of ~ 10 °to 10™* M, for which all compounds obeyed Beer’s Law. IR
spectra were recorded on a PerkinElmer Spectrum 400 FT-IR/FT-FIR Spectrometer outfitted
with a Pike Technologies GladiATR attenuated total reflectance accessory with a monolithic
diamond crystal stage and pressure clamp. Samples were suspended in Nujol® mineral oil for all
IR measurements. 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 photomultiplier tube. Excitation light was excluded with appropriate glass
filters. Samples were housed in custom quartz EPR tubes with a ground-glass joint and Teflon
plug. Solution samples were prepared in 2-methyltetrahydrofuran and freeze-pump-thaw
degassed (4 cycles, 1 x 107 torr). The sample tubes were immersed in liquid N, in a quartz

finger dewar prior to measurement.

3.5.3 Preparation of hao’H(tfepma)z(CN’Bu)ZClz 1)

[Rh'(COD)CI], (348 mg, 0.706 mmol, 1.00 eq) was dissolved in 3 mL of CH,Cl, in a
20-mL scintillation vial. A solution of tfepma (687 mg, 1.41 mmol, 2.00 eq) in 2 mL of CH,Cl,
was added at a fast dropwise rate, followed immediately by a solution of CN'Bu
(117 mg, 1.41 mmol, 2.00 eq) in 2 mL of CH,Cl,, added in a similar fashion. An additional 2 mL
of CH,Cl, was used to dissolve the residual tfepma and CN'Bu and ensure quantitative transfer to

the reaction vessel. The resulting deep red solution was stirred for 3 h at room temperature,
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during which time it lightened and some orange solid precipitated. The mixture was concentrated
to <3 mL in vacuo, and 17 mL of pentane was added to the stirred suspension to separate a light
orange solid. The supernatant was decanted and the product dried in vacuo. Yield: 842 mg
(84.2%). "H NMR (500 MHz, CD,Cl,) o/ppm: 4.22-5.20 (br, m, 16H), 2.86 (pseudoquintet, 6H)
1.41 (br, s, 9H), 1.38 (br, s, 9H). *'P{'H} NMR (121.5 MHz, CD,CL) &/ppm: 145.1 (m, 2P),
124.5 (m, 2P). UV-vis (THF): A/nm (¢/(M"' cm ")) 295 (19000), 328 (sh) (11000), 388 (4700).
IR (Nujol): ve=n = 2122, 2143 cm ' Anal. Calcd. For CogH4oCloF2uN4OgP4sRhy: C, 23.73;
H, 2.84; N, 3.95. Found: C, 23.70; H, 2.73; N, 3.85.

3.5.4 Preparation of Ir,""(tfepma),(CN'Bu),Cl, (2)

[Ir'(COD)Cl], (421 mg, 0.627 mmol, 1.00 eq) was suspended in 3 mL of Et,O in a 20-mL
scintillation vial. A solution of tfepma (611 mg, 1.25 mmol, 2.00 eq), dissolved in 2 mL of Et,0,
was added at a fast dropwise rate to give a dark yellow/brown solution. A solution of CN'Bu
(104 mg, 1.25 mmol, 2.00 eq) in 2 mL of Et,0O was added immediately, giving a dark red
solution. The reaction mixture was stirred at room temperature for 22 h, during which time some
orange solid had formed. The mixture was concentrated to dryness, leaving an orange solid and a
red residue. The product was resuspended in 2 mL of Et,O, and 16 mL of pentane was added to
the stirred mixture, liberating a light orange solid. The supernatant was decanted, and the solid
briefly dried in vacuo. The product was dissolved in 10 mL of CH,Cl, and filtered, removing a
small amount of a brown impurity. The solvent was removed in vacuo, and the resulting solid
was resuspended in 1 mL of CH,Cly/15 mL of pentane. The mixture was chilled overnight at
—20 °C, at which time the supernatant was decanted and the light orange product dried in vacuo.
Yield: 643 mg (64.3%). '"H NMR (500 MHz, CD,Cl,) d/ppm: 4.96-5.13 (m, 4H), 4.77-4.88
(m, 2H), 4.47-4.64 (m, 4H), 4.29-4.46 (m, 6H), 2.87 (pseudoquintet, 6H), 1.38 (s, 9H), 1.33
(s, 9H). *'P{'"H} NMR (121.5 MHz, CD,CL) &/ppm: 132.3 (m, 2P), 85.9 (m, 2P). UV-vis
(CH;CN): /nm (e/(M ™' ecm™")) 271 (15000), 315 (6300), 338 (sh) (4100), 392 (5600),449 (1600),
504 (860). IR (Nujol): ¥y = 2071 (sh), 2100, 2132 (sh) cm'. Anal. Calcd. for
Ca3H4oCloF24N4O5PsIr,: C, 21.07; H, 2.53; N, 3.51. Found: C, 20.97; H, 2.49; N, 3.27.
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3.5.5 Preparation of [Rh,""(tfepma),(CN'Bu);CI1|CI (3)

To a solution of 1 (100 mg, 0.0706 mmol, 1.00 eq) in 2 mL of THF was added a solution
of CN'Bu (6.2 mg, 0.074 mmol, 1.1 eq) in 0.5 mL of THF, causing the color to darken slightly.
The reaction was stirred at room temperature for 2.5 h, following which the solvent was removed
in vacuo. The residue was washed with 4 mL of Et,O and 2 mL of hexane, leaving a yellow solid
which was dried in vacuo. The product was dissolved in 1.5 mL of THF and layered with 15 mL
of hexane to recrystallize. After ca. 48 h the supernatant was decanted and the product dried in
vacuo. Yield: 63 mg (59%). Repeated attempts to obtain analytically pure material by various
recrystallization procedures were unsuccessful, likely due to the reversible nature of the reaction,
i.e. dissociation of CN'Bu. '"H NMR (500 MHz, CD;CN) d/ppm: 4.15-5.15 (m, 16H), 2.95
(br, s, 6H), 1.47 (br, s, 27H). *'P{'"H} NMR (121.5 MHz, CD;CN) &/ppm: 144.0 (br, m, 2P),
125.7 (br, m, 2P). IR (Nujol): ve=n = 2131, 2160 cm ', Anal. Calcd. for C33H49C1,F24NsOgP4Rh5:
C,26.42; H, 3.29; N, 4.67. Found: C, 25.04; H, 3.17; N, 4.49.

3.5.6 Preparation of Irzo’H(tfepma)z(CN’Bu)g,Clz “4)

A sample of 2 (100 mg, 0.0627 mmol, 1.00 eq) was dissolved in 1.5 mL of THF. A
solution of CN'Bu (5.7 mg, 0.068 mmol, 1.1 eq) in 0.5 mL of THF was added, and the yellow-
orange solution was stirred at room temperature for 24 h. The solution was concentrated in vacuo
to give a yellow-orange residue, which was suspended in 1 mL of CH,Cl,/15 mL of pentane and
chilled at —20 °C for 24 h. The supernatant was decanted and the resulting yellow product dried
in vacuo. Yield: 73 mg (70%). Analytically pure material was obtained in much lower yields
(< 50%) by recrystallization from a concentrated CH,Cl, solution layered with pentane. "H NMR
(500 MHz, CD;CN) o/ppm: 4.86—4.97 (m, 4H), 4.44-4.69 (m, 12H), 2.94 (pseudoquintet, 6H),
1.45 (s, 9H), 1.43 (s, 18H). *'P{'"H} NMR (121.5 MHz, CDsCN) &/ppm: 132.3 (m, 2P), 79.8
(m, 2P). UV-vis (CH;CN): A/nm (¢/(M"' em ™)) 271 (16000), 307 (5300), 325 (sh) (3700), 382
(6400), 444 (1800), 496 (960). IR (Nujol): Ve=y = 2116, 2159, 2181 cm'. Anal. Calcd. for
Ci33H49CloF24NsO3sPslrs: C, 23.61; H, 2.94; N, 4.17. Found: C, 22.95; H, 2.85; N, 4.05.

3.5.7 Preparation of hao’o(tfepma)z(CN’Bu)g, 5)

A  mixture of 1 (475 mg, 0335 mmol, 1.00 eq) and CNBu
(27.9 mg, 0.336 mmol, 1.00 eq) was dissolved in 6 mL of THF, giving a red-orange solution and
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a small amount of yellow precipitate. The mixture was added via pipet to a stirred solution of
CoCp", (221 mg, 0.671 mmol, 2.00 eq) in 2 mL of THF. Yellow [CoCp]Cl formed
immediately, and the mixture was allowed to stir at room temperature for 3 h. A yellow-green
solid was removed by filtration through a plug of glass wool, and the volatiles were removed
from the supernatant in vacuo to afford a dark red residue. The product was dissolved in a
mixture of 2 mL of Et,0/2 mL of hexanes, and upon concentrating in vacuo an orange solid was
obtained. The solid was suspended in 8 mL of hexanes at —20 °C overnight. The supernatant was
decanted, and the solid was dried in vacuo. Yield: 432 mg (90.2%). 'H NMR (500 MHz, C¢D)
Slppm: 4.13-4.40 (br, m, 16H), 2.80 (br, pseudoquintet, 6H), 1.04 (br, s, 27H). *'P{'H} NMR
(121.5 MHz, C¢Dg) 8/ppm: 156.0 (m, 4P). UV-vis (THF): /nm (¢/(M' cm ")) 285 (19000), 379
(6200). IR (Nujol): ¥cex = 2042 (sh), 2074 (sh), 2098 cm'. Anal. Caled. for
C33H49F24NsOgPsRhy: C, 27.73; H, 3.46; N, 4.90. Found: C, 27.80; H, 3.37; N, 4.80.

3.5.8 Preparation of Ir,""(tfepma),(CN'Bu); (6)

A suspension of 2 (500 mg, 0.313 mmol, 1.00 eq) in 6 mL of Et,O was combined with a
solution of CN'Bu (26.0 mg, 0.313 mmol, 1.00 eq) in 2 mL of Et,0. Most of the solid was drawn
into solution, with only a small amount of undissolved orange solid remaining. The mixture was
added to Con*z (206 mg, 0.627 mmol, 2.00 eq) in 2 mL of Et;0O. A yellow solid formed
immediately, and the mixture was stirred for 3 h, at which time the precipitate was removed by
filtration through glass wool. The solution was concentrated to dryness, and the resulting orange
solid was suspended in 6 mL of pentane at —20 °C overnight. The supernatant was decanted, and
the bright orange solid dried in vacuo. Yield: 410 mg (81.3%). '"H NMR (500 MHz, C¢Ds)
S/ppm: 4.15-4.39 (br, m, 16H), 2.74 (pseudoquintet, 6H), 1.03 (s, 27H). *'P{'H} NMR
(202.5 MHz, C¢Dg) 6/ppm: 126.1 (s, 4P). UV-vis (THF): A/nm (¢/(M"' cm ™)) 266 (sh) (16000),
383 (4300). IR (Nujol): ve=x = 2038 (sh), 2088 (sh), 2113 cm . Anal. Caled. for
C33H49F24NsOgP4Irs: C, 24.65; H, 3.07; N, 4.36. Found: C, 24.72; H, 3.14; N, 4.27.

3.5.9 Preparation of RhZH’H(tfepma)z(CN'Bu)zCl4 (7a)

A sample of 1 (100 mg, 0.0706 mmol, 1.00 eq) was suspended in 1 mL of toluene in a
scintillation vial. A solution of PhICI, (20.4 mg, 0.0741 mmol, 1.05 eq) dissolved in 1.5 mL of

toluene was added dropwise to give a red solution. The vial was immediately removed from
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stirring and allowed to stand at room temperature for 24 h, during which time the red product
crystallized. The supernatant was decanted, and the product was washed with pentane and dried
in vacuo. Yield: 81 mg (77%). '"H NMR (500 MHz, CDsCN) &/ppm: 5.05-5.16 (m, 4H),
4.89-5.03 (m, 8H), 4.55-4.66 (m, 4H), 3.04 (pseudoquintet, 6H), 1.45 (s, 18H). *'P{'"H} NMR
(121.5 MHz, CD;CN) &/ppm: 113.8 (m, 4P). UV-vis (THF): A/nm (¢/(M ' cm ")) 287 (12000),
352 (32000), 473 (2600). IR (Nujol): ¥e=n = 2200 cm'. Anal. Caled. For
Co3H40Cl4F24N4OsP4Rhy: C, 22.60; H, 2.71; N, 3.76. Found: C, 23.22; H, 2.82; N, 3.77.

3.5.10 Preparation of IrZH’H(tfepma)z(CN’Bu)zCL; 8)

In a 20-mL scintillation vial, 2 (100 mg, 0.0627 mmol, 1.00 eq) was dissolved in 2 mL of
CH,Cl,. In a separate vial, PhICI, (19.0 mg, 0.0691 mmol, 1.10 eq) was dissolved in 2 mL of
CH,Cl,. Both solutions were frozen in the glovebox coldwell. They were removed, and upon
thawing the PhICl, solution was added dropwise to the solution of 2. The color immediately
lightened to canary yellow, and the reaction was allowed to warm to room temperature and
stirred for 1 h. The resulting solution was concentrated in vacuo and triturated with 4 mL of
hexane to yield a bright yellow solid. The product was washed with 2 mL of hexane and dried in
vacuo. Yield: 90 mg (86%). '"H NMR (500 MHz, CD;CN) §/ppm: 5.34-5.45 (m, 2H), 5.00-5.11
(m, 2H), 4.55-4.93 (m, 12H), 2.90 (pseudoquintet, 6H), 1.61 (s, 9H), 1.38 (s, 9H). >'P{'H} NMR
(121.5 MHz, CDsCN) Jd/ppm: 76.1-77.6 (m, 2P), 70.3-71.8 (m, 2P)
(AA'BB’, 12 lines resolved, dae = 73.9 ppm). UV-vis (CH;CN): i/nm (¢/(M' cm™')) 282
(18000), 333 (6200), 364 (sh) (2500). IR (Nujol): ve=x = 2186 cm . Anal. Calcd. for
CogHuoClyF2uN4OgP4Iry: C, 20.18; H, 2.42; N, 3.36. Found: C, 20.37; H, 2.41; N, 3.35.

3.5.11 Preparation and NMR Characterization of hau’H(tfepma)z(CN’Bu)2C13H
(9a and 9b)

A J. Young NMR tube was charged with a solution of 1 (25 mg, 0.018 mmol, 1.0 eq) in
0.7 mL of THF-dg. The tube was frozen in liquid N; and evacuated to < 3 % 107° torr. Anhydrous
HCl gas (044 mmol, 24 eq) was generated by treating anhydrous NaCl
(26 mg, 0.44 mmol, 24 eq) with 0.5 mL of concentrated sulfuric acid and transferred under
vacuum into the NMR tube. After completing the HCI transfer and while still frozen, the J.
Young tube was evacuated to < 2 x 10°° torr, sealed, and then thawed. After 30 minutes, the

NMR spectra were recorded. The instability of 9a and 9b in the absence of excess HCI precluded
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product isolation. 9a: Yield (from 'H NMR): 84%. 'H NMR (500 MHz, THF-ds) J/ppm:
5.31-5.39 (m, 2H), 5.12-5.28 (m, 4H), 4.86-5.02 (m, 4H), 4.48-4.69 (m, 4H), 4.32-4.42
(m, 2H), 2.95 (pseudoquintet, 6H), 1.52 (br, s, 9H), 1.49 (s, 9H), -14.62
(dt, 2Jp- = 9.1 Hz, "Jgpnp = 13.3 Hz, 1H). *'P{'"H} NMR (202.5 MHz, THF-ds) é/ppm: 137.9
(m, 2P), 116.8 (m, 2P). 9b: Yield (from '"H NMR): 14%. 'H NMR (500 MHz, THF-dg) 6/ppm:
4.30-5.49 (m, 16H) (overlap with peaks from major isomer), 3.00 (pseudoquintet, 6H), 1.54
(s, 9H), 1.50 (s, 9H), —18.97 (dt (apparent quartet), *Jp_ = 'Jrnn = 14.5 Hz, 1H). *'P{'H} NMR
(202.5 MHz, THF-dg) o/ppm: 132.4 (m, 2P), ca. 116.3 (m, 2P) (overlap with major isomer). The
'H NMR spectrum also shows unreacted HCI (6 8.04 ppm) and a small amount (ca. 2%) of

unreacted 1.

3.5.12 Crystallization and IR Characterization of RhZH’H(tfepma)z(CN’Bu)ZClg,H 9a)

In a septum-capped NMR tube, a sample of 1 (25 mg, 0.018 mmol, 1.0 eq) was dissolved
in 0.5 mL of 2.18 M HCI/Et,O solution. The resulting solution was layered with hexane and
stored at —20 °C. Over a period of 2 days, yellow crystals formed. An X-ray quality crystal was
selected for crystallographic characterization. The remaining material was suspended in oil for

IR analysis. IR: Ty = 2137 cm ™' (weak); =y = 2186 (sh), 2196 cm ™.

3.5.13 Preparation of Ir,"""(tfepma),(CN'Bu),CI;H (10)

In a 20-mL scintillation vial, 2 (100 mg, 0.0627 mmol, 1.00 eq) was dissolved in 2 mL of
acetonitrile. A solution of LutH CI™ (11.2 mg, 0.0780 mmol, 1.24 eq) in 1 mL of acetonitrile was
added, causing the color to fade to pale yellow. The solution was stirred at room temperature for
30 min, and then the solvent was removed in vacuo to give a cream-colored solid. The solid was
taken up in 8 mL of Et;O and filtered through a plug of glass wool to remove unreacted
LutH'CI". To the resulting solution was added 2 mL of hexane, and concentration in vacuo left a
light yellow solid, which was suspended in hexane and stored at —20 °C overnight. The
supernatant was decanted and the product dried in vacuo. Yield: 98 mg (96%). 'H NMR
(500 MHz, C¢Dg) o/ppm: 5.93 (m, 2H), 5.62 (m, 2H), 5.44 (m, 2H), 4.96 (m, 2H), 4.80 (m, 2H),
4.64 (m, 2H), 3.93 (m, 4H), 2.54 (pseudoquintet, 6H), 1.08 (s, 9H), 1.03 (s, 9H), —20.69
(t, “Jp_ = 16.0 Hz, 1H). *'P{'"H} NMR (121.5 MHz, C¢Ds) d/ppm: 89.0-91.5 (m, 2P), 77.8-80.3
(m, 2P) (AA'BB’, 20 lines resolved, dug = 84.7 ppm). UV-vis (THF): A/nm (¢/(M "' cm ")) 285
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(12000), 322 (8300), 360 (sh) (2400). IR (Nujol): $eey = 2170 cm '. Anal. Calcd. for
C23H41C13F24N408P4IT2Z C, 2060, H, 2.53; N, 3.43. Found: C, 21.29; H, 2.31; N, 3.28.

3.5.14 Preparation of Ir,"""(tfepma),(CN'Bu),CLLH(OTs) (11)

Solid 2 (100 mg, 0.0627 mmol, 1.00 eq) was dissolved in 2 mL of THF. A solution of
HOTs-H,O (12.5 mg, 0.0657 mmol, 1.05 eq) in 1 mL of THF was added, giving a nearly
colorless solution. After 48 h, the solvent was removed in vacuo. The product was redissolved in
4 mL of hexane/6 mL of Et;O, and the resulting solution was concentrated in vacuo to leave a
white solid, which was treated with 4 mL of hexane and stored at —20 °C overnight. The
supernatant was decanted and the product dried in vacuo. Yield: 104 mg (93.7%). 11a (89%): 'H
NMR (500 MHz, CD;CN) ¢/ppm: 7.60 (d, *Jy_u= 8.5 Hz, 2H), 7.16 (d, *Ji_u= 8.5 Hz, 2H), 5.23
(m, 2H), 4.60-5.00 (m, 10H), 4.37-4.45 (m, 4H), 2.92 (pseudoquintet, 6H), 2.33 (s, 3H), 1.55
(s, 9H), 1.43 (s, 9H), —20.00 (t, *Jp_y = 16.0 Hz, 1H). *'P{'"H} NMR (121.5 MHz, CDsCN)
o/ppm: 91.1-93.9 (m, 2P), 77.7-80.5 (m, 2P) (AA'BB’, 18 lines resolved, .z = 85.8 ppm).
11b (11%): 'H NMR (500 MHz, CD;CN) d/ppm: 7.60 (d, *Jun = 8.5 Hz, 2H)
(coincident with major isomer), 7.16 (d, 3Jin = 8.5 Hz, 2H) (coincident with major isomer),
4.28-5.12 (m, 16H) (overlap with peaks from major isomer), 2.98 (pseudoquintet, 6H), 2.33
(s, 3H) (coincident with major isomer), 1.56 (s, 9H), 1.44 (s, 9H), —20.71 (t, 2Jp_u = 16.0 Hz, 1H)
'p{'H} NMR (121.5 MHz, CD;CN) &/ppm: ~ 92.7 (m, 2P), ~ 78.9 (m, 2P) (peaks are
completely overlapped with those of major isomer). UV-vis (CH3CN) (mixture of isomers): A/nm
(e/M™" em™)) 270 (17000), 320 (5300), 348 (3500). IR (Nujol) (mixture of isomers):
Ve=n = 2171, 2181 (sh), 2189 (sh) cm ', Anal. Calcd. for C35H4sCLoF2uN4O11P4SIry: C, 23.78;
H, 2.74; N, 3.17. Found: C, 24.15; H, 2.42; N, 3.05.

3.5.15 Preparation of [Rh,"'(tfepma),(CN'Bu);(n-H)](OTs) (12)

Separate solutions of 5 (100 mg, 0.0700 mmol, 1.00 eq) in 2 mL of CH3CN and
HOTs'H,0 (13.3 mg, 0.699 mmol, 0.999 eq) in 1 mL of CH3CN were prepared and frozen in the
glovebox coldwell. The solutions were removed, and upon thawing the HOTs solution was
added dropwise to the stirred solution of 5, giving a red-orange solution, which was allowed to
warm to room temperature and stirred for 1 h. The solution was concentrated to dryness in

vacuo, yielding a red residue. Trituration with 2 mL of Et,O afforded a yellow solid, and the
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resulting suspension was placed in the freezer at —20 °C overnight. The product was isolated by
decantation and dried in vacuo. Yield: 92 mg (82%). "H NMR (500 MHz, CD;CN) /ppm: 7.59
(d, *Juu = 8.0 Hz, 2H), 7.14 (d, *Juu = 8.0 Hz, 2H), 4.28-4.50 (br, m, 16H), 2.80
(pseudoquintet, 6H), 2.32 (s, 3H), 1.45 (s, 27H), —12.63
(tquint, 'Jry - = 14.8 Hz, 2Jp_yy = 8.5 Hz, 1H). >'P{'H} NMR (121.5 MHz, CD;CN) §/ppm: 150.7
(m, 4P). UV-vis (CH;CN): A/nm (¢/(M' em ")) 270 (13000), 283 (sh) (12000), 339 (sh) (4400),
376 (sh) (3900), 443 (sh) (1400). IR (Nujol): %=y = 2135, 2164 cm '. Anal. Calcd. for
C40Hs7F24Ns011P4SRh;,: C, 30.00; H, 3.59; N, 4.37. Found: C, 29.65; H, 3.31; N, 4.27.

3.5.16 Preparation of Ir,"""(tfepma),(CN'Bu),CL(H); (13)

A J. Young NMR tube was charged with 2 (25 mg, 0.016 mmol, 1.0 eq) dissolved in 0.7
mL of THF-dgs. The solution was freeze-pump-thaw degassed three times on a high vacuum
manifold. The tube was pressurized with ca. 1.5 atm of H, and upon shaking the tube a nearly
colorless solution was obtained. The NMR spectra were immediately recorded. Compound 13 is
unstable in the absence of H,, losing H, and reverting back to 2. This instability precluded
isolation of solid material for microanalysis. Crystals for X-ray diffraction and IR analysis were
obtained by conducting an analogous preparation in CD3CN and chilling the solution to —20 °C
overnight in the presence of H,. For the UV-vis measurement, a solution of 2 (63 uM in THF)
was prepared in a septum-sealed cuvette, and 2 mL of H, was injected via gastight syringe. 13a
(cis-Ha, cis-P,): Yield (from NMR): 95%. '"H NMR (500 MHz, THF-ds) 6/ppm: 5.60 (m, 2H),
4.84 (m, 2H), 4.68 (m, 4H), 4.42-4.56 (m, 4H), 4.29 (m, 2H), 4.13 (m, 2H), 2.82 (m, 6H), 1.48
(s, 9H), 1.46 (s, 9H), —12.63 to —12.03 (m, 2H). *'P{'"H} NMR (121.5 MHz, THF-ds) é/ppm:
93.4-97.8 (m, 2P), 88.2-90.4 (m, 2P). IR (Nujol): ¥ = 2036, 2065 cm ', ¥e=x = 2161 cm .
13b (cis-H,, trans-P,): Yield (from NMR): 5%. 'H NMR (500 MHz, THF-dg) &/ppm: 5.26
(m, 2H), 5.13 (m, 4H), ca. 4.84 (m, 2H) (overlap with major isomer), ca. 4.68 (m, 4H)
(overlap with major isomer), 4.39 (m, 4H), 2.86 (pseudoquintet, 6H), 1.44 (s, 9H), 1.41 (s, 9H),
—14.80 (td, *Jp_yy = 17.9 Hz, *Jy_y = 4.6 Hz, 1H) —15.50 (td, *Jp_y = 13.8 Hz, “Jy_y = 4.6 Hz, 1H).
'p{'H} NMR (121.5 MHz, THF-ds) o&/ppm: 109.6 (m, 2P), ca. 95.0 (m, 2P),
(overlap with major isomer). UV-vis (THF) (both isomers present): A/nm (e/M™" ecm™)) 267
(16000), 313 (4800), 342 (3300).
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3.5.17 Preparation of Ir,""(dppm)(PPh(0-C¢Hs)CH,PPh,)(CN'Bu),CLH (14)

[Ir'(COD)Cl], (242 mg, 0.360 mmol, 1.00 eq) was dissolved in 8 mL of THF to give an
orange solution. A solution of dppm (276 mg, 0.718 mmol, 1.99 eq) in 6 mL of THF was added,
followed by CN'Bu (60 mg, 0.72 mmol, 2.0 eq) in 6 mL of THF. The resulting dark green
solution gradually faded to pale yellow, and over the course of 72 h stirring at room temperature
a white solid precipitated from solution. The solid was collected by vacuum filtration, washed
with 10 mL of THF and 10 mL of Et,O and dried in vacuo. Yield: 374 mg (74.0%). 'H NMR
(500 MHz, CD,Cl,) J/ppm: 8.02 (m, 2H), 7.89 (m, 4H), 7.64—7.71 (m, 3H), 7.48-7.58 (m, 3H),
7.34-7.44 (m, 3H), 7.15-7.25 (m, 7H), 6.93-7.12 (m, 10H), 6.72-6.81 (m, 4H), 6.59 (m, 1H),
6.51 (m, 2H), 4.69 (m, 1H), 4.47 (m, 1H), 4.39 (m, 1H), 3.86 (m, 1H), 1.09 (s, 9H), 0.73 (s, 9H),
~10.69 (dd, /oy = 163 Hz, 19.1 Hz, 1H). *'P{'H} NMR (121.5 MHz, CD,Cl,) é/ppm:
—9.8 to 1.5 (m, 2P), —20.7 to —19.6 (m, 1P), —=33.4 (m, 1P). IR (Nujol): ¥y = 2097 cm ',
Ve=n = 2134, 2162 cm . Anal. Caled. for CeoHerC1LN,P4Ir,: C, 51.83; H, 4.49; N, 2.01. Found:
C,51.76; H, 4.25; N, 2.02.

3.5.18 X-Ray Crystallographic Details

Single crystals of 1, 2, 3, 4, and 7a were obtained by layering a CH,Cl, solution with
pentane, crystals of 5 and 6 were obtained from a toluene/pentane solution at —20 °C, crystals of
7b deposited from toluene at room temperature, crystals of 8 and 11 deposited from
CH,Cly/hexane at —20 °C, crystals of 9a were grown from Et,O/hexane as described above,
crystals of 10 were grown in Et,O/pentane at —20 °C, crystals of 12 were obtained from
THF/hexane at —20 °C, crystals of 13a were grown from a CD;CN NMR sample at —20 °C, and
crystals of 14 deposited from THF at room temperature. The crystals were mounted on a Bruker
three-circle goniometer platform equipped with an APEX detector. A graphite monochromator
was employed for wavelength selection of the Mo Ko radiation (A = 0.71073 A). The data were
processed and refined using the program SAINT supplied by Siemens Industrial Automation.
Structures were solved by Patterson methods in SHELXS and refined by standard difference
Fourier techniques in the SHELXTL program suite (6.10 v., Sheldrick G. M., and Siemens
Industrial Automation, 2000). Hydrogen atoms bonded to carbon were placed in calculated
positions using the standard riding model and refined isotropically; all non-hydrogen atoms were

refined anisotropically. The metal-bound hydrogen atoms in 9a, 10, 11, 13 and 14 were located
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in the difference map, restrained to a distance of 1.60 A from the metal, and refined isotropically.
The bridging hydride in 12 was restrained to be equidistant from the two rhodium nuclei. The
crystal of 3 was a nonmerohedral twin; two unit-cell domains were located using the program
CELL NOW and used for integration in SAINT. The absorption correction was performed with
TWINABS, and the structure was refined against the major twin component. The structures of 1,
4, 7a, 9a, 12 and 13 all had one or more disordered —-OCH,CF; groups, and the structures of 8
and 13 had a disordered tert-butyl group. In addition, the structures of 4 and 11 also contained a
disordered dichloromethane, and the structure of 9a also contained an n-hexane molecule
disordered about an inversion center. The (1,2) and (1,3) distances of all disordered parts were
restrained to be similar using the SADI command; the rigid-bond restraints SIMU and DELU
were also used on disordered parts. Crystallographic details for 1 (CCDC 839883), 2 (CCDC
852644), 3 (CCDC 852645), 4a (CCDC 852646), 5 (CCDC 852647), 6, (CCDC 852648), 7a
(CCDC 839884), 8 (CCDC 852649), 9a (CCDC 839885), 10 (CCDC 852650), 11a (CCDC
852651), 12 (CCDC 852652), 13a (CCDC 852653), and 14 (CCDC 852654) are summarized in
Tables 3.1-3.5.
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Table 3.1. Crystallographic summary for 1-3.

1 2 3:0.5CH,Cl,
Formula CasHaoClLoF24N4OgP4Rhy - CogHagCloFoslraN4OsPs  Cs3.sHsoCl3F24NsOgP4Rhy
fw, g/mol 1417.24 1595.82 1542.83
Temperature/K ~ 100(2) 100(2) 100(2)
cryst. syst. Monoclinic Monoclinic Monoclinic
space group P2i/n P2:/n P2i/c
color Orange Orange Yellow
alA 12.8443(11) 12.7757(15) 23.342(6)
b/A 16.7085(15) 16.831(2) 23.350(6)
c/A 24.735(2) 24.504(3) 23.863(6)
a/° 90 90 90
pl° 104.723(2) 103.753(2) 114.407(4)
/° 90 90 90
0N 5134.0(8) 5118.1(10) 11844(5)
Z 4 4 8
p (calc.)/(g cm ) 1.834 2.071 1.730
no. refl. 118868 113463 314109
no. unique refl. 15573 14349 27273
Rint 0.0468 0.0614 0.1031
R,“ (all data) 0.0468 0.0448 0.0963
wR,” (all data) 0.0958 0.0786 0.1568
R [(I>20)] 0.0368 0.0317 0.0614
wR, [(I> 20)] 0.0883 0.0712 0.1341
GOF* 1.045 1.042 1.093

"R = Z||F, — |FJVEIF. ° wRy = (E(W(F,* = FEPYEWEFS))'. © GOF = (£ w(F,' = F2Y/(n = p))"”
where 7 is the number of data and p is the number of parameters refined.
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Table 3.2. Crystallographic summary for 4a, S, and 6.

4a-CH,Cl, 5 6
Formula C34H51Cl4F24Ir,NsOgPs  C33HugF24NsOgPsRhy  Ci3HagF 241 NsOgP4
fw, g/mol 1763.88 1429.47 1608.05
Temperature/K ~ 100(2) 100(2) 100(2)
cryst. syst. Monoclinic Triclinic Triclinic
space group P2,/n PT PT
color Yellow Yellow Yellow
alA 14.1247(12) 11.4612(12) 11.4559(19)
b/A 19.1523(16) 11.9197(13) 11.936(2)
c/A 22.2083(19) 21.769(3) 21.746(4)
a/° 90 98.562(3) 98.676(3)
pl° 92.009(2) 97.729(2) 97.678(3)
/° 90 108.231(2) 108.068(2)
VIA® 6004.1(9) 2740.8(6) 2742.6(8)
p (calc.)/(g cm™) 1.951 1.732 1.947
Z 4 2 2
no. refl. 118286 45473 57220
no. unique refl. 18204 11607 14837
Rint 0.0600 0.0675 0.0498
R,“ (all data) 0.0487 0.0683 0.0464
wR,” (all data)  0.0805 0.1086 0.0694
R [(I>20)] 0.0339 0.0436 0.0314
wR; [(I> 20)] 0.0735 0.0961 0.0632
GOF* 1.033 1.037 1.030
“ R = IF, IF/ZIF). ° wRy = CEWFE, — FIZWES)N? ¢ GOF =

(Z w(F,2 — F2/(n — p))""* where n is the number of data and p is the number of parameters
refined.
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Table 3.3. Crystallographic summary for 7a, 8, and 9a.

Ta 8 9a-0.5(CeHy4)

Formula CasHa0ClsF24N4OgP4Rhy  CogHugClaFoslraN4OsPs C31Ha7.50Cl3F24N4O5P4 Rhy
fw, g/mol 1488.14 1666.72 1496.28
Temperature/K 100(2) 183(2) 100(2)
cryst. syst. Monoclinic Monoclinic Monoclinic
space group P2,/c P2,/n C2/c
color Orange Yellow Yellow
alA 12.7491(12) 17.810(2) 44.021(3)
b/A 19.5900(18) 13.7756(16) 11.0442(7)
c/A 21.030(2) 22.387(3) 25.8534(16)
a/° 90 90 90
pr° 98.354(2) 95.925(2) 120.8920(10)
/° 90 90 90

VIA® 5196.5(8) 5463.1(11) 10786.1(11)

p (calc.)/(gecm™) 1.902 2.026 1.843
Z 4 4 8
no. refl. 119995 115190 125079
no. unique refl. 15814 14135 16465
Rint 0.0577 0.0532 0.0397
R\“ (all data) 0.0506 0.0530 0.0372
wR,” (all data) 0.0845 0.0896 0.0758
R, [(I>20)] 0.0346 0.0338 0.0290
wR, [(1>20)] 0.0757 0.0781 0.0702

GOF* 1.060 1.043 1.047

"Ry = Z||F, = [FIVEIF. " wRy = (Ew(Fy = FEPVEWFES)'?. © GOF = (£ w(Fy' = F2)i(n — p)"*
where 7 is the number of data and p is the number of parameters refined.
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Table 3.4. Crystallographic summary for 10 and 11a.

10 11a-1.25CH,Cl,
Formula CosHa1ClsF24IroN4OgPy  C36.25Hs0.5Cls sF241rN4O 11 P4S
fw, g/mol 1542.83 1874.17
Temperature/K ~ 100(2) 175(2)
cryst. syst. Triclinic Monoclinic
space group PT C2/c
color Colorless Colorless
a/A 11.9690(10) 29.043(3)
b/A 12.9308(11) 29.565(3)
c/A 18.8604(16) 19.9842(18)
o/° 86.6610(10) 90
p/° 82.4840(10) 130.3560(10)
/° 66.6980(10) 90
VIA® 2657.8(4) 13076(2)
p (calc.)/(gecm™)  2.040 1.904
Z 2 8
no. refl. 25417 107930
no. unique refl. 11643 11581
Rint 0.0320 0.0570
R“ (all data) 0.0400 0.0639
wRy’ (all data)  0.0760 0.1263
Ry [(I>20)] 0.0307 0.0426
WwR, [(1> 20)] 0.0712 0.1066
GOF* 1.049 1.088

‘R = |y — |F[l/Z|Fy|. ¥ WRy = (Z(W(Foz - Fcz)z)/z(W(Foz)z))l/z' ¢ GOF =
(E WFy — FH*(n — p))' where n is the number of data and p is the number of

parameters refined.



Table 3.5. Crystallographic summary for 12, 13a, and 14.

12 13a 14 - THF
Formula C40Hs7F24N5011P4Rh,S  CogHynCloFaslraN4OsPs CesH79ClaIraN,OPy
fw, g/mol 1601.67 1597.84 1462.40
Temperature/K ~ 100(2) 100(2) 100(2)
cryst. syst. Monoclinic Triclinic Orthorhombic
space group P2i/n PT P212:24
color Yellow Colorless Yellow
alA 12.9771(14) 10.6705(9) 13.4826(16)
b/A 22.103(2) 13.3913(11) 18.813(2)
c/A 22.523(2) 19.0514(16) 23.724(3)
a/° 90 96.0920(10) 90
p/° 93.474(2) 99.0260(10) 90
/° 90 99.4350(10) 90
VIA® 6448.3(12) 2627.8(4) 6017.6(12)
p (calc.)/(gecm™) 1.650 2.019 1.614
Z 4 2 4
no. refl. 94961 60163 141265
no. unique refl. 10253 15167 18296
Rint 0.0733 0.0352 0.0613
R\“ (all data) 0.1133 0.0465 0.0297
wR,” (all data) 0.2192 0.0941 0.0546
R, [(I>20)] 0.0963 0.0412 0.0252
wR, [(1>20)] 0.2099 0.0920 0.0528
GOF* 1.179 1.228 1.039
Flack param.  -—-- e —0.068(30)
"R = IIF, — FJEIFL ° wRy = EWES — FOVEWEDN. © GOF =

(E W(Fy" — F2)*/(n — p))'"* where n is the number of data and p is the number of parameters
refined.
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Chapter 4 —
Oxygen Reduction Effected by Group 9 Bimetallic Hydride Complexes

Portions of this work have been previously published:

Reproduced in part with permission from Teets, T. S.; Cook, T. R.; McCarthy, B. D.;
Nocera, D. G. J. Am. Chem. Soc. 2011, 133, 8114-8117. Copyright 2011 American Chemical

Society.

Reproduced in part with permission from Teets, T. S.; Nocera, D. G. J. Am. Chem. Soc.
2011, 733, 17796—17806. Copyright 2011 American Chemical Society.
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4.1 Introduction

Oxidase enzymes direct a series of four-proton, four-electron events in the reduction of
molecular oxygen to water.' This same energy-conversion chemistry is crucial to synthetic
catalysts that recover the stored energy from water splitting” > again with much complexity to be

considered.® The mechanistic richness of the multi-proton, multi-electron reaction, coupled with

7-11 12-17

its relevance to energy conversion, has led our group and others to explore molecular

catalysts in homogeneous solution because characterization of the catalytic species, the ability to
tune catalytic properties, and the mechanism of action are in principle more easily investigated.
The palette of molecular O,-reduction chemistries reveals that the reduction of oxygen to water
is favored in complexes that (i) are able to bind O; (ii) react in multi-electron steps and (iii) can
couple this multi-electron chemistry to proton transfer. For these reasons, hangman porphyrins
with an appended acid or base functionality are especially effective O,-reduction catalysts
because they promote the requisite coupling of multi-electron chemistry to proton

transfer.” %181

A complementary strategy for multi-electron, multi-proton chemistry is to exploit

20-22

bimetallic cooperativity using late transition-metal bimetallic complexes, and especially

complexes that feature a stable two-electron mixed-valent state. Until very recently, the multi-

electron chemistry of this broad class of bimetallic complexes has been focused on

23-25 26-30

photocatalytic H, production,
31,32

halogen photoelimination, and organometallic

transformations. Many of these topics have been elaborated further in the preceding chapters
of this thesis, and in the immediately preceding chapter a new structural class of bimetallic
rhodium and iridium complexes was unveiled. In working with these compounds their proclivity
for oxygen reactivity became apparent. In the first part of this chapter, the reduction of O, to
water mediated by a dirhodium hydride complex is described. The two-electron mixed-valent
complex RhZO’H(tfepma)z(CNtBu)ZCIZ (1) reacts reversibly in its ground state with HCI to furnish
Rh,"(tfepma),(CN'Bu),CI;H (2), as has been demonstrated in the preceding chapter. Once

formed, hydrido-chloride complex 2 reacts with O, in the presence of additional HCI, producing

Rh,™(tfepma),(CN'Bu),Cl, (3) and one equivalent of H,O.

Having discovered the O,-reduction chemistry mediated by dirhodium hydride complex

2, attention was immediately given to deducing mechanistic details of this intriguing
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transformation. The efforts which were devoted to uncovering mechanistic insights into this
chemistry comprise the majority of this chapter, and literature precedent provided important
considerations to begin with. A rhodium-bound hydroperoxo is a plausible intermediate in the
conversion of O, to water by 2, and Fukuzumi and co-workers have shown via kinetic studies
that peroxo complexes are competent intermediates for oxygen reduction promoted by iridium
complexes.”® In other synthetic systems, the insertion of O, into metal hydride bonds prevails for

3442

late transition metals, and such reactivity has been heavily studied, especially in the context

43-45

of aerobic oxidation catalysis. Mechanistic studies and computations reveal three common

mechanistic pathways for the insertion of O,, which are summarized in Scheme 4.1: (i) radical

37,43

chain autoxidation,””* (ii) HX dissociation followed by O, binding,* commonly referred to as

the “HX Reductive-Elimination (HXRE)” pathway, and (iii1) direct H-atom abstraction (HAA) by

44,47-49 45
0. 1.

In one case it was found that pathways (ii) and (iii) operate in paralle

The mechanism of O, activation by dirhodium hydride complex 2 was studied on two
fronts. Model diiridium compounds were synthesized to gain structural insight into the primary
products of oxygen activation. The third row analogue of 2, Ir,"(tfepma),(CN'Bu),CLI:H (6),”
reacts cleanly with O, to form hydroperoxo complex Ir,""(tfepma),(CN‘Bu),Cl3(OOH) (7),

Radical Chain Autoxidation

H
I . I
Lnr\IA” +ine — Lnr\l/l"-1 +0, —> Lnr\lf1“+Ln?\|'1” — Lnl\lﬂ“
X X X X X
‘ '
HX Reductive Elimination (HXRE)
OH
H o)
| —HX O |
LM LM™2 + 0y ——» L M | + HX——> L,M"
O I
X X
Hydrogen Atom Abstraction (HAA)
0=-0
7/
H H o-O"

| 5 |
LM+ Oy — L M™'— L M"

| | |

X X X

Scheme 4.1. Established mechanisms for aerobic oxidation of metal hydrides.
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which is isolable and is amenable to structural and spectroscopic characterization. A side-on
peroxo complex results if the hydride is not present; Ir,""(tfepma),(CN'Bu),Cly(n*-0,) (8) is
obtained from the reaction of O, with Ir,>"(tfepma),(CN'Bu),Cl, (5). In addition to the synthetic
models, detailed kinetic studies of the oxygen-reduction reactions of rhodium complex 2 and
iridium complex 6 provide insight into the mechanistic details of O, activation. The kinetic
profile for the O,-reduction reaction mediated by rhodium hydride complex 2 is consistent with
the intermediacy of peroxo and hydroperoxo complexes akin to iridium models 7 and 8. The
results described here provide a mechanistic framework for O, reduction by bimetallic group 9
hydride complexes and they show that O, insertion into metal hydride bonds can be a key step in

the reduction of O, to water.

4.2 Results
4.2.1 Oxygen Reduction by Dirhodium Hydride Complex 2

As described in Chapter 3, the complex Rh,™(tfepma),(CN'Bu),CLH (2) forms
reversibly in two isomeric forms (2a/2b) when hao’ﬂ(tfepma)g(CNtBu)gc12 (1) is treated with an
excess of HCI. The equilibrium constant for the addition of HCI to complex 1 (Kpyc)) is
determined to be 1.8 x 10° by 'H NMR integration. Similarly, treatment of 1 with excess DCI
cleanly furnishes two isomers of Rh,™"(tfepma),(CN'Bu),CLsD, 4a and 4b. The NMR spectra
suggest that 4a and 4b are structurally analogous to their hydride analogs and formed in the same
ratio. Degassed solutions of hydride species 2a and 2b display indefinite thermal stability in the
presence of excess HCI. However, when a solution of 1 is treated with excess HCI to furnish the
hydride and O, is subsequently introduced, clean conversion to Rh,""Cl; complex 3 is observed
over the course of a few hours, as determined by *'P{'H} and 'H NMR spectroscopic
monitoring. During the course of the reaction, no intermediate species are observed by NMR,

and the ratio of 2a:2b stays virtually constant. The reaction sequence is given in Scheme 4.2.

Analogous oxygen reactivity is observed for the deuteride complexes 4a and 4b.
Treatment with O, in THF results in quantitative formation of 3 on a comparable timescale, as
confirmed by *'P{'"H} NMR. Following neutralization of the unreacted DCI with 2,6-lutidine,
which precipitates the deuterochloride salt, the ’H NMR spectrum, Figure 4.1, clearly shows the

formation of one equivalent of D,0, as determined by integration of the broad D,0O resonance
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Scheme 4.2. Oxygen reduction to water mediated by complex 2a/b.

(2.7 ppm) against an internal standard of C¢Ds. A control experiment, treated in an identical
fashion but without any rhodium complex 1 present at the start, showed negligible amounts of
D0 in the “H NMR spectrum. These results confirm that hydride complex 2 promotes the four-

electron, four-proton reduction of O, yielding one equivalent of water per equivalent of 2.

The reaction of 2 with O, and HCI can be monitored by UV-vis absorption spectroscopy.
The electronic spectra of authentic samples of 2 and 3 are depicted in Figure 4.2a for reference.
The spectrum of 2 consists of 3 distinct maxima at 270, 317 and 414 nm. Figure 4.2b shows the
spectral evolution when complex 2, in the presence of 55 mM HCI, is treated with 0.80 atm of O,
at 293 K. Over the time course of the 70-min reaction, features attributed to Rh,™"'Cl; complex 3
grow in, with isosbestic points maintained at 256, 276, 292, 330, 394 and 447 nm, in good

agreement with the predicted isosbestic values from the authentic spectra shown in Figure 4.2a.

Cc,D

L L L L L L LA BLEY L LA L BN U L
80 70 60 50 40 30 20 10
dlppm

Figure 4.1. "H NMR spectrum of the reaction of 1 with 10 eq. of DCI and 2.3 eq. of O,, after
consumption of excess DCI by treatment with 2,6-lutidine. The spectrum shows the presence of 1
eq. of D,0, as judged by integration against the internal C¢Dg standard. Peaks marked with an
asterisk (*) are minor impurities resulting from solvent decomposition caused by DCI; these
peaks are also present in the control sample (no 1 present). The spectrum was recorded at 77.8
MHz in THF at 293 K.

165



[ . 1.2
30l (a A
I ( ) "I ““ 10
=251 ;A
p - I ' ®© 0.8
§ 20 4 e
= g 06
= 15 {0 2
~ B ‘l 2
S0k \ <04
sl 0.2
ob vy TS | 0.0 -
250 300 350 400 450 500 550 250 300 350 400 450 500 550

Alnm Alnm

Figure 4.2. (a) Overlaid electronic absorption spectra of 2 (==, red) and 3 (===, blue), recorded at
295 K in THF. (b) Spectral evolution during the reaction of 2 (40 uM) with O; (0.80 atm) in the

presence of HCI (55 mM). The reaction was carried out in THF at 293 K, and spectra were
recorded every 5 min.

The final spectrum, which is a good match for that of an authentic sample of 3, indicates near
quantitative conversion to 3. These observations suggest clean conversion of 2 to 3 at
micromolar concentrations, and the presence of the isosbestic points indicates that substantial

concentrations of intermediate species do not accrue during the course of the reaction.

The Rhy"™" product 3 generated in the reaction given in Scheme 4.2 can be converted

back to 1 photolytically. The UV-vis spectral features of 1 and 3 (Figure 4.3a) are similar to

other metal-metal-bonded late transition-metal complexes,”****’ and can be attributed to states

2.0
1.8
16
14

81.2

810

%08

Qo

<06
04
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O 1+ 1 v 1 41 = 0.0
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Alnm
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Figure 4.3. (a) Electronic absorption spectra of 1 (==, red) and 3 (===, blue) recorded in THF at

295 K. (b) Spectral evolution for the photolysis of 3 (56 uM) in THF, using broadband light with
A > 313 nm. Spectra were recorded every 2 min for a total of 40 min.
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Scheme 4.3. Synthetic cycle for O, reduction mediated by 2.

arising from the promotion of electrons into the do* LUMO. Irradiation of 3 (Aex > 313 nm) in
THF begets smooth conversion to Rh,”" complex 1, which is stable under these photochemical
conditions. The UV-vis spectral evolution of the photolysis, shown in Figure 4.3b, clearly
indicates the formation of complex 1. Isosbestic points at 261, 325, 391 and 431 nm attest to the
quantitative photoconversion, and the final spectrum is identical to an authentic sample of 1. The
product-formation quantum yield, @,, was found to be 0.0063(2) at Acx = 320 nm. This value for
chlorine photoelimination is somewhat lower than that observed for d’—d’ dirhodium complexes
bridged by three dfpma ligands,”’ which have quantum yields of 0.05(1) when irradiated at 334

nm.

By photochemically regenerating 1 from 3, the synthetic photocycle shown in Scheme
4.3 is established. The cycle in Scheme 4.3 must be carried out in a stepwise fashion owing to
the photochemical instability of hydride complexes 2a and 2b, as well as deleterious side
reactions when 3 is photolyzed in the presence of oxygen and water, which build in

concentration over the course of the reaction.

4.2.2 HCI Addition to Ir,™" Complex 5

Treatment of Ir,""(tfepma),(CN'Bu),Cl, (5) with HCl forms the isolable iridium

ILII

analogue to 2, Ir, *'(tfepma),(CN'Bu),CI3H (6). The synthesis, spectroscopic properties and

solid-state structure of 6 were discussed in the previous chapter; here a more quantitative

167



5 + NEt;*HCl<——= 6 + NEt; Keq=5x10"* (i)
NEt; + HCl === NEtz*HCl = Kgq=8.3x10° (i)

5+ HCl =—=6 Kuc =6 x 108 (Giii)

Scheme 4.4. Thermodynamic cycle for the determination of Kyc; for the addition of HCI to 5.

treatment of the HCI addition to 5 is presented. The equilibrium constant for HCI addition to 5 to
form 6, Ky, was measured using the thermodynamic cycle shown in Scheme 4.4, analogous to a
method used by Bercaw and DuBois to determine protonation equilibria for monometallic
rhodium hydride complexes.” The equilibrium constant was measured in acetonitrile, owing to
the sufficient solubility of amine hydrochloride salts and the ready availability of the relevant
acid-dissociation constants in this solvent. The equilibrium constant for (i) in Chart 1 was
determined by '"H NMR integration after treating Ir,”" complex 5 with NEt;»HCl in CD3CN. The
equilibrium constant of (ii) is calculated from known pK, values of HCI” and
triethylammonium™ in acetonitrile. Reaction (iii) in Chart 1 is simply the sum of (i) and (ii), such
that the HCl-addition equilibrium constant is the product of the K.;’s for (i) and (ii). In this

manner, a Ky of 4 % 10° is obtained for the addition of HCI to diiridium complex 5 to furnish 6.

4.2.3 Reaction of 6 with O, to Form Ir,""(tfepma),(CN'Bu),Cl;(OOH) (7)

Scheme 4.5 summarizes the aerobic oxidation chemistry of diiridium complexes 5 and 6.
Hydride complex 6 (with no additional HCIl), reacts cleanly with O, to form
Ir,""(tfepma),(CN'Bu),Cl3(OOH) (7), which can be isolated in 84% yield and is determined to
be pure by multinuclear NMR and elemental analysis. The *'P{'H} NMR spectrum of 7,
recorded in CD3;CN, shows two closely spaced multiplets best described as arising from an
AA'BB' spin system; this type of splitting has been observed in other asymmetric Ir,""
complexes (see Chapter 3). The "H NMR spectrum shows the expected resonances from ligand
protons, with two distinct tert-butyl resonances indicating chemical inequivalency of the two
tert-butyl isocyanide ligands. In addition, a singlet at 7.32 ppm is attributed to the OO—H proton.

The IR spectrum shows a single resolvable o=y stretch at 2185 cm™' and a weak, broad v g

stretch at 3355 cm .

Hydroperoxo complex 7 has been crystallographically characterized, and its structure is

shown in Figure 4.4. The structure of 7 contains a crystallographically imposed inversion center,
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Scheme 4.5. Aerobic oxidation chemistry of 5 and 6. Isolated yields are listed in parentheses.

such that half of the molecule is present in the asymmetric unit and the hydroperoxo ligand is
disordered with the equatorial chloride ligand. The resulting structure shows two octahedral Ir"
centers, where the octahedra are eclipsed and the Ir(1)-Ir(1A) distance is 2.7492(8) A. The
O(5)-0(6) distance is 1.509(19) A, similar to but slightly longer than other structurally

characterized transition-metal terminal hydroperoxo complexes.****** The poor O—-O bond-

Figure 4.4. X-ray crystal structure of 7. Ellipsoids are shown at the 50% probability level with
—CH,CF;3 groups and carbon-bound hydrogen atoms omitted for clarity.
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Figure 4.5. (a) Overlaid electronic absorption spectra of 6 (==, red) and 7 (===, blue), recorded at
295 K in THF. (b) Spectral evolution during the reaction of 6 (67 uM) with O, (0.40 atm). The
reaction was carried out in THF at 293 K, and spectra were recorded every 5 min.

length precision results from the aforementioned disorder, but nonetheless this distance is

consistent with an oxygen—oxygen single bond. The structure of 7 represents the first example of

a structurally characterized iridium hydroperoxo complex.

The reaction of iridium hydride complex 6 with O, to form hydroperoxo 7 is also
conveniently monitored by UV-vis absorption spectroscopy. The overlaid spectra of 6 and 7 are
depicted in Figure 4.5a, showing that the absorption maxima are similar [Am.x = 285 nm (6), 277
nm (7)], though for the wavelength of maximum absorbance the molar absorptivity in
hydroperoxo complex 7 is much greater [¢ = 12000 M cm™' (6), 26000 M ' cm™' (7)]. After
introduction of 0.40 atm of O, to a 67 uM solution of 6, the absorption spectra evolve as shown
in Figure 4.5b. Over time, the features of 7 appear; the final spectrum (¢ = 65 min) is a good
match to the authentic spectrum of 7 (Figure 4.5a). Isosbestic points maintained at 301 and 347
nm are in good agreement with their expected positions, and once again their presence shows

that intermediate species persist at very low concentrations during the course of the reaction, or

that no intermediates are involved in the conversion.

4.2.4 Reaction of 5 with O, to form Ir,""(tfepma),(CN'Bu),CL(1’-0,) (8)

As shown in Scheme 4.5, Irzo’H complex 5 reacts directly with O, to form a side-on

ILII
peroxo complex, Ir, >

(tfepma)z(CN’Bu)ZClz(nz—Oz) (8). The reaction is quite rapid, and within
minutes *'P{'"H} NMR of the crude reaction mixture reveals complete conversion. Analytically

pure 8 is isolated in 67% yield and can withstand several hours of in vacuo drying without O,
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loss. The *'P{'"H} NMR spectrum shows two closely spaced multiplets suggestive of an AA'BB’
spin system, where in this case the v, and vg values are nearly coincident. The 'H NMR spectrum
shows the expected resonances arising from tfepma and CN'‘Bu ligands, with only minimal
shifting relative to I, precursor 5. The IR spectrum shows two closely spaced 7=y stretching
frequencies at 2148 and 2174 cm_l, though the Vo o stretch, expected to occur in the range of
800-900 cm ', is obscured by strong features from the supporting ligands. The electronic

ILIT

absorption spectrum reveals three closely spaced bands characteristic of d’—d’ Ir,™" complexes.

X-ray crystallography confirms the structure of 8, as shown in Figure 4.6. Complex 8
represents the first structurally characterized example of O, binding by a two-electron mixed-

valent diiridium complex. The n°-O, binding mode is reminiscent of the uptake of dioxygen by

63-65 66-70

Vaska’s complex and other related Ir' complexes, as opposed to the p-O, diiridium
peroxo cyclic motif that results when an Ir'---Ir' complex is treated with 0,."""* The O(1)-0(2)
internuclear distance of 1.480(5) A is consistent with these previous examples and is
demonstrative of a fully reduced 0,> ligand. It should be noted that librational disorder can lead
to inaccuracies in crystallographically determined O—O bond distances in 1°-O, complexes; in
particular the observation of abnormally short O—O bonds is a recurring problem.” However, the
reported O—O bond distance in 8 is not noticeably short for a peroxo moiety, and the low

temperature of the data collection (100 K) should minimize these effects. The O(1)-O(2)-Ir(1)

Figure 4.6. X-ray crystal structure of 8. Ellipsoids are shown at the 50% probability level with
—CH,CF;3 groups and hydrogen atoms omitted for clarity.
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and O(2)-O(1)-Ir(1) bond angles of 70.6(2)° and 67.6(2)°, respectively, necessitate a severe
distortion from octahedral geometry at the Ir(1) center. In fact, if the O(1)-O(2) centroid is taken
to occupy a single coordination site, the geometry about Ir(1) is better described as trigonal-
bipyramidal. The Ir(1)-Ir(2) distance is 2.7498(4) A, nearly identical to that of 6 and 7 and

ILII

falling in line with other Ir, > complexes characterized recently.

Peroxo complex 8 is reactive toward HCI, forming hydroperoxo 7 as the major product as
judged by the *'P{'H} NMR spectrum of the reaction mixture. Several side products are also
observed, though they can be attributed to HCl-induced decomposition of hydroperoxo complex
7, as determined from an independent reaction of 7 with HCI. This reactivity establishes the
bottom reaction pathway shown in Scheme 4.5, and gives the possibility that peroxo complex 8

forms as an intermediate during the direct oxygenation of hydride complex 6 to hydroperoxo 7.

4.2.5 Rate Law for the Reaction of Rh,""CLI;H (2) with HCI and O, to Form Rh,"""'Cl, (3)

The kinetic profile for the reaction of dirhodium hydride complex 2 with HCI and O, was
determined. Based on previous NMR experiments, described in the preceding chapter, complex 2
exists as a mixture of two isomers in a ca. 7:1 ratio. The equilibrium between the two isomers is
established within minutes, and the ratio of the two isomers does not change noticeably
throughout the course of the experiment, suggesting that interconversion is able to keep up with
O, activation and the two geometric isomers can be considered to remain in equilibrium
throughout the reaction. This also establishes that it is not necessary (or for that matter possible)
to determine separate rate laws for the two individual isomers. The reaction proceeds as
described in Scheme 4.2, and it is conveniently monitored by tracking the production of 3 as
indicated by the growth of the absorbance at 350 nm. Figure 4.7 shows a representative kinetic
trace for the reaction of 2 with O, and HCI, in this case with 1.6 atm of O, and 5.5 mM of HCI
and at 20 °C. As expected, the absorbance at 350 nm grows in over time, and with these pseudo-
first-order conditions a monoexponential time course is observed. With these conditions, kops =

0.12 min .

Figure 4.8a shows the dependence of ks on the partial pressure of O, p(0O;), at four
different HCl concentrations. The values for ks depend on both O, partial pressure and HCl
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Figure 4.7. Representative kinetic trace for the reaction of 2 with O, (1.6 atm) and HCI (5.5
mM), showing the change in the absorbance at 350 nm (4350 nm) vs. time. The solid line shows
the best-fit monoexponential curve. The reaction was executed at 20 °C in THF, and was
preceded by ~ 2 min of manual shaking to ensure equilibration of dissolved O,.

concentration. At a constant [HCI], the value of ko varies linearly with p(O,), though in all cases
a nonzero y-intercept is observed. By inspection of Figure 4.8a, it is clear that the y-intercept of
the four plots is invariant to the [HCI], and best-fit lines yield y-intercepts ranging between 0.050
and 0.055 min ', with no systematic trend. As shown in Figure 4.8b, the slopes of the plots in
Figure 4.8a vary linearly with [HCI]™', with a nonzero intercept of 0.008(2) atm ' min . This

shows that there are two first-order O, terms in the rate law, one which is inverse-first-order in
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Figure 4.8. (a) Dependence of ks on p(O,) for the reaction of 2 with O, and HCI, with the
[HCl]at 5.5 mM (V), 11 mM (A), 27 mM (e) and 55 mM (m). The solid lines show the best-fit
lines for each dataset. (b) The slopes of the best-fit lines of kops vs. p(O) from (a) are plotted
against [HCI]™". The best-fit line is shown.
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Figure 4.9. (a) Dependence of ke on [HCI]™' for the reaction of 2 with O, and HCI, with p(O,)
at 0.4 atm (m), 0.8 atm (@), 1.6 atm (A ) and 3.2 atm (V). Data are the same as those depicted in
Figure 4.8. The solid red lines show the best-fit lines for each dataset. (b) The slopes of the best-
fit lines of kops vs. [HCI]™" from (a) are plotted against p(O,). The best-fit line is shown. (c) The
y-intercepts of the best-fit lines of kops vs. [HCI] ™ from (a) are plotted against p(O-). The best-fit
line is shown.

HC], the other zero-order. Further insight is provided by plotting ke vs. [HCI]™', as shown in
Figure 4.9a. Qualitative visual inspection of Figure 4.9a reveals that both the slopes and
intercepts of the depicted plots vary with p(O;). Figure 4.9b shows the dependence of the slopes
on p(0,), and a strict first-order trend is observed, dictating that there is a single inverse-first-
order HCI term in the rate law which is also first-order in O,. In Figure 4.9c, the y-intercepts
from Figure 4.9a are plotted vs. p(O,). A linear dependence with a nonzero y-intercept is seen,

suggesting two HCl-independent terms in the rate law.

Taken together, the data in Figures 4.8 and 4.9 give rise to a three-term rate law, whose

form is given by,
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Rate = k,[2][0.][HCI] ™" + &, '[2][0,] + k1"[2] 4.1)

The best-fit lines in Figures 4.8 and 4.9 provide estimates for the three rate constants. The first
rate constant, ki, is determined from the slope of either Figure 4.8b or 4.9b, and is found to be
1.8(3) x 10* M atm™ ' min"'. The rate constant k;' is readily determined from the slope of Figure
4.9¢, with a value of 0.0076(6) atm ' min~'. And finally, the y-intercept of Figure 4.9¢c gives the
zero-order rate constant &, ", which has a value of 0.052(1) min”', matching the average value of

the y-intercepts from the individual plots in Figure 4.8a.

In addition to the dependencies described above, the reaction of 2 with O, and HCI was
conducted in the presence of the radical inhibitor BHT (1 mM), which was found to have a
minimal effect on the observed kinetics. In the absence of BHT, the reaction of 2 with 3.2 atm of
O, and 55 mM of HCI gives a kqps of 0.085 min_l, whereas in the presence of 1 mM of BHT the
observed pseudo-first-order rate constant was 0.077 min . Furthermore, it should be noted that
the kinetic traces do not show any deviations at later time points attributed to the formation of
the product water. Thus, at least at the concentrations that are formed during the conversion of 2

to 3, the evolved H,O has no effect on the observed kinetics.

4.2.6 Rate Law for the Reaction of Ir,""""CLI;H (6) with O, to form Ir,"""'Cl;(OOH) (7)

ILII

The reaction rate of Ir, * (tfepma),(CN'Bu),CI;H (6) with O, was monitored as a function
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Figure 4.10. Representative kinetic trace for the reaction of 6 with O, (3.2 atm) at 20 °C,
showing the change in the absorbance at 277 nm (4277 nm) Vs. time. The solid line shows the best-
fit monoexponential curve.
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Figure 4.11. Dependence of kobs on p(O,) for the reaction of 6 with O,. The horizontal line is
drawn at the average of value of ks = 0.072 min .

of O, partial pressure. Figure 4.10 shows a representative trace for the conversion of 6 to 7 with
3.2 atm of O, and in the absence of HCI. The reaction is monitored at 277 nm, where 7 absorbs
strongly. The data in Figure 4.10 can be satisfactorily fit to a monoexponential function, as
shown by the best-fit monoexponential curve. Figure 4.11 shows that the observed rate constant,
kobs, has a zero-order dependence on O, concentration. The average value is 0.072 min~' with no
systematic variation in the range of 0.20 to 3.2 atm of O,. Thus, for reaction of 6 with O, to form

7, a simple rate law is obtained,

Rate = ky[6] (4.2)

The reaction of 6 with O, is strongly inhibited by added HCI, as determined from initial
reaction rates with varying HCI concentrations. Figure 4.12a shows the dependence of kops
(determined from initial rates) as a function of inverse HCI concentration. The data are clearly
linear at the upper range of HCI concentrations, indicative of a concentration regime where the
reaction is inverse-first-order in HCI. With added HCI, the reaction becomes first-order in O, as
indicated by the initial rate data in Figure 4.12b. A linear dependence is observed, and the y-
intercept is very nearly zero, suggesting a single term in the rate law. The above indicate that, in

the presence of HCl, the conversion of 6 to 7 exhibits the following rate law,

Rate = k3[6][O,][HCI]™" (4.3)
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Figure 4.12. (a) Plot of kus vs. [HCI]™' for the reaction of 6 with O, (0.80 atm). Rate constants
were calculated from initial rate data. A best-fit line to the three highest [HCI] values is shown.
(b) Plot of initial rate vs. p(O;) for the reaction of 6 with O, in the presence of HCI (1.4 uM). The
[6]o1s 9.7 uM.

The value of k3, determined from Figure 4.12b, is 2.0 x 10°* M atm ' min”".

Radical inhibitors have minimal effect on the observed rate constants. Addition of 1 mM
of BHT gave kqps of 0.070 minfl, and with 1 mM of 1,4-cyclohexadiene kqps = 0.069 minﬁl, with
0.80 atm of O,. These values are nearly identical to the average value of 0.072 min ' over the
range of O, concentrations (Figure 4.11). The radical initiator AIBN has a slight inhibitory effect
on the reaction—at 80 uM AIBN, kops = 0.064 min_l, and at 1 mM AIBN ks = 0.050 min .

4.3 Discussion
4.3.1 Reactivity of Diiridium Complexes with O,

With the goal of understanding the mechanism of O, reduction mediated by dirhodium
hydride complex 2, we first investigated oxygenation reactions with diiridium complexes. Ir,""
complex 5 and its corresponding protonation product 6 are structurally analogous to their
dirhodium brethren 1 and 2. In addition, diiridium hydride complex 6, unlike its dirhodium
relative 2, is thermally stable in the absence of HCI and as such is readily isolated. This feature
allowed for an isolated study of the reactivity of 6 with O,, without interference of subsequent

HCl reactivity.

Addition of O, to 6 gives hydroperoxo complex 7, which itself can be isolated.
Recognizing the possibility of binding of O, by the M° center, the reactions of O, with M,*"
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complexes 1 and 5 were investigated. The reaction of dirhodium complex 1 with O, under
ambient conditions fails to produce a stable O, adduct, and a gradual and nonspecific
decomposition is observed. However, diiridium complex 5 reacts rapidly and cleanly with O,,
forming the isolable n*-peroxide complex 8. Taken together, complexes 7 and 8 represent
plausible structural models for intermediate species involved in the reduction of O, mediated by
dirhodium complex 2. As is shown below, they are indeed kinetically reasonable intermediates

for the reaction sequence.

4.3.2 Mechanism of Formation of Iridium Hydroperoxo 7

The discussion begins with the reaction of the diiridium hydride complex 6 with O, to
form hydroperoxo complex 7. The mechanistic considerations for this reaction will serve as a
framework for interpreting the results of the dirhodium system. Radical-based mechanisms,

37,43,74
74374 can be

which have been invoked previously in select examples of O,-insertion chemistry,
excluded. The reaction of 6 with O, is unaffected by the radical inhibitors BHT and 1,4-
cyclohexadiene; the reaction is actually slightly inhibited by AIBN, which should accelerate a

radical reaction.

The kinetic profile for the conversion of 6 to 7 takes on two different forms, depending
on whether HCI is present as an additive. In all cases, the conversion is found to be first-order in
6, removing the possibility of bimolecular reactivity as part of the mechanistic sequence. The
reaction is zero-order in O, with no added HCI, as determined from the data of Figure 4.11.
Under these conditions, the chemistry prior to the rate-determining step must be in net
unimolecular in 6. HCI is not consumed in the reaction, but the kinetic studies reveal an inverse-
first-order HCI dependence, Figure 4.12a, suggesting a pre-equilibrium loss of HCI prior to the
rate-determining step. And finally, with HCI present the reaction becomes first-order in O,, as
demonstrated in Figure 4.12b_This latter observation suggests that under conditions of added
HCI, reaction with O, is the rate-determining step. All of the observations described above are
consistent with the HX reductive-elimination (HXRE) mechanism that is summarized by the

reaction sequence of Equations (4.4)—(4.6),
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Reversible HCI elimination from hydride complex 6 produces Ir,""" complex 5, which binds O,
via the reactive Ir’ center to yield n*-peroxo complex 8. Our ability to isolate complex 8, and its
apparent thermal stability even under vacuum, suggest irreversible binding of O,. Complex 8 is
protonated by HCI to form the hydroperoxo complex 7. The rate law for the three-step
mechanism described by Egs. (4.4)—(4.6) is,

dl7] _  kk[6][O,]
dt  k JHCI+k][O,]

(4.7)

In the absence of HCI, the £ 4[HCI] term in the denominator approaches zero, equivalent to the
HCl-elimination step (4) becoming irreversible and rate-limiting. In this case, the rate law

becomes,

d[7] _ kk[6]0,]
di Kk[0,]

=k, [6] (4.8)

equivalent to the rate law shown in Eq. (4.2), with k&, = k4. When HCI is present, the k& 4[HCI]
term becomes large relative to ks[O,], and O,-binding becomes the rate-determining step, leading

to the following rate law,
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d[7] _ k,ks[6][O,]
dt  k_[HCI]

(4.9)

This simplified rate law is equivalent to that of Eq. (4.3), with k3 = ksks/k-4. The data in Figure
4.12 predict a first-order dependence on O, and an inverse-first-order dependence on HCI, when
6 is reacted with O, in the presence of added HCI. Thus the rate behavior predicted from the
sequence of reactions in Eqs. (4.4)—(4.6) is realized experimentally, where the O, order depends

on the presence or absence of added HCI, which itself exhibits an inverse-first order.

The reactivity that we have established here, and summarized in Scheme 4.5, lends
credence to the proposed mechanism for the conversion of 6 to 7. We predict the equilibrium
constant Ky = ka/k_4, to be quite small on the basis that: (i) the formation of hydride complex 6
from Ir,”" complex 5 and HCI appears quantitative, and (ii) complex 6 is readily isolated and
found to be stable in the absence of HCI,> as was described in the previous chapter. Indeed, the
measured value for K4, the inverse of HCl-addition equilibrium constant (Kycj, Scheme 4.4), is
2.5 x 1077, Nonetheless, the kinetic studies suggested HCl reductive elimination prior to
oxygenation. Motivated by these results, we have independently verified that Ir,*" complex 5,
formed by HCI elimination from 6, reacts rapidly and quantitatively with O,. The reaction forms
the isolable complex Ir,""(tfepma),(CN'Bu),Cl,(n*-05) (8), which can be treated with HCI to
form hydroperoxo complex 7 as the major product. Thus, the intermediate species 5 and 8 have
both been isolated, and their reactivity is consistent with the proposed mechanism that is

constructed from kinetic rate profiles.

4.3.3 Mechanism of O, Reduction by Dirhodium Complex 2

The foregoing mechanistic studies on the diiridium analogs provide a framework for
interpreting the dirhodium system, for which no intermediate species can be isolated. The kinetic
studies of the dirhodium system described above revealed a complex three-term rate law, given
in Eq. (4.1). The rate law indicates that three distinct reaction pathways operate in parallel for the
conversion of 2 to 3 when reacted with O, and HCI. The three parallel reaction pathways shown

in Scheme 4.6 fit well with the kinetic data and furnish the rate law,
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di3] _ Kaik4 (2100, ]
dt &, [HCI]

+ kg, [2][O, ]+ k., [2] (4.10)
Eq. (4.10) is equivalent to Eq. (4.1), with ky = kaikao/k-a1, k1" = kg1 and k1" = kci. We will first
focus on the first term of the rate law, which is consistent with the reaction sequence labeled
“pathway A" of Scheme 4.6. This mechanism is analogous to that of the diiridium analogs
[Egs. (4.4)—(4.6)]. The inverse HCI dependence dictates an HCl-elimination reaction prior to the
rate-determining step, and the first-order O, term mandates that the reaction with O, is rate-
limiting. These results are consistent with the formation of peroxo complex 9. Subsequent
elementary steps occur beyond the rate-determining step and as such have no kinetic impact,
though the protonation of 9, reaction (A3), would seem likely based on the reactivity
characterized for the diiridium analogs. Another possibility, which cannot be discounted on the
basis of the kinetics data, is that the proposed peroxo intermediate 9 continues on to produce
water without being protonated to a hydroperoxo, as has been suggested by Fukuzumi and
collaborators in work on iridium complexes.*® However, such a scheme would require liberation
of OH and formation of a high-valent rhodium oxo, leading us to still favor the route we have

proposed in Scheme 4.6.

The second term in the rate law is first-order in O,, and requires an alternate reaction
sequence to occur in parallel. A likely possibility for this second pathway is given in pathway B
of Scheme 4.6. Here again, the formation of hydroperoxo intermediate 10 is invoked, in this case
via direct reaction of hydride complex 2 and O, [Eq. (B1)]. Hydroperoxo formation via direct H-
atom abstraction has been implied from kinetic studies on Pd" complexes,** and has been
described computationally.*”** Other computational® and experimental” studies have also
shown that the HCI reductive elimination and H-atom abstraction pathways are close in energy
and can operate competitively, as observed here. The subsequent reactivity of 10 to result in the
production of H,O with concomitant formation of RhH’HC14 complex 3 occurs after the rate-
determining steps for these two pathways. Thus we cannot speak definitively about the precise
nature of reaction (A4). We speculate two possibilities: (i) evolution of a rhodium hydroxide

complex followed by protonolysis to release H,O, or (ii) protonation of 10 to release H,O,,
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Scheme 4.6. Proposed mechanisms for O reduction mediated by hydride complex 2.

which is rapidly dismutated to O, and H,O. Additional studies will be required to lend credence

to either of these suggestions.

The third term of the rate law in Eq. (4.1), which dictates the mechanism for the other
parallel reaction pathway that results in the conversion of 2 to 3, is zero-order with respect to
both O, and HCI. Accordingly there is little that can be said definitively about this parallel
pathway, other than that the net conversion prior to the rate-determining step is a unimolecular
reaction of 2. One plausible sequence is shown in pathway C of Scheme 4.6, involving rate-
limiting isomerization to form hydride complex 2¢. We observed previously by NMR studies
that solutions of 2 contain ~ 14% of a minor product (2b), which rapidly equilibrates with the

major species. However, there is the possibility that a third isomer, perhaps involving an axial
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hydride, is formed in minor equilibrium and is reactive towards O,. Other possibilities for the
rate-limiting unimolecular step involve dissociation of either a chloride or CN'Bu ligand to open
up a coordination site at one of the rhodium centers and cannot be explicitly ruled out. Addition
of (NBuy)Cl or CN'Bu to reaction mixtures causes deleterious side reactions of 2, making it
impossible to assess an inhibitory effect of either of these ligands on any of the parallel pathways
in the reaction sequence. Reaction (C2), leading to the conversion of 2a to 3, is necessarily ill-
defined since it occurs past the unimolecular rate-limiting step and as such does not give rise to
an observed order in either HCI or O,. Reaction (C2) may involve H-atom abstraction by O,,
which must be faster in pathway C than in pathway B. We have not crystallographically
observed axial hydride ligands in any related complexes, though it is worth noting that in the
previously reported crystal structures of dirhodium complexes 1-3, the axial Rh—Cl bond
distances are consistently 0.08-0.12 A longer than the adjacent equatorial Rh—Cl. This
observation confirms a sizeable frans influence of the Rh—Rh bond, which would weaken the
Rh-H bond in an axial isomer and could lead to a lower activation barrier for H-atom abstraction
subsequent to formation of a minor axial hydride isomer. One final possibility, which also cannot
be ruled out, is that one of the spectroscopically observed isomers of 2 (2a or 2b) also undergoes
the HCI reductive-elimination pathway, but with HCl-elimination as the rate-determining step.
This final possibility has been suggested by some ongoing transition-state computations for these
various mechanisms. This pathway would be identical to pathway A, but would effectively
involve irreversible, rate-determining HCI elimination, as opposed to pre-equilibrium HCI loss.
This would give rise to a term in the rate law which is only first-order in complex 2, with no O,
or HCI dependence, and would require that the barrier for reductive elimination of one isomer of
2 be larger than the other. In this way, both 2a and 2b undergo the HXRE mechanism, but for
one the HCI reductive elimination is rate-determining, and for the other O, binding is rate-
determining. Furthermore, the interconversion of 2a and 2b, which likely also involves reductive
HCI elimination, must occur at a comparable rate to pathways A and C such that 2a and 2b

remain in equilibrium.

With these mechanistic proposals in hand, some quantitative differences between the
dirhodium and diiridium Os-activation chemistries become apparent. In particular, the
protonation equilibrium constants and O,-binding rate constants are distinct between the

dirhodium and diiridium complexes. As described earlier, the equilibrium constant for HCI
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addition (Kyc1) to Rh,"" complex 1 is 1.8 x 10%, whereas for Ir,"" complex 5 the analogous K
is over four orders of magnitude higher at 4 x 10°. The observed rate constants for the HCI-
reductive-elimination pathways (Eq. (4.4)—(4.6) and Scheme 3A) are given by ko,/Knci, where
ko is the rate constant for O, binding to the M,""" complex. Provided that HCI is present in
sufficient quantities such that HCl-elimination is reversible and not rate-determining, the values
for the O,-binding rate constants, ks and ka,, can be extracted. For Irzo’II complex S5, the
O,-binding rate constant ks = 8 X 102 atm™! minfl, whereas for hao’H complex 1 the analogous
rate constant is quite similar at kx» = 3.2 x 10 atm ' min". Thus the major kinetic difference
between the HCI reductive-elimination pathways for the dirhodium and diiridium complexes is
found in the equilibrium constants for HCI elimination, and not in intrinsic differences in the rate

constant for binding of O, to form the metal peroxo intermediate.

4.4 Conclusions

In this chapter, oxygen reduction and activation chemistry of bimetallic thodium and

iridium complexes was established, with coordinatively unsaturated M,*"

complexes playing
key roles in the observed reactivity. Rh,™" complex 1 reacts with HCI in an equilibrium fashion
to furnish isomeric hydrido-chloride complexes 2a and 2b. The coordinative unsaturation of the
Rh’ center in 1 facilitates the thermal oxidative addition of HCIL. The hydride complexes are
resistant to protonolysis by additional HCI, but react smoothly with O, and HCI to furnish
Rh,"™"'Cl; complex 3, with concomitant generation of H,O. By using deuterated analogs, the
production of one equivalent of water is confirmed. Product 3 can be photolytically converted

back to 1 to complete a catalytic cycle, provided that the excess reactants (HCI and O;) and the

product water are first removed.

The sequence shown in Scheme 4.2 provides an unprecedented example of oxygen
reduction facilitated by a two-electron mixed-valent complex. The molecular nature of this
transformation permits the clear definition of reaction steps and intermediates, and in the
majority of this chapter efforts to unveil mechanistic details were described. Considerable insight
into the mechanism of O, reduction mediated by the dirhodium hydride complex
Rh,"(tfepma),(CN'Bu),CL:H (2) is acquired by examining its diiridium congeners, owing to the
ability to isolate and characterize plausible reaction intermediates. Particularly, with the

diiridium suite both peroxo (8) and hydroperoxo (7) complexes can be isolated, their structure
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and reactivity providing insight into unobserved intermediates in the dirhodium system. The
results of synthesis and kinetics, taken together, permit the delineation of pathways for the
insertion of O, into the metal hydride bonds. It has been determined that, as part of the HXRE
pathway for oxygen insertion, O, binding by the M° center, to furnish an n*-O, complex, is a key
step in these transformations. The O, reactivity at the square-planar Rh® and It centers is
facilitated by the unsaturated coordination environment. In the case of the dirhodium system,
kinetic studies reveal two additional competing pathways for O, insertion, one involving direct
H-atom abstraction and the other proceeding through an isomeric species. In all cases, the step(s)
leading to cleavage of the O—O bond and liberation of water occur beyond the rate-determining
step, and as such no definitive insight into these key steps is provided by the present results.
Subsequent work will aim to unveil pathways by which the hydroperoxo intermediates
selectively liberate H,O as the reduced oxygen species, and the initial findings of these efforts

are disclosed in the next chapter of this thesis.

4.5 Experimental Details
4.5.1 General Considerations

All reactions involving air-sensitive materials were executed in a nitrogen-filled glovebox
or on a high-vacuum manifold using solvents previously dried by passage through an alumina
column under argon. The complexes hao’H(tfepma)z(CN’BuhClg (D), Ir20’H(tfepma)z(CN’Bu)ZCb
(5), and Ir,""(tfepma),(CN'Bu),HCl; (6) were prepared as described in Chapter 3. HCI
(4 M in dioxane), 1,4-cyclohexadiene, BHT, and 2,2'-azobis(2-methylpropionitrile) (AIBN) were
obtained from Sigma-Aldrich, whereas O, was purchased from Airgas and used as received.

Elemental analyses were performed by Midwest Microlab LLC.

4.5.2 Physical Methods

NMR spectra were recorded at the MIT Department of Chemistry Instrumentation
Facility on a Varian Mercury-300 NMR Spectrometer operating at 121.5 MHz for °'P
acquisition, or a Varian Inova-500 NMR Spectrometer operating at 202.5 MHz for *'P
acquisition, 76.8 MHz for *H acquisition, or 500 MHz for 'H acquisition. >'P{'H} NMR spectra
were referenced to an external standard of 85% Ds;PO4 and 'H spectra were referenced to the

residual proteo solvent resonances. UV-vis spectra were recorded at 293 K in THF solutions in
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quartz cuvettes on a Varian Cary 5000 UV-vis-NIR spectrophotometer. Extinction coefficients
were determined over a concentration range of ~ 107 to 10™* M, for which all compounds
obeyed Beer’s Law. IR spectra were recorded on a PerkinElmer Spectrum 400 FT-IR/FT-FIR
Spectrometer outfitted with a Pike Technologies GladiATR attenuated total reflectance accessory
with a monolithic diamond crystal stage and pressure clamp. Samples were suspended in Nujol®

for all IR measurements, unless otherwise noted.

4.5.3 Preparation and NMR Characterization of RhZH’H(tfepma)z(CN'Bu)ZClg,D (4a and 4b)

In a septum-capped NMR tube, a solution of 1 (25 mg, 0.018 mmol, 1.0 eq) was prepared
in 0.5 mL of THF with 2.5 pLL of C¢Dg as an internal standard. A solution of 0.97 M DCI in Et,O
(180 uL, 0.176 mmol, 10 eq) was added via syringe. The NMR spectra were recorded
immediately. 4a: Yield (from ’H NMR): 88%. “H NMR (76.8 MHz, THF) o/ppm: —14.6
(br, s, 1D). *'P{'"H} NMR (121.5 MHz, THF) ¢/ppm: 138.1 (m, 2P), 116.9 (m, 2P). 4b: Yield
(from NMR): 12%. *H NMR (76.8 MHz, THF-ds) o/ppm: —18.8 (br, s, 1D). *'P{'H} NMR
(121.5 MHz, THF-ds) o/ppm: 132.4 (m, 2P), ca. 116.3 (m, 2P) (overlap with major isomer). The
*H NMR spectrum also shows unreacted DCI (6 7.5 ppm).

4.5.4 O,-Reduction Reaction of 2a and 2b

A sample of 1 (25 mg, 0.018 mmol, 1.00 eq) was dissolved in 0.7 mL of THF and
transferred to a septum-capped NMR tube. A solution of 431 M HCI in dioxane
(40 pL, 0.172 mmol, 9.6 eq) was added via syringe, and the NMR tube was inverted several
times to ensure complete mixing. *'P{'H} NMR confirmed clean formation of 2a and 2b in a ca.
7:1 ratio. Using a gas-tight syringe, O, (1.0 mL, 1 atm, 0.041 mmol, 2.3 eq) was injected into the
headspace of the NMR tube. The tube was shaken periodically to mix, and within 1-3 h *'P{'H}
NMR showed clean formation of 3. "H NMR analysis of the isolated product confirmed that 3
was formed quantitatively. The product 3 is stable to both O, and HCI, so longer reaction times

can be used without detriment to the observed yield of 3.

4.5.5 O,-Reduction Reaction of 4a and 4b and Detection of D,O

A solution of 4a/4b was prepared as described above, with 2.5 uL. of C¢Dg as an internal
standard. Using a gas-tight syringe, O, (1.0 mL, 1 atm, 0.041 mmol, 2.3 eq) was injected, and the

solution shaken vigorously to mix. After standing for several hours, >'P NMR shows clean
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conversion to 3. An aliquot of 2,6-lutidine (20 pL, 0.172 mmol, 10 eq) was injected via syringe
to consume the unreacted DCI. The 2H NMR revealed the formation of 1.0 + 0.1 eq of D,0, as
determined by integration against the internal C¢Dg standard. A control sample, prepared in the
same fashion but with no 1 present, showed a negligible amount of D,O in the ensuing *H NMR

spectrum.

4.5.6 Kinetic Measurements

All kinetic experiments were monitored by UV-vis spectroscopy. Samples of appropriate
concentrations were prepared in a nitrogen-filled glovebox and housed in quartz cuvettes sealed
with a septum cap and containing a Teflon-coated magnetic stir bar. HCl solutions were
introduced to the cuvette by syringe, and measured amounts of O, were injected using a gas-tight
syringe. Samples were manually shaken to ensure complete mixing and equilibration of O,. The
cuvette was placed in a temperature-controlled cuvette holder with magnetic stirrer, and
reactions were monitored at 293 K by collecting single-wavelength absorption data every 15 or
30 seconds, depending on the rate of the reaction. Data fitting and analysis was performed with

the aid of the software OriginPro® 8.

4.5.7 Preparation of Ir,""(tfepma),(CN’Bu),Cl;(OOH) (7)

A J. Young NMR tube was charged with a solution of Ir,"™(tfepma),(CN‘Bu),HCl; (6)
(42 mg, 0.026 mmol, 1.0 eq) in 0.7 mL of THF. The solution was freeze-pump-thaw degassed
three times and then backfilled with ca. 1.5 atm of O,. The reaction was monitored by SIp{HY
NMR, and after 2 h complete conversion was noted. The tube was freeze-pump-thaw degassed
once to remove headspace O, and in the glovebox the contents were transferred to a 20-mL
scintillation vial. The solvent was removed to afford a yellow solid, which was washed with 2
mL of hexane and dried in vacuo. Yield: 36 mg (84%). 'H NMR (500 MHz, CD;CN) o/ppm:
7.32 (s, 1H), 5.34 (m, 2H), 4.99-5.15 (m, 4H) 4.94 (m, 4H), 4.77 (m, 2H), 4.68 (m, 2H), 4.62
(m, 2H), 2.93 (pseudoquintet, 6H), 1.45 (s, 9H), 141 (s, 9H). *'P{'H} NMR
(202.5 MHz, CDsCN) d/ppm: 78.4-79.5 (m, 2P), 759-77.0 (m, 2P)
(AA'BB’, 20 lines resolved, davg = 77.7 ppm). UV-vis (THF): /nm (e/(M " ecm™)) 277 (26000),
364 (3800), 402 (sh) (1200). IR (Nujol): ¥c=x = 2185 cm ™', %o_ = 3355 cm™'. Anal. Calcd. for
CogH41Cl3F24N4O1oP4lry: C, 20.21; H, 2.48; N, 3.37. Found: C, 20.41; H, 2.49; N, 3.25.
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4.5.8 Preparation of Ir,""(tfepma),(CN'Bu),CL(n*-0,) (8)

I, (tfepma),(CNBu),CL (5) (50 mg, 0.031 mmol, 1.0 eq) was dissolved in 0.7 mL of
THF and transferred to a J. Young NMR tube. The sample was degassed by three freeze-pump-
thaw cycles and backfilled with ca. 1.5 atm of O,. Upon mixing the tube manually, the color
rapidly faded to a dull yellow-orange. The excess O, was removed by two freeze-pump-thaw
cycles, and in the glovebox the contents of the NMR tube were transferred to a 20-mL
scintillation vial. The solvent was removed in vacuo to afford a yellow-orange solid, which was
redissolved in 2 mL of Et;0/2 mL of hexane. Concentration in vacuo afforded a dark yellow
solid, which was washed with 2 x 2 mL of hexane and dried in vacuo. Yield: 34 mg (67%). 'H
NMR (500 MHz, CD3;CN) é/ppm: 5.05-5.14 (m, 4H), 4.95 (m, 4H) 4.52-4.78 (m, 8H), 2.85
(pseudoquintet, 6H), 1.46 (s, 9H), 1.43 (s, 9H). *'P{'H} NMR (121.5 MHz, CD;CN) ¢/ppm: 82.1
(m, 4P) (AA'BB/, 16 lines resolved, duye = 82.1 ppm). UV-vis (THF): A/nm (&/((M ' cm ")) 294
(12000), 338 (sh) (7700), 397 (sh) (1600). IR (Nujol): Vc=x = 2148, 2174 cm™'. Anal. Calcd. for
CasHa0CloF24N4010Pslrs: C, 20.66; H, 2.48; N, 3.44. Found: C, 20.83; H, 2.37; N, 3.29.

4.5.9 X-Ray Crystallographic Details

Single crystals of 7 were obtained by synthesizing the complex in CD3CN and allowing
the sample to stand at room temperature, and crystals of 8 were obtained in an analogous fashion
from Et;O. The crystals were mounted on a Bruker three-circle goniometer platform equipped
with an APEX detector. A graphite monochromator was employed for wavelength selection of
the Mo Ko radiation (4 = 0.71073 A). The data were processed and refined using the program
SAINT supplied by Siemens Industrial Automation. Structures were solved by Patterson
methods in SHELXS and refined by standard difference Fourier techniques in the SHELXTL
program suite (6.10 v., Sheldrick G. M., and Siemens Industrial Automation, 2000). Hydrogen
atoms bonded to carbon were placed in calculated positions using the standard riding model and
refined isotropically; all non-hydrogen atoms were refined anisotropically. In the structure of 7,
the O—H proton was tentatively located in the difference map, restrained to a distance of 0.84 A
from the oxygen nucleus and refined isotropically. In the structure of 7, the (OOH) ligand and
equatorial Cl ligand were disordered about a crystallographically imposed inversion center, and
three of the four crystallographically independent -OCH,CF3 groups were modeled as two-part

disorders. The (1,2) and (1,3) distances of all disordered parts were restrained to be similar using
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the SADI command; the rigid-bond restraints SIMU and DELU were also used on disordered
parts. Crystallographic details for 7 (CCDC 856949) and 8 (CCDC 856950) are summarized in
Table 4.1.
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Table 4.1. Crystallographic summary for 7 and 8.

7

8

Formula

fw, g/mol
Temperature/K
cryst. syst.
space group
color

alA

b/A

c/A

a/°

pr°

/°

VIA®

p (calc.)/(g cm ™)
Z

no. refl.

no. unique refl.
Rint

R“ (all data)
wR,” (all data)
R, [(I>20)]
wR, [(I > 20)]
GOF*

Formula

CasHa 1 ClsF24IroN4O10Ps - CogHaoClaF24IraN4O1oPy

1664.28
100(2)
Monoclinic
P2i/n
Yellow
13.003(2)
10.798(2)
18.699(4)
90
91.086(3)
90
2625.0(8)
2.106

2

50603
4479
0.0911
0.0645
0.1216
0.0493
0.1175
1.079

1627.82
100(2)
Monoclinic
P2,

Yellow
12.4449(13)
18.0315(19)
12.9712(13)
90
117.313(2)
90
2586.2(5)
2.090

2

57482
15121
0.0566
0.0434
0.0797
0.0353
0.0760
0.995
—0.0100(42)

“Ry = Z|[Fo — [FA/EIFS. " wRy = (ZW(FE = FODEWED)™. © GOF =
(E w(Fy* — FA(n — p))"? where n is the number of data and p is the number
of parameters refined.
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Chapter 5 —
Reactivity of a Diiridium Hydroperoxo Complex:
Acidolyis and Oxygen-Atom Transfer

Portions of this work are pending for publication:

Teets, T. S.; Nocera, D. G. Chem. Sci., submitted for publication. Reproduced
permission of the Royal Society of Chemistry.
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5.1 Introduction

In Chapter 4, detailed studies of O,-reduction reactions, mediated by dirhodium and
diiridium hydride complexes, were described. As part of this work, it was shown that HCI
addition to the mixed-valent complex Ir,""(tfepma),(CN'Bu),Cl, (1, tfepma =
CH;3N[P(OCH,CF»)1]2) produces an isolable diiridium hydride complex,
I, (tfepma),(CNBu),CL3H (2), which inserts O to form Ir,""(tfepma),(CN'Bu),Cl3(OOH) (3),
the first isolable iridium hydroperoxo complex. In Chapter 4, mechanistic details for the
formation of 3 were described, and compared directly to the dirhodium system, which reduces O,
to water and likely proceeds through an analogous hydroperoxo complex. In the work presented
in this chapter, complex 3 is interrogated further, and some key reactions of this novel

hydroperoxo complex are described.

The synthesis and reactivity of O, complexes of transition metals has garnered
widespread interest, owing to the prominence of such complexes in the fields of bioinorganic
chemistry,'” O,-reduction electrocatalysis,* and aerobic oxidation catalysis.” One such class of
reduced-oxygen complexes are metal hydroperoxos, which are commonly prepared by (i) aerobic
oxidation of metal hydrides,‘s_24 (ii) protonation of peroxo complexes,” or (iii) by addition of

26-2 . . .
6-28 as summarized in Scheme 5.1. A wide

hydrogen peroxide to a terminal metal hydroxide,
range of supporting ligands have been used for late-metal hydroperoxo complexes, including
phosphines, tris(pyrazolyl)borates, chelating pyridyl-amine ligands, and nitrogen-based planar
macrocycles, among others. Although much of the interest in metal hydroperoxo complexes
centers around the mechanisms of their formation, reactivity of these species has also been
interrogated for select systems. Oxygen-atom-transfer (OAT) reactions are among the most
prevalent.*>? Oxygenation of phosphines to phosphine oxides, sulfides to sulfoxides, olefins to

carbonyl compounds, carbon monoxide to carbon dioxide, and benzaldehyde to benzoic acid

LM —H  +0, Ui
Qe
LM | +H > L,M"—OOH
o J
L,M"—OH +H,0, — i)
n 2M2 —H20

Scheme 5.1. Synthetic routes to late-metal hydroperoxo complexes.
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Scheme 5.2. Previously characterized reactions of late-metal hydroperoxo and alkylperoxo
complexes.

have all been reported for late-metal hydroperoxo and alkylperoxo complexes. Although
acidolysis reactions of coordinated hydroperoxos are less heavily studied, there are several
examples of hydrogen or alkyl peroxide liberation upon treatment of a hydroperoxo or
alkylperoxo complex with acid; in all of these cases the O—O bond was reported to remain intact,
with no other reduced oxygen species detected.”**! Scheme 5.2 summarizes some of the key
reactions of late-metal hydroperoxo and alkylperoxo complexes. Note that the series of reactions
is not general to all such complexes, and the accessibility of different reactions frequently
depends on the choice of metal and supporting ligands, particularly for the oxygen-atom-transfer
reactions. Also, in some cases the organic product undergoes an additional insertion reaction
with the hydroxo (or alkoxo) product, but in all cases OAT is proposed to initiate with the

hydroperoxo (or alkylperoxo) complex.

Having established a synthetic route to prepare Ir,"""(tfepma),(CN'Bu),Cl;(OOH) (3), we
became interested in interrogating its reactivity on two fronts: (i) its ability to transfer oxygen
atoms to various substrates, and (ii) its reactions with acid sources, leading to an understanding
of the O—O bond-cleavage step in the O,-reduction chemistry of the analogous dirhodium
system. The kinetic studies described in Chapter 4 are consistent with a scenario where the
transformations of the putative hydroperoxo intermediate occur beyond the rate-determining
step, and as such, nothing was revealed about the types of reactions that lead to liberation of
water. Also as part of this study, we aimed to prepare analogous iridium hydroperoxo complexes
with altered ligand architectures, thinking that the mechanism of formation and subsequent

reactivity could depend on the choice of supporting ligands. Though this final pursuit led to

197



minimal new insight, the initial results of efforts in all of these areas are disclosed here.
Diiridium hydroperoxo complex 3 transfers an oxygen atom to phosphines, generating a novel
diiridium hydroxo complex, and treatment of 3 with acids induces rapid O—O bond cleavage and
formation of water. The exact fate of the acidolysis reaction depends on the strength of the acid
used. These latter results provide some insight into the mode by which water is produced in the

oxygen-reduction chemistry mediated by dirhodium hydride complexes.

5.2 Results
5.2.1 Synthesis of Iridium Hydroperoxo Complexes

As was detailed in Chapter 4, the high-yielding synthesis of hydroperoxo complex 3
proceeds by oxygenation of hydride complex 2 in THF. In an analogous fashion,
Ir,""(tfepma),(CNAd),Cl, (4, CNAd = 1-adamantylisocyanide) is converted to hydride complex
5, which also inserts O, to form isostructural hydroperoxo complex 6. Scheme 5.3 summarizes
the syntheses of hydroperoxo complexes 3 and 6, which are isolated in yields of 84% and 83%,
respectively. Complex 6 is structurally analogous to 3, and its X-ray crystal structure is depicted
in Figure 5.1. Complexes 3 and 6 are stereochemically identical, with the hydroperoxo ligand
situated on the same side of the metal-metal axis as the isocyanide on the adjacent metal center.
In 6, the hydroperoxo hydrogen atom was tentatively located in the difference map and assigned
as a two-part disorder. Relevant bond metrics for 3 and 6 are quite similar. The Ir—Ir bond
distance of 2.7492(8) A in 3 is nearly identical in 6, at 2.7462(4) A. The hydroperoxo O-O
distance of 1.509(19) A in 3, which includes some uncertainty brought on by disorder, is

noticeably shorter at 1.471(3) A in 6. However, this latter value is still clearly indicative of a

/N‘ /N\
P CIR Cl P"c P L
Y THF S
Cl—il'—ir'—L + 0, — = ci—I'"—r'—cl
HoO" ),
NN o

W L7}
SN P-N—P = N
' CH3N[P(OCH,CF3),], |
2:L = CN/Bu
5: L = CNAd 3:L = CN'Bu (84%)
6: L = CNAd (83%)

Scheme 5.3. Synthesis of diiridium hydroperoxo complexes 3 and 6. Isolated yields are listed in
parentheses.
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Figure 5.1. X-ray crystal structure of 6. Ellipsoids are shown at the 50% probability level, with
solvent molecules, -CH,CF; groups and carbon-bound hydrogen atoms omitted for clarity.

formal oxygen—oxygen single bond. It was reasoned that in replacing CN'Bu with CNAd, some
of the side reactions that plague the reactivity studies of 3 (see Sections 5.2.2 and 5.2.3) would
be avoided, since CNAd is incapable of forming planar tertiary sp® carbocations or radicals,
which may be involved in degradation pathways. However, preliminary reactivity studies show
no noticeable differences between 3 and 6, so the reactivity of complex 6 will not be considered

further.

Two other modifications to complex 3 were sought, but neither resulted in the formation
of stable hydroperoxo complexes. HCl addition to  Ir,""(tfepma),(CNXy),Cl,
(7, CNXy = 2,6-dimethylphenylisocyanide) gives hydride complex Ir,""(tfepma),(CNXy),Cl:H
(8) in an analogous fashion to 2 and 5. However, as described in Scheme 5.4, oxygenation of 8
produces hydroperoxo 9, which is found to be unstable at room temperature and decompose to a

slew of intractable products. At early time points, a small amount of 9 is observed in the *'P{'H}

| B l ]
N N
Cl—i—ll— %2 |ci— Ir"—c|| Decomp
7| 4 THF 7| 7| —
s H_P L” 5 HOO" 5
\N/ \N/
| L =CN%3 L l ]
8 9

Scheme 5.4. Synthesis of thermally unstable hydroperoxo complex 9.
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Scheme 5.5. O, reactivity of hydrido-sulfonate complexes 10 and 11. Isolated yields are listed in
parentheses.

NMR spectra, as indicated by a set of multiplets centered at 75.3 ppm, attributed to an AA'BB’
spin system. Notably, hydride 8 is consumed at a substantially slower rate than 2 and 5 under

similar conditions, but the instability of the product precluded detailed kinetic studies.

Similarly, attempts to substitute the chloride anions in 3 with sulfonate anions were
unsuccessful. Addition of sulfonic acids to Ir,”" complex 1 produces hydride complexes
I, (tfepma),(CN'Bu),CL(H)(OSO,R) [R = p-CsHsMe (10); Me (11)], which were isolated and
found to be reactive towards O,. Solutions of 10 and 11 were treated with ~ 1 atm of O,
overnight, and the resulting NMR spectra (*'P{'H} and 'H) indicate that hydroperoxo-trichloro
product 3 is the only hydroperoxo-containing product, along with several intractable
decomposition products. These results, summarized in Scheme 5.5, seem to suggest that the
lability of the sulfonate anions induces scrambling of chloride and sulfonate anions. Complexes
10 and 11 are stable in anaerobic solutions, suggesting that the anion scrambling which leads to
the formation of 3 occurs after O, insertion. Nevertheless, attempted partial anion substitution
failed to produce a stable and isolable hydroperoxo species whose mechanism of formation and

reactivity could be investigated.

5.2.2 Oxygen-Atom-Transfer Reactivity of 3

Once prepared as described in Scheme 5.3, hydroperoxo complex 3 persists for some
time in THF solution, both in the presence or absence of additional O,. Under an inert
atmosphere, 3 decomposes to a complex mixture of products with a half-life of approximately 2
weeks at room temperature. Complex 3 is unreactive towards organic substrates similar to those
given in Scheme 5.2, including the alkene cyclohexene, the more electrophilic alkene 2-

cyclohexen-1-one, benzaldehyde, and potent hydrogen-atom donor 1,4-cyclohexadiene.
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P/N\P \\L P/(’;\:\P \\L
ar P THE LE
CI—/Ir” Ir'—CI+ PR3 —»CI—/Ir” ' —Cl + O=PRy
L7} Hoo"} A
3 12 (59%)

Scheme 5.6. Oxygen-atom-transfer reactivity of 3, generating 12. Isolated yield is listed in
parentheses.

Treatment of 3 with 5-10 eq of these substrates at room temperature gives no evidence for
product formation after prolonged time periods. Attempts to heat reaction mixtures led to the
decomposition of hydroperoxo complex 3 to a bevy of intractable products, with no evidence of
substrate oxygenation in any case. Complex 3 undergoes nonspecific decomposition in the
presence of dimethylsulfide at room temperature, again with no evidence for oxygen-atom

transfer.

In contrast to these previous substrates, treatment of 3 with PPhs leads to clean oxygen-
atom transfer, producing O=PPh; and Ir,""(tfepma),(CN'Bu),Cl3(OH) (12) as major products.
Scheme 5.6 depicts this transformation, which only proceeds cleanly with ca. 2 equivalents of
PPh;; stoichiometric reaction conditions result in significant decomposition in addition to the
desired products. The initial NMR spectra (*'P{'H} and 'H) for the reaction mixture are
consistent with a weak interaction of 3 with PPhs, as evidenced by the substantial broadening of
the free PPh; resonances, with no apparent change in the spectral features attributed to 3. The

O=PPh,
12

T

rrﬂTI'I'ITI'I'ITFI'ITmTﬂ'ITFI‘ITﬂ'ITI‘I‘ITI‘I‘ITFI‘I‘l
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Figure 5.2. *'P{'"H} NMR spectrum recorded of the product mixture isolated from the reaction
of 3 with 2 eq. of PPh; for 12 h. The spectrum was recorded at 121.5 MHz in THF-dg. Peaks
corresponding to O=PPhj, unreacted PPhs, and 12 are marked accordingly.
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reaction of Scheme 5.6 is complete within 12 h, and furnishes the *'P{'H} NMR spectrum
displayed in Figure 5.2. The *'P{'H} NMR spectrum of the hydroxo product 12 is consistent
with an AA'BB' spin system, with chemical shifts and splitting patterns reminiscent of other
Ir,"! complexes we have recently described.**** Two distinct C=NC(CH,); resonances in the 'H
NMR spectrum provide further evidence for an asymmetric complex. Also in the '"H NMR
spectrum, a slightly broadened singlet at 6.96 ppm (THF-ds), integrating to one proton, is
assigned to the O—H group of 12. The NMR spectra also clearly show the presence of O=PPh;
and unreacted PPhs, with the latter resonances remaining broadened in the final product spectra.
The IR spectrum of the isolated product contains a weak resonance at 3336 cm " attributed to the
O-H stretch, which occurs at a slightly lower energy than that of hydroperoxo complex 3
(3355 cm'). Complex 12 can be prepared in pure form by using PEt; instead of PPh; as the
O-atom acceptor. The crude NMR spectra show numerous minor side products, in addition to 12,
PEt; and O=PEt;, though all are quite soluble and recrystallization removes all other products,
allowing 12 to be obtained in 59% isolated yield, with purity verified by NMR and elemental

analysis.

The structure of complex 12 was verified by single-crystal X-ray diffraction and is

displayed in Figure 5.3. A crystallographically imposed inversion center defines two disordered

Figure 5.3. X-ray crystal structure of 12, with ellipsoids shown at the 50% probability level. In
(a) all non-carbon atoms are labeled, whereas in (b) a view down the metal-metal axis with an
analogous color scheme is shown. Solvent molecules, carbon-bound hydrogen atoms, and
—CH,CF;3 groups are omitted for clarity. Only one of the two disordered orientations is shown.
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orientations of the six monodentate ligands (three chlorides, two isocyanides, and one hydroxide)
that surround the metal-metal axis. The relative configuration of the ligands is identical to that of
hydroperoxo complex 3, i.e. the hydroxide in 12 occupies the former site of the hydroperoxide,
with no structural rearrangement upon oxygen-atom transfer. The Ir(1)-O(5) distance of
2.054(10) A is consistent with a single bond, and though a definitive maximum for the O-H
hydrogen atom was not located, owing to the aforementioned disorder, the spectroscopic data
described above are consistent with the presence of a bound hydroxide ligand. The Ir(1)-Ir(1A)
distance of 2.6584(5) A is ca. 0.1 A shorter than our other recent Ir,'™" complexes, but
nonetheless is suggestive of a metal-metal single bond. As shown in Figure 5.3b, the two
equatorial coordination spheres about the iridium atoms are very nearly eclipsed, as judged by
the two independent P—Ir—Ir—P torsion angles, one of which is fixed at 180° by the inversion

center, with the other quite small at 4.40(7)°.

5.2.3 Acidolysis Reactions of 3

In the previously reported O»-reduction chemistry of dirhodium hydride complexes™
(see also Chapter 4), it was found that the activation of O, was the rate-determining step, and
that beyond this rate-determining step the putative hydroperoxo intermediate reacted further with
acid, inducing cleavage of the O—O bond to release water. It was reasoned that some insight into
the O-O bond cleavage could be gained by studying the reactivity of the isolable iridium
hydroperoxo complex 3 with acidic reagents. The reactivity of 3 with two acids, HCI and 2,6-

lutidinium chloride, is summarized in this section.

As shown in Scheme 5.7, the reaction of hydroperoxo 3 with HCI proceeds in two

distinct steps. Immediately upon addition of HCI, oxygen—oxygen bond cleavage is induced, and

:
N N C1ClI
PCi~P L A FI’/ \\CI\F; L
B o F & o & s
Cl—Ir' I"—Cl + HCl —— CI—Ir" I"—Cl —— Cl—Ir" Ir"—Cl
7| | 7| ‘|
L 5 HOO' 5 L5 H0' p s a’%
| | |
3 13 14 (27%)

Scheme 5.7. Reaction of 3 with HCI. Isolated yield is listed in parentheses.
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an unstable species grows in which is assigned as the cationic complex
[Ir,"(tfepma),(CN'Bu),Cl3(OH,)]CI (13), on the basis of NMR spectroscopy. The temporal
progression of the *'P{'H} NMR spectrum is given in Figure 5.4, and at early time shows a

slightly broadened AA'BB' splitting pattern, suggestive of an Ir,"™"

complex but distinct from the
spectrum of 3. In the "H NMR spectrum, the expected resonances assigned to tfepma and CN'Bu
are present, but in addition a broad resonance at ~ 7.8 ppm, integrating to two protons, is present
and is assigned to a bound water molecule. This resonance persists in the isolated product, and
diminishes at a rate commensurate with the disappearance of the other resonances of 13,
verifying that this broad resonance is indeed attributed to bound O—H protons (i.e. and not to
H,0, or some other free species in solution). Analysis of headspace gases by gas
chromatography did not show any evidence for the formation of O, gas. Over the course of ca.
48 h, the NMR resonances attributed to 13 give way to a symmetric product, with a singlet in the
S'P{'H} NMR spectrum (76.8 ppm, see Figure 5.4) and a single CN‘Bu resonance in the 'H
spectrum. The disappearance of 13 is independent of the presence of added acid, and the final 'H
NMR spectrum also shows a broad singlet at ~ 2.6 ppm, which overlaps some of the peaks for
side products but is tentatively assigned to free H,O. The final diiridium product is assigned to
be the centrosymmetric pseudo-Cs isomer of Ir,™(tfepma),(CN'Bu),Cly (14), distinct from the
asymmetric isomer that is prepared by halogen oxidation® (see also Chapter 3). Complex 14 was
isolated in pure form in low yield (27%) by recrystallization, and determined to be pure by NMR

and elemental analysis.

14

1 1
3 w 3 wun 48 h
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8h
Al Ma. 0.75 h
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Figure 5.4. Evolution of the *'P{'"H} NMR spectrum upon treatment of 3 with HCI (1.1 eq) at
room temperature. The time is indicated at the right, and the resonances attributed to 13 and 14
are denoted. The spectra were recorded at 121.5 MHz in THF-ds.

204



Figure 5.5. X-ray crystal structure of 14, with ellipsoids shown at the 50% probability level. In
(a) all non-carbon atoms are labeled, whereas in (b) a view down the metal-metal axis with an
analogous color scheme is shown. Carbon-bound hydrogen atoms and —CH,CF3; groups are
omitted for clarity.

The structure of 14 was validated by X-ray crystallography, as shown in Figure 5.5. The
symmetric nature of the complex is evident, and the Ir(1)-Ir(2) bond distance of 2.7586(3) A is
consistent with a metal-metal bond. Notably, an approximate (though not crystallographic)
inversion center is situated at the metal-metal centroid, consistent with the highly symmetric
NMR resonances observed in solution. Evident from the side view given in Figure 5.5b, the
equatorial coordination planes are twisted relative to one another, with four independent
P—Ir—Ir—P dihedral angles of 25.66(4), 22.61(4), 156.13(4) and 155.60(4)°. These values indicate
a substantial deviation from the eclipsed configuration that is observed in the structure of 12
discussed earlier. Complex 14 is crystallographically isostructural with the previously reported
dirhodium analogue™ (see also Chapter 3) of 14, with nearly identical unit-cell dimensions and

the same space group (P2;/c).

As outlined in Scheme 5.8, the outcome is different if hydroperoxo complex 3 is treated
with the weaker acid 2,6-lutidinium chloride. At early time points a small amount of aqua
complex 13 is evident, but over the course of 15 h hydroxo complex 12 grows in as the major
product, as is evident in the "H NMR spectrum, with none of the Ir,""Cl, product 14 detected.
This suggests that 2,6-lutidinium is a strong enough acid to protonate the hydroperoxo ligand,

but that the ensuing aqua complex 13 is deprotonated by the free lutidine, at a rate exceeding the
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Scheme 5.8. Reaction of complex 3 with 2,6-lutidinium chloride.

substitution of Cl for the bound water. Such a reaction sequence should be catalytic in 2,6-
lutidinium, although the final 'H NMR spectrum after treating 3 with 2,6-lutidinium chloride
suggests a mixture of 2,6-lutidinium and 2,6-lutidine. It is not clear by what means the acid is
being consumed, though it is worth noting that there is a substantial yield of side products in
these reactions, making it seem likely that some of the 2,6-lutidinium is consumed in an

undesirable side reaction.

5.3 Discussion

Complex 3 represents the first isolable diiridium hydroperoxo complex, and its
mechanism of formation was crucial to interpreting the mechanism of oxygen reduction
mediated by dirhodium hydride complexes. Further insight, both into the mechanism of
formation and the subsequent reactivity, could be gained by making analogs of 3 with altered
ligand environments. However, the initial efforts described in section 5.2.1 showed that the
stability of diiridium hydroperoxo complexes akin to 3 is exceptionally sensitive to ligand
modification. Complex 6, where the trivial substitution of the CN'Bu ligand in 3 for CNAd is
made, was accessed and found to be thermally stable. But when more substantial modifications
were sought, such as substituting the isocyanide for the aryl isocyanide CNXy, the resulting
hydroperoxo complex was found to be thermally unstable, and along the way to consuming the
hydride starting material complete decomposition to a mixture of spectroscopically intractable
products was noted. In the case of anion substitutions, attempts to utilize hydrides originating
from sulfonic acids failed to produce novel hydroperoxo complexes. The acid strengths of p-tosic
acid and methanesulfonic acid are comparable to HCI, and the hydride complexes 10 and 11
generated from them can be accessed in pure form and are stable. However, aerobic oxidation

reactions of 10 and 11 produce 3 as the only spectroscopically identifiable product, with
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numerous decomposition products also evident. These observations suggest that diiridium
hydroperoxo complexes featuring one or more weakly coordinating anionic ligands are

inherently unstable.

In spite of the inability to make meaningful modifications to hydroperoxo complex 3, the
work described in this chapter does unveil two key classes of reactions for 3. Oxygen-atom
transfer to phosphines is facile, generating the corresponding phosphine oxide and a novel
diiridium hydroxo complex 12, which was spectroscopically and structurally characterized. The
reaction between 3 and PPhs is complete within 12 h, and shows some broadening of the PPh;
NMR resonances that likely indicates some association between 3 and PPhs. The production of
12 occurs much more rapidly when the more electron-rich PEt; is used to accept the oxygen
atom. This latter route, while resulting in numerous side products, allows for successful
separation of 12 from the other reaction products and proved to be a viable synthetic route to
pure 12. The oxygen-atom-transfer reactivity of 3 is quite limited however, and no success was
found with other substrates commonly utilized in such transformations (see Scheme 5.2). The
inability of complex 3 to oxidize unsaturated organic substrates may be in part due to its
coordinatively saturated octahedral geometry—previous examples of olefin oxygenation

. 26,28
involved square-planar hydroperoxo complexes,”

and in a related study of alkylperoxo
complexes it was explicitly shown that coordination of the alkene precedes oxygen-atom
transfer.”® It seems unlikely that the substrates considered here would displace one of the ligands
from 3, and indeed the NMR spectra of reaction mixtures show no shifts in the resonances of
either 3 or the substrate that would suggest such an association. Without such a pre-coordination,

oxygen-atom transfer would not occur, provided the mechanistic insights disclosed previously

are general to these classes of reactions.*®

More relevant to the reduction of oxygen to water mediated by dirhodium hydride
complexes, the reactivity of hydroperoxo complex 3 with acids was explored. The previous
studies on oxygen-reduction chemistry (see Chapter 4) suggested intermediacy of hydroperoxo
complexes, but their subsequent reactivity occurred beyond the rate-determining steps and could
not be elucidated. Notable here is that treatment of 3 with either HCI or the weaker HCI-
surrogate 2,6-lutidinium chloride induced scission of the oxygen-oxygen bond and formation of

water, in the form of a bound aqua complex 13. The fate of 13 depends on the choice of acid,
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with HCI the aqua is gradually displaced by chloride to form the symmetric Ir,""Cl, product 14,
and with a weaker acid source, 2,6-lutidinium, intermediate 13 is intercepted by the conjugate
base and instead forms hydroxo complex 12 as the major product. Hydrogen peroxide was not
observed as a product of any of the acidolysis reactions, in stark contrast to the reactivity of
previously reported hydroperoxo complexes, which are described to release H,O, upon
protonolysis.”2®*° There are still some unknown details related to this reactivity, and there is
particular interest in defining any short-lived intermediates that are involved in the oxygen—
oxygen bond-cleavage reaction. In addition, though the gas chromatography studies described
briefly above can rule out formation of one-half of an equivalent of O,, the fate of the second

oxygen atom in the oxygen—oxygen bond-cleavage reaction remains unclear.

5.4 Conclusions

The synthesis and reactivity of diiridium hydroperoxo complexes was described.
Although recalcitrant to synthetic modifications, hydroperoxo complex 3 does show some
notable reactivity. Oxygen-atom transfer to phosphines occurs readily, giving a diiridium
hydroxo complex in good yields. Complex 3 was found to be unreactive towards other electron-
rich organic substrates, namely alkenes and aldehydes, likely due to the coordinative saturation
at the iridium centers in 3. Reactions of 3 with acids were also explored, and they provide insight
into the oxygen—oxygen bond-cleaving elementary steps in the reduction of O, to water mediated
by structurally analogous dirhodium complexes. Addition of acids results in cleavage of the O—O
bond and formation of water, a distinct departure from reported reactivity of group 10
hydroperoxo and alkylperoxo complexes. Though unanswered questions remain regarding this
acidolysis chemistry, it does provide further confirmation that hydroperoxo complexes are
involved in the Oj-reduction chemistry, and that their subsequent reactions with acid are

responsible for the formation of water as the final reduced oxygen species.
5.5 Experimental Details

5.5.1 General Considerations

All reactions involving air-sensitive materials were executed in a nitrogen-filled glovebox
using solvents previously dried by passage through an alumina column under argon. HCI (4 M in

dioxane), methanesulfonic acid, and 2,6-dimethylphenylisocyanide (CNXy) were obtained from
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Sigma-Aldrich, whereas [If'(COD)CIl], (COD = 1,5-cyclooctadiene), PPh; and PEt; were
obtained from Strem. Anhydrous 2,6-lutidinium chloride was prepared by adding anhydrous
2,6-lutidine to 1 M HCUEt,O under nitrogen, as described previously.”> The ligands
CH3N[P(OCH,CF»),]2 (tfepma)37 and 1-adamantylisocyanide (CNAJ)*® were prepared by a

33,34
d >

literature procedure. The complexes 1-3 and 10 were prepared as previously describe (see

also Chapters 3 and 4).

5.5.2 Physical Methods

NMR spectra were recorded at the MIT Department of Chemistry Instrumentation
Facility on a Varian Mercury-300 NMR Spectrometer operating at 121.5 MHz for *'P
acquisition, or a Varian Inova-500 NMR Spectrometer operating at 500 MHz for 'H acquisition.
3 1P{ 1H} NMR spectra were referenced to an external standard of 85% D;PO4 and 'H spectra
were referenced to the residual proteo solvent resonances. IR spectra were recorded on a
PerkinElmer Spectrum 400 FT-IR/FT-FIR Spectrometer outfitted with a Pike Technologies
GladiATR attenuated total reflectance accessory with a monolithic diamond crystal stage and

pressure clamp.

5.5.3 Preparation of Ir,""(tfepma),(CNAd),Cl, (4)

[Ir'(COD)Cl], (421 mg, 0.627 mmol, 1.00 eq) was suspended in 2 mL of Et,O. A solution
of tfepma (611 mg, 1.25 mmol, 2.00 eq) in 2 mL of Et,O was added to leave a dark red solution.
Addition of CNAd (202 mg, 1.25 mmol, 2.00 eq) in 6 mL of Et,O caused to color to gradually
lighten, and over the course of 40 h an orange solid precipitated. The suspension was
concentrated in vacuo to leave an orange solid/red residue. The product was redissolved in 12
mL of CH,Cl,, filtered and concentrated in vacuo. The solid was resuspended in a mixture of 2
mL of CH,Cl, and 16 mL of hexane to liberate an orange solid, which was separated from the
red supernatant by decantation, washed with 2 x 4 mL of hexane and dried in vacuo. Yield: 712
mg (64.8%). 'H NMR (500 MHz, CD,Cl,) é/ppm: 5.04 (m, 4H), 4.86 (m, 2H), 4.32-4.62
(m, 10H), 2.87 (pseudoquintet, 6H), 2.08 (br, m, 6H), 1.94 (br, d, 6H), 1.84 (br, d, 6H),1.53-1.72
(br, m, 12H). *'P{'"H} NMR (121.5 MHz, CD,Cl,) §/ppm: 132.4 (m, 2P), 85.8 (m, 2P).
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5.5.4 Preparation of Ir,"""(tfepma),(CNAd),CL:H (5)

Complex 4 (75 mg, 0.043 mmol, 1.0 eq) was suspended in 1 mL of CH3CN. A solution of
2,6-lutidinium chloride (7.7 mg, 0.054 mmol, 1.2 eq) in 2 mL of CH3CN was added, drawing all
solids into solution and yielding a pale yellow solution. After stirring for 1 h at room
temperature, the solution was concentrated in vacuo to leave a yellow-orange residue. The
product was redissolved in 6 mL of Et,O and filtered to remove unreacted 2,6-lutidinium
chloride. The resulting solution was combined with 4 mL of hexane and concentrated in vacuo.
The nearly colorless solid was washed with 2 mL of cold hexane and dried in vacuo. Yield: 72
mg (95%). '"H NMR (500 MHz, THF-dg) é/ppm: 5.53 (m, 2H), 5.28-5.43 (m, 4H), 4.74-4.97
(m, 6H), 4.25 (m, 4H), 2.84 (pseudoquintet, 6H), 2.08-2.18 (br, m, 12H), 2.04 (br, d, 6H),
1.63—1.78 (br, m, 12H), —20.69 (t, *Jp_y = 16.2 Hz, 1H). *'P{'"H} NMR (121.5 MHz, CD;CN)
o/ppm: 88.7-91.2 (m, 2P), 78.1-80.6 (m, 2P).

5.5.5 Preparation of Ir,"""(tfepma),(CNAd),Cl;(OOH) (6)

A solution of 5 (100 mg, 0.0559 mmol, 1.00 eq) was dissolved in 0.7 mL of THF and
transferred to a J. Young NMR tube. The solution was freeze-pump-thaw degassed three times,
then backfilled with O,. The tube was shaken vigorously to mix, and then allowed to stand for 5
min. This process was repeated three times, at which time a crude *'P{'H} NMR spectrum
showed complete conversion. The solution was transferred to a scintillation vial, and
concentrated in vacuo to produce a yellow solid. The solid was redissolved in 2 mL Et,0/2 mL
of hexane, concentrated to dryness in vacuo, washed with 1 mL of hexane and dried in vacuo.
Yield: 85 mg (83%). 'H NMR (500 MHz, THF-dg) é/ppm: 7.57 (s, 1H), 5.43 (m, 2H), 5.21
(m, 4H), 4.99(m, 4H), 4.85 (m, 2H), 4.77 (m, 2H), 4.68 (m, 2H), 2.96 (pseudoquintet, 6H),
2.03-2.11 (br, m, 12H), 1.59-1.75 (br, m, 18H). *'P{'"H} NMR (121.5 MHz, CD;CN) /ppm:
77.1-79.0 (m, 2P), 73.8-75.9 (m, 2P).

5.5.6 Preparation of Irzo’ll(tfepma)z(CNXy)2C12 @)

To a suspension of [Ir'(COD)Cl]; (79 mg, 0.12 mmol, 1.0 eq) in 1 mL of Et,0 was added
a solution of tfepma (115 mg, 0.236 mmol, 2.0 eq) in 1 mL of Et,O, producing a dark red
solution. Addition of CNXy (31 mg, 0.24 mmol, 2.0 eq) in 1 mL of Et,O left a dark brown

solution, which was stirred for 24 h at room temperature. During this time, the color lightened
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considerably. The mixture was concentrated in vacuo and triturated with pentane to give a pale
orange solid. The solid was washed with 2 mL of cold hexane, decanted and dried in vacuo.
Yield: 149 mg (74.5%) (Product is contaminated with ca. 10% Ir'(ic*~tfepma)(CNXy)Cl). 'H
NMR (500 MHz, CDs;CN) do/ppm: 7.25 (4, 3Jin= 7.6 Hz, 1H), 7.20 (m, 1H), 7.12 (m, 2H), 7.08
(d, *Juu = 7.6 Hz, 2H), 5.13-5.23 (m, 2H), 5.01-5.11 (m, 2H), 4.92 (m, 2H), 4.73 (m, 2H),
4.51-4.67 (m, 6H), 4.42 (m, 2H), 2.90 (pseudoquintet, 6H), 2.35 (s, 6H), 2.28 (s, 6H). *'P{'H}
NMR (121.5 MHz, CD;CN) 6/ppm: 131.5 (m, 2P), 85.2 (m, 2P).

5.5.7 Preparation of Ir,"""(tfepma),(CNXy),CLH (8)

A sample of 7 (75 mg, 0.044 mmol, 1.0 eq) was dissolved in 1 mL of CH3CN. A solution
of 2,6-lutidinium chloride (8.0 mg, 0.055 mmol, 1.2 eq) in 2 mL of CH3CN was added to give a
yellow solution. After 2 h, the solution was concentrated in vacuo to give a mixture of white and
yellow solids. The product was redissolved in 6 mL of Et;O and filtered. The colorless solution
was combined with 4 mL of hexane and concentrated in vacuo to leave a light yellow solid. The
solid was washed with 2 x 2 mL of hexane and dried in vacuo. Yield: 62 mg (80%). 'H NMR
(500 MHz, THF-dg) é/ppm: 7.28 (m, 1H), 7.16-7.24 (m, 5H), 5.65 (m, 2H), 5.44 (m, 4H), 4.94
(m, 4H), 4.75 (m, 2H), 4.12-4.28 (m, 4H), 2.90 (pseudoquintet, 6H), 2.49 (s, 6H), 2.44 (s, 6H),
—19.77 (distorted t, 2Jp_y ~ 15 Hz, 1H). *'P{'"H} NMR (121.5 MHz, CD;CN) §/ppm: 85.5-87.8
(br, m, 2P), 77.0-78.6 (br, m, 2P).

5.5.8 Preparation of Ir,"""(tfepma),(CN‘Bu),CLLH(OSO,Me) (11)

In a scintillation vial, complex 1 (100 mg, 0.0627 mmol, 1.00 eq) was dissolved in 2 mL
of THF. In a separate vial, a stock solution containing 64.3 mg of methanesulfonic acid in 3 mL
of THF was prepared. A 0.295-mL aliquot of this solution, corresponding to 1.05 eq of MeSOsH,
was added dropwise to the stirred solution of 1. An immediate color change to light yellow
occurred, and the solution was stirred for a total of 2 h. At this time, it was concentrated in vacuo
to leave a pale residue, which was redissolved in 1 mL Et,0/2 mL of hexane. The solution was
concentrated to less than one-half the original volume, decanted and dried in vacuo. Yield: 89
mg (84%). 'H NMR (500 MHz, THF-ds) o/ppm: 5.35 (m, 2H), 4.99-5.25 (m, 6H), 4.35-4.68
(m, 8H), 2.92 (pseudoquintet, 6H), 2.65 (s, 3H), 1.56 (s, 9H), 1.52 (s, 9H), —24.94 (t, *Jp_ = 16.7
Hz, 1H).*'P{'H} NMR (121.5 MHz, CD;CN) &/ppm: 100.0—102.3 (m, 2P), 80.7—83.0 (m, 2P).
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5.5.9 Preparation of Ir,"™"(tfepma),(CN'Bu),Cl3(OH) (12) by Reaction of
Ir,"""(tfepma),(CN'Bu),Cl;(OOH) (3) with PPh;

A sample of 3 (25 mg, 0.015 mmol, 1.0 eq) was dissolved in 0.7 mL of THF. This
solution was used to dissolve solid PPh; (8 mg, 0.03 mmol, 2 eq). The solution was transferred to
a J. Young NMR tube and held at room temperature for 12 h. At this time, *'P{'"H} NMR
indicates the formation of 12 and O=PPhs as major products, along with unreacted PPh; and
some minor side products. The solution was concentrated in vacuo to yield a yellow residue,
which was redissolved in ~ 2 mL of 1:1 Et,O/hexane. This solution was concentrated in vacuo
to leave a yellow solid. The solid was washed with hexane and dried in vacuo. It was not
possible to satisfactorily separate 12 from the O=PPhs and unreacted PPhs, precluding suitable
elemental analysis by this method. Crystals of 12 suitable for X-ray diffraction were grown from
CH,Clyhexane at —20 °C and manually separated from the O=PPhi;/PPh; also present.
Spectroscopic data for 12: "H NMR (500 MHz, THF-dg) é/ppm: 6.96 (br, s, 1H), 5.48 (m, 2H),
5.26 (m, 2H), 4.98 (m, 4H), 4.84 (m, 2H), 4.76 (m, 2H), 4.66 (m, 2H), 4.47 (m, 2H), 2.93
(pseudoquintet, 6H), 1.49 (s, 9H), 1.29 (s, 9H). *'P{'H} NMR (121.5 MHz, THF-dg) é/ppm:
86.0-88.2 (m, 2P), 76.9-79.1 (m, 2P) (AA'BB’, 21 lines resolved, dayy = 82.6 ppm). IR (Nujol):

Yo = 3336 cm !, veon = 2187cm .

5.5.10 Preparation and Isolation of Ir,""(tfepma),(CN‘Bu),Cl;(OH) (12)

In the glovebox, 3 (37 mg, 0.022 mmol, 1.0 eq) was dissolved in 1 mL of THF in a
scintillation vial. In a separate vial, a stock solution of PEt; (20 puL, 0.14 mmol) in 0.20 mL of
THF was prepared. An aliquot of this stock solution (66 pL), corresponding to 2.0 eq of PEt;,
was added to the stirring solution of 3. The yellow solution was stirred for 2 h at room
temperature, at which time the crude *'P{'"H} NMR spectrum shows a mixture of 12, O=PEt;,
PEt;, and several side products. The solution was concentrated in vacuo to leave a yellow
residue. The residue was taken up in 4 mL of 1:1 Et,O/hexane, and concentrated in vacuo to
leave a yellow solid. The solid was recrystallized from 3 mL of 1:2 CH,Clyhexane at =35 °C.
The supernatant was decanted, and the yellow microcrystals were washed with 2 mL of hexane
and dried in vacuo. Yield: 22 mg (59%). '"H NMR (500 MHz, CD,Cl,) é/ppm: 6.88 (br, s, 1H),
5.26 (m, 2H), 5.08 (m, 2H), 4.76-4.91 (m, 4H), 4.68 (m, 4H), 4.52 (m, 2H), 4.35 (m, 2H), 2.86
(pseudoquintet, 6H), 1.46 (s, 9H), 1.23 (s, 9H). Sp{'"H} NMR (121.5 MHz, CD,Cl,) o/ppm:
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85.7-87.9 (m, 2P), 77.0-79.2 (m, 2P) (AA'BB’, 20 lines resolved, daye = 82.5 ppm). Anal. Calcd.
for C28H41C14F24II'2N409P4Z C, 2040, H, 251, N, 3.40. Found: C, 2074, H, 255, N, 3.22.

5.5.11 Reaction of Ir,;"™"(tfepma),(CN'Bu),Cl;(OOH) (3) with HCI

Complex 3 (15 mg, 0.0090 mmol, 1.0 eq) was dissolved in 0.68 mL of THF-dg. A
solution of HCI (0.48 M, 20 puL, 0.0097 mmol, 1.1 eq) in THF-ds (prepared by diluting a 4.2 M
HCl/dioxane solution) was introduced via autopipet. The solution lightened in color slightly, and
was immediately transferred to a J. Young NMR tube. Initial NMR spectra indicate complete
consumption of 3, with [Ir,""(tfepma)>(CN'Bu),Cl3(OH,)]Cl (13) as the major species. After 48
h, the NMR spectra show complete conversion to the pseuso-C,, isomer of
I, (tfepma),(CNBu),Cly (14), with several side products evident in the '"H NMR spectrum.
Crystals of 14 suitable for X-ray diffraction were obtained from this mixture by removing the
solvent in vacuo, redissolving in 2 mL of ca. 1:3 CH,Clyhexane and chilling to =35 °C
overnight. Spectroscopic data for 13: "H NMR (500 MHz, THF-ds) d/ppm: 7.83 (br, s, 2H),
4.45-5.45 (m, 16H), 3.14 (pseudoquintet, 6H), 1.60 (s, 9H), 1.47 (s, 9H). *'P{'H} NMR
(121.5 MHz, THF-dg) oJ/ppm: 79.9-81.7 (br, m, 2P), 69.8-71.6 (br, m, 2P)
(AA'BB’, 8 lines resolved, dayg = 75.8 ppm). IR (solid): ve=n = 2193 cm . Spectroscopic data for
14: '"H NMR (500 MHz, THF-dg) d/ppm: 5.18 (m, 4H), 5.04 (m, 8H), 4.62 (m, 4H), 3.03
(pseudoquintet, 6H), 1.50 (s, 18H). *'P{'H} NMR (121.5 MHz, THF-dg) §/ppm: 76.8 (s, 4P). IR
(Nujol): "oy =2188 cm .

5.5.12 Preparation and Isolation of Ir,"""(tfepma),(CN'Bu),Cl, (14) (pseudo-C;; isomer)

A sample of 3 (45 mg, 0.027 mmol, 1.0 eq) was dissolved in 2 mL of THF and sealed in a
septum-capped vial. An aliquot of HCI in dioxane (4.2 M, 13 uL, 0.054 mmol, 2.0 eq) was
introduced via syringe. The solution lightened in color, and after ~ 15 min an aliquot of the
headspace gas was withdrawn for GC analysis, which showed no gaseous reaction products. The
solution was concentrated in vacuo to leave a yellow residue, which was redissolved in
Et,O/hexane. Removal of the solvents in vacuo left a pale yellow solid, which was redissolved in
THF-ds. At this stage, '"H NMR showed a majority of aqua product 13, as described above. After
48 h, the crude "H NMR spectrum indicated complete consumption of 13, with the desired

product 14 as the major species (ca. 60% crude yield). The solution was concentrated in vacuo,
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and the resulting residue suspended in Et,O/hexane. Removal of the solvents in vacuo left a
yellow solid, which was redissolved in 1.5 mL of CH,Cl,/3 mL of hexane. The yellow solution
was chilled at =35 °C for 24 h, producing pure product 14 as yellow microcrystals. Yield: 12 mg
(27%). Spectral data are identical to those given above. Anal. Calcd. for CgHaoClyF24Ir2N4OgPy:
C, 20.18; H, 2.42; N, 3.36. Found: C, 20.41; H, 2.44; N, 3.22.

5.5.13 Reaction of Ir,;"" (tfepma),(CN'Bu),Cl;(OOH) (3) with 2,6-Lutidinium Chloride

A solution of 3 (10 mg, 0.0060 mmol, 1.0 eq) in 0.7 mL of THF was prepared in a J.
Young NMR tube. In a scintillation vial, a stock solution of 2,6-lutidinium chloride
(10.5 mg in 0.50 mL of CD;CN) was prepared. A 41-uL aliquot of this stock solution,
corresponding to 1 eq. of 2,6-lutidinium chloride, was added to the NMR tube. Initially some of
the 2,6-lutidinium hydrochloride precipitated, but with occasional shaking all solids dissolved
after ~ 2 h. After 40 h, the 'H NMR spectrum indicated the formation of 12 as the major product,
with some unreacted 3 also present (ca. 15% relative to 12). In addition to several metal-
containing side products, the NMR spectrum also indicated a mixture of 2,6-lutidinium chloride
and free 2,6-lutidine in the product mixture. The reaction can also be executed in the same
manner with a molar excess (2 eq) of 2,6-lutidinium chloride, and in this case all of 3 is

consumed within 15 h, with a similar distribution of side products.

5.5.14 X-Ray Crystallographic Details

Single crystals of 6 were grown from Et,O/hexane at —20 °C, crystals of 12 were
obtained from CH,Clyhexane at —20 °C, and crystals of 14 were grown from the same solvent
system at —35 °C. The crystals were mounted on a Bruker three-circle goniometer platform
equipped with an APEX detector. A graphite monochromator was employed for wavelength
selection of the Mo Ka radiation (1 = 0.71073 A). The data were processed and refined using the
program SAINT supplied by Siemens Industrial Automation. Structures were solved by
Patterson methods in SHELXS and refined by standard difference Fourier techniques in the
SHELXTL program suite (6.10 v., Sheldrick G. M., and Siemens Industrial Automation, 2000).
Hydrogen atoms bonded to carbon were placed in calculated positions using the standard riding
model and refined isotropically; all other atoms were refined anisotropically. A disordered Et,O

solvent molecule was present in the structure of 6, and was modeled as a two-part disorder about
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a special position. Also in this structure, the oxygen-bound hydrogen atom was tentatively
located with two distinct maxima in the difference map, and as such was modeled as a two-part
disorder with the O—H distance restrained to be 0.84 A. The oxygen-bound hydrogen atom in 12
was tentatively located in the difference map, but owing to the substantial disorder in the crystal
was constrained using a standard riding model for O—H protons. The crystal of 12 was found to
be a nonmerohedral twin; two domains of the unit cell were located, the absorption correction
was applied using the program TWINABS, and for the final refinement cycles the model was
refined against both twin domains. In addition, the structure of 12 was substantially disordered.
By virtue of a crystallographically imposed inversion center at the molecule’s centroid, two
orientations of the six monodentate ligands were present. In addition, three of the four
crystallographically independent —CF; groups were disordered about two positions, and the
dichloromethane solvent molecule was disordered about a special position. In the structure of 14,
one of the —CF; groups was modeled as a two-part disorder. The (1,2) and (1,3) distances of all
disordered parts were restrained to be similar using the SADI command; the rigid-bond restraints
SIMU and DELU were also used on disordered parts. Crystallographic details for 6, 12, and 14

are summarized in Table 5.1.
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Table 5.1. Crystallographic summary for 6, 12, and 14.

6-0.5Et,0 12-CH,Cl, 14
Formula CaoHssCl3F24IrN4O10.5 P4 CooHyzClsFoalraNsOoPs CogHaoClaF24IraN4O1oPy
fw, g/mol 1857.55 1 1733.20 1666.72
Temperature/K ~ 100(2) 175(2) 100(2)
cryst. syst. Triclinic Triclinic Monoclinic
space group PT PT P2,/c
color Yellow Yellow Yellow
a/A 12.6295(19) 10.4031(11) 12.7559(9)
b/A 15.778(2) 12.5695(13) 19.5938(14)
c/A 17.895(3) 12.6361(13) 21.0181(15)
o/° 84.570(2) 65.033(2) 90
p/° 80.215(2) 70.612(2) 97.9880(10)
/° 70.494(2) 84.392(2) 90
VIA® 3309.6(9) 1411.2(3) 5202.2(6)
p (calc.)/(gcm™) 1.864 2.039 2.128
Z 2 1 4
no. refl. 76039 64399 117116
no. unique refl. 19179 8499 15213
Rint 0.0474 0.0557 0.0527
R“ (all data) 0.0456 0.0638 0.0483
WwR,’ (all data)  0.0769 0.1362 0.0811
Ry [(I>20)] 0.0309 0.0521 0.0318
wR, [(I>20)] 0.0709 0.1294 0.0718
GOF* 1.043 1.098 1.040

“Ri = Z|F, = [FJIZIF). " wRy = (E(W(F,* = FEYYEW(FS)'?. ¢ GOF = (£ w(F,! = F&)ln = p))'”
where 7 is the number of data and p is the number of parameters refined.

216



5.6 References

(D
)
3)
4
)
(6)
(7
®)
9
(10)

(1)
(12)
(13)

(14)
(15)
(16)

(17)

(18)
(19)

(20)

21)
(22)
(23)
24)

Costas, M.; Mehn, M. P.; Jensen, M. P.; Que, L. Chem. Rev. 2004, 104, 939-986.
Mirica, L. M.; Ottenwaelder, X.; Stack, T. D. P. Chem. Rev. 2004, 104, 1013—-1046.
Lewis, E. A.; Tolman, W. B. Chem. Rev. 2004, 104, 1047-1076.

Rosenthal, J.; Nocera, D. G. Acc. Chem. Res. 2007, 40, 543-553.

Stahl, S. S. Angew. Chem. Int. Ed. 2004, 43, 3400-3420.

Roberts, H. L.; Symes, W. R. J. Chem. Soc. A 1968, 1450—1453.

Johnston, L. E.; Page, J. A. Can. J. Chem. 1969, 47, 4241-4246.

Gillard, R. D.; Heaton, B. T.; Vaughan, D. H. J. Chem. Soc. A 1970, 3126-3130.
Endicott, J. F.; Wong, C.-L.; Inoue, T.; Natarajan, P. Inorg. Chem. 1979, 18, 450-454.

Atlay, M. T.; Preece, M.; Strukul, G.; James, B. R. J. Chem. Soc., Chem. Commun. 1982,
406—407.

Atlay, M. T.; Preece, M.; Strukul, G.; James, B. R. Can. J. Chem. 1983, 61, 1332—1338.
Bakac, A. J. Am. Chem. Soc. 1997, 119, 10726-10731.

Thyagarajan, S.; Incarvito, C. D.; Rheingold, A. L.; Theopold, K. H. Chem. Commun.
2001, 2198-2199.

Cui, W.; Wayland, B. B. J. Am. Chem. Soc. 2006, 128, 10350-10351.
Wick, D. D.; Goldberg, K. I. J. Am. Chem. Soc. 1999, 121, 11900-11901.

Konnick, M. M.; Gandhi, B. A.; Guzei, I. A.; Stahl, S. S. Angew. Chem. Int. Ed. 2006, 45,
2904-2907.

Denney, M. C.; Smythe, N. A.; Cetto, K. L.; Kemp, R. A.; Goldberg, K. I. J. Am. Chem.
Soc. 2006, 128, 2508-2509.

Szajna-Fuller, E.; Bakac, A. Inorg. Chem. 2010, 49, 781-785.

Keith, J. M.; Nielsen, R. J.; Oxgaard, J.; Goddard, W. A. J. Am. Chem. Soc. 2005, 127,
13172-13179.

Keith, J. M.; Muller, R. P.; Kemp, R. A.; Goldberg, K. I.; Goddard, W. A.; Oxgaard, J.
Inorg. Chem. 2006, 45, 9631-9633.

Konnick, M. M.; Stahl, S. S. J. Am. Chem. Soc. 2008, 130, 5753-5762.

Konnick, M. M.; Decharin, N.; Popp, B. V.; Stahl, S. S. Chem. Sci. 2011, 2, 326-330.
Decharin, N.; Stahl, S. S. J. Am. Chem. Soc. 2011, 133, 5732-5735.

Decharin, N.; Popp, B. V.; Stahl, S. S. J. Am. Chem. Soc. 2011, 133, 13268-13271.

217



(25)
(26)
27)

(28)

(29)
(30)

€2))
(32)

(33)

(34)
(35)

(36)

(37)
(38)

Konnick, M. M.; Guzei, 1. A.; Stahl, S. S. J. Am. Chem. Soc. 2004, 126, 10212—-10213.
Strukul, G.; Ros, R.; Michelin, R. A. Inorg. Chem. 1982, 21, 495-500.

Karlin, K. D.; Ghosh, P.; Cruse, R. W.; Farooq, A.; Gultneh, Y.; Jacobson, R. R.;
Blackburn, N. J.; Strange, R. W.; Zubieta, J. J. Am. Chem. Soc. 1988, 110, 6769—6780.

Miyaji, T.; Kujime, M.; Hikichi, S.; Moro-oka, Y.; Akita, M. Inorg. Chem. 2002, 41,
5286-5295.

Wang, W.-D.; Bakac, A.; Espenson, J. H. Inorg. Chem. 1995, 34, 4049—4056.

Mirza, S. A.; Bocquet, B.; Robyr, C.; Thomi, S.; Williams, A. F. Inorg. Chem. 1996, 35,
1332-1337.

Pestovsky, O.; Bakac, A. J. Am. Chem. Soc. 2003, 125, 14714-14715.

Man; Zhu, J.; Man, S. M.; Zhou, Z.; Yin, C.; Lin, Z.; Lau, C. P. Organometallics 2004, 23,
6214-6220.

Teets, T. S.; Cook, T. R.; McCarthy, B. D.; Nocera, D. G. Inorg. Chem. 2011, 50, 5223—
5233.

Teets, T. S.; Nocera, D. G. J. Am. Chem. Soc. 2011, 133, 17796-17806.

Teets, T. S.; Cook, T. R.; McCarthy, B. D.; Nocera, D. G. J. Am. Chem. Soc. 2011, 133,
8114-8117.

Mimoun, H.; Charpentier, R.; Mitschler, A.; Fischer, J.; Weiss, R. J. Am. Chem. Soc.
1980, /02, 1047-1054.

Teets, T. S.; Cook, T. R.; Nocera, D. G. Inorg. Synth. 2010, 35, 164—168.
Sasaki, T.; Nakanishi, A.; Ohno, M. J. Org. Chem. 1981, 46, 5445-5447.

218



Chapter 6 —
Oxygen-Reduction Reactions of Monometallic
Rhodium Hydride Complexes

Portions of this work have been previously published.:

Reproduced in part with permission from Teets, T. S.; Nocera, D. G. Inorg. Chem.,
submitted for publication. Unpublished work copyright 2012 American Chemical Society.
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6.1 Introduction

In Chapter 4, oxygen-reduction chemistry of dirhodium and diiridium hydride complexes
was considered, which was further expounded in Chapter 5 with a discussion of the reactivity of
a novel diiridium hydroperoxo complex. In considering the reaction chemistry that was described
in these preceding chapters, all mechanistic sequences could be rationalized by considering only
one of the two centers of the bimetallic complexes, with no explicit bimetallic cooperativity
proposed. It is true that the metal-metal-bonding motif stabilized the formally M° and M"
oxidation states that were involved in the oxygen-reduction chemistry, but it was unclear if the
role of the second metal extended beyond this electronic stabilization. As such, an immediate
goal upon unveiling the oxygen-reduction chemistry of the dirhodium and diiridium complexes
was to explore analogous chemistry on mononuclear metal complexes. In addition, monometallic
systems offer enhanced prospects for tunability. As was briefly mentioned in the last chapter, the
bimetallic complexes suffer from poor synthetic generality, and attempts to make substantial
ligand substitutions were met with failure. With monometallic complexes, ligand architectures
can be systematically tuned, enabling detailed studies of electronic-structure effects on the

observed oxygen-reduction mechanisms.

The immense field of oxygen-activation chemistry was introduced in Chapters 4 and 5,
and will be briefly reconsidered here to contextualize the content of this chapter. The
fundamental reactivity of O, at transition-metal centers is at the nexus of bioenergy'” and
chemical energy>* conversion. In nature, oxidase’ and oxygenase™’ enzymes utilize O, as the
oxidant in crucial respiratory and biosynthetic catalyses by managing both the proton and
electron inventory. With an eye towards designing biomimetic catalysts and gaining a more
thorough understanding of energy-conversion mechanisms, numerous model complexes

designed to retain key features of the enzyme active sites have appeared.* '° By appending either

11,12 9,13-17

Bronsted acids or auxiliary metal centers in the secondary coordination sphere of a
metallomacrocycle, biofunctional O,-reduction catalysts have been realized. In addition, because
of oxygen’s abundance and environmental compatibility, in the realm of synthetic chemistry
there is considerable appeal in developing catalytic systems that utilize O, as the sole oxidizing

23-25

. 18,19 . 20 21 . 22
species. ~~ Complexes of iron,” copper,” rhodium,™ and select other metals can catalyze

aerobic oxidation reactions, though palladium catalysis is the most widespread.'*%**
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The insertion of O, into metal-hydride bonds often plays a key role in its activation
especially if the reactions occur in acidic media and/or are attendant to C—H activation. As such,
in-depth studies of the reactions of O, with metal hydride complexes are germane to numerous
topics in catalysis. There are many examples of O, insertion into metal hydrides to furnish

29-41
hydroperoxo complexes,

and in recent years mechanistic studies of the aerobic oxidation of
group 10 hydrides and especially those involving palladium have proliferated in the context of
the aerobic oxidation catalysis.**™*® In previous years, mechanistic studies of O, reactivity with

323341 But as was described in Chapter 4 of this

group 9 metal hydrides were less numerous.
thesis, dirhodium hydride complexes, accessed by reversible HCl addition to two-electron
mixed-valent centers, promote the reduction of oxygen to water.” Mechanistic studies of this
transformation were undertaken, leading to the discovery that the analogous diiridium hydride
complex inserts O, to form an isolable hydroperoxo complex.”’ This finding, coupled with
kinetic® and as yet unpublished computational analyses of both the dirhodium and diiridium
systems, fostered the conclusion that a hydroperoxo complex is a key intermediate in the 4¢ /4H"
oxygen-reduction reaction (ORR) of O, to water. Though some examples involve radical chain

32,51

mechanisms, most of these recent mechanistic studies reveal two common pathways for the

insertion of O, into a metal hydride bond: (i) the “HX reductive-elimination” (HXRE)

. 41,454
mechanism,***

where reductive elimination precedes reaction of the reduced metal center with
0,, and (ii) “H-atom abstraction” (HAA),*”* where O, reacts directly with the metal hydride. It
has been observed experimentally that it is possible in some systems for these two mechanisms

o - 46,50
to be competitive and occur simultaneously.™

The proclivity of the HXRE and HAA mechanisms to compete in O, activation offers the
opportunity to assess the electronic factors that are the determinants of the HXRE and HAA
pathways, and thus provide further insight into the preferred mechanism(s) of the aerobic
oxidation reactions. Such a line of inquiry thus demanded the construction of new transition-
metal scaffolds to effect ORR activity. Another outstanding goal was to better understand the
role of the second metal in the O;-activation chemistry of bimetallic centers and to determine
whether bimetallic cooperativity at two-electron mixed-valent centers®® offered any benefits for
the ORR. Accordingly interrogation of O, activation and reduction at monometallic rhodium
hydride complexes commenced, and the initial findings are disclosed herein. Three isostructural

rhodium hydride complexes of the type cis-trans-Rh"'CLLH(L)(PEt;),, (where L = CO,
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2,6-dimethylphenylisocyanide (CNXy) or 1-adamantylisocyanide (CNAd)) are found to promote
the ORR in the presence of HCl with the attendant production of the corresponding
trans-Rh"CI3(L)(PEt;),. Alteration of L has a dramatic effect on both the HCl-addition
equilibrium constant and on the O,-binding thermodynamics of the parent Rh' complexes. It is
shown that when L is an isocyanide, an aqua-rhodium(III) intermediate forms prior to generation
of the final product. By interrogating the reactivity of the O, adducts trans-
Rh™CI(CNR)(1n*-0,)(PEt3) (R = 2,6-dimethylphenyl, 1-adamantyl) it is also demonstrated that
these n>-peroxo complexes and the spectroscopically unobserved hydroperoxo complexes are

plausible intermediates in the ORR of the hydride complexes.

6.2 Results
6.2.1 HCI Addition to Rh' Complexes to Furnish Rh™" Hydride Complexes

A series of Rh' complexes of the type frans-Rh'CI(L)(PEt;), was prepared to provide
precursors to the desired hydride-containing complexes. Scheme 6.1 describes the syntheses of
these complexes. The frans-Rh'CI(CO)(PEt;), (1a) precursor complex was accessed by a
stoichiometric reaction of [Rh'(CO),Cl], with PEts, as described previously.53 Complexes 1b (L
= CNXy) and 1c (L = CNAd) were prepared in a stepwise manner, successively adding
stoichiometric amounts of PEt; and the isocyanide to [Rh'CI(COD)],. A similar strategy has been
employed to prepare close variants of 1b and 1¢.* Use of PEt; as the supporting phosphine

55-57

resulted in greater solubility than that for the more common PPh; analogs, thereby

facilitating studies in ethereal solvents, which is a solvent of choice for O,-reduction reactions of

the type described herein.*°

(Rh(CO),CIl,

+ 4 PEt, ci
Et;P—Rh'—PEt,
[Rh/(COD)CI], !
+4 PEty 1a: L = CO (100%)
+2L

1b: L= CN

1oL = CN@wNAd (96%)

Scheme 6.1. Synthesis of Rh' precursors 1a—c. Isolated yields are listed in parentheses.

= CNXy (98%)
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Kuer:

a: 9.6
b: 1.4 x 10*
Cl Cl
| c: 3.6 x 10° Cl, 7
Et3P—I|?h'—PEt3 +HCI Et3P—I|?h\'“—PEt3
L L H
1a:L=CO 2a:L=CO
1b: L = CNXy 2b: L = CNXy (93%)
1c: L = CNAd 2c: L = CNAd (91%)

Scheme 6.2. HCI addition to form hydride complexes 2a—c. Isolated yields are listed in
parentheses.

Hydride complexes cis-trans-Rh"™ CLH(L)(PEt3), (2a—¢) were prepared by HCI addition
to Rh' complexes 1a—c, as depicted in Scheme 6.2. Treatment of 1a with a large excess of HCI
results in the growth of new NMR features attributable to 2a. The *'P{'H} NMR spectrum in
THF-dg shows a slight downfield shift, from 25.0 ppm for 1a to 26.4 ppm in 2a, as well as a
decrease in the 'Jrnp from 117 Hz in 1a to 81 Hz in 2a, characteristic of oxidation of the
rhodium center. The 'H NMR spectrum shows, in addition to the expected resonances arising
from PEt;, growth of a new doublet-of-triplets resonance in the low-frequency region, centered
at —13.16 ppm and indicative of the rhodium-bound hydride. HCI addition to 1a to form 2a is
reversible,”® such that removal of HCI from 2a results in complete reversion to 1a. Complexes
2b and 2c¢ featuring isocyanide ligands have not been previously described, though an isolated
example of a close relative prepared by hydride transfer from an alcoholic reaction medium is
known.” Hydride complexes 2b and 2¢ were found to form quantitatively upon treatment of 1b
and 1c¢ with HCI. Furthermore, these complexes are isolable, and can be obtained in pure form as
colorless solids. Characteristic NMR features, similar to those described for 2a, are observed for
2b and 2c as well. Specifically, the *'P{'H} NMR doublet (in C¢Ds) downshifts slightly upon
HCI addition, from 23.6 ppm (1b) and 22.8 ppm (1¢) to 24.7 ppm (2b) and 24.1 ppm (2¢). Even
more definitive is the almost 40-Hz decrease in the 'Jgy_p coupling constant, from 124 Hz (1b)
and 127 Hz (1¢) to 86 Hz (2b) and 88 Hz (2¢). And once again, the low-frequency region of the
"H NMR spectrum clearly indicates the presence of a rhodium-bound hydride, with 'Jg,_y values
of 18.1 Hz (2b) and 17.9 Hz (2¢). The additional splitting in the doublet-of-triplets splitting
pattern for this hydride resonance is brought on by coupling to two equivalent phosphorus nuclei,
with *Jp_y values of 11.4 Hz (1b) and 11.6 Hz (1¢) indicating a cis arrangement of the hydride
relative to the phosphine ligands.
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Figure 6.1. X-ray crystal structure of 2b. Ellipsoids are shown at the 50% probability level with
all carbon-bound hydrogen atoms omitted for clarity.

The stereochemistry of 2b was confirmed by single-crystal X-ray diffraction. The
structure of the complex is shown in Figure 6.1. The geometry of the Rh'™ center is octahedral
with a trans arrangement of the two PEt; ligands and a cis arrangement of the two CI ligands.
Of note is the disparity of the two Rh—Cl bond distances. The strong frans influence of the
hydride ligand causes the Rh(1)-Cl(2) distance (2.4947(5) A) to be substantially longer than the
Rh(1)-CI(1) distance (2.4041(5) A). The stereochemistry of 2b is consistent with the known
stereochemical preference for HCI addition to square-planar M' centers,’’ and this precedent,
coupled with the similarities in the NMR features, lead us to conclude that 2a and 2¢, which

were not crystallographically characterized, are isostructural with 2b.

The addition of HCIl to la—c establishes the equilibrium shown in Scheme 6.2. The
equilibrium constant for the reaction (Kyc; = [2]/[1][HCI]) was determined directly by the
addition of known concentration of HCI to a 1,4-dioxane solution of 1a. Integration of the
3'p{"H} NMR spectrum furnished the equilibrium concentrations of 1a and 2a. The equilibrium
constants for the 1b/c to 2b/c conversions were too large to be easily determined by the direct
addition of HCI to solutions of the starting complexes. Thus a thermodynamic cycle connecting
HCI and the weaker acid, 2,6-lutinidium hydrochloride, was constructed. By using 2,6-lutinidium
hydrochloride as the acid source in acetonitrile, an equilibrium between the Rh' complex and

Rh"™ hydride was established. By coupling this measured equilibrium constant with the known
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ci, © a, §

.. | 1,4-dioxane 3
Et3P—Rh\”'—PEt3 + HCI +/,0, Et3P—Rh\”'—PEt3 +H,0
[ H Yl
2a:L=CO 3a:L=CO
2b: L = CNXy 3b: L = CNXy
2c: L = CNAd 3c: L =CNAd

Scheme 6.3. Oxygen-reduction chemistry of 2a—c.

pKy’s of 2,6-lutidinium (14.13)°" and HCI (8.9)* in acetonitrile,” the Kuci values were

determined and are tabulated in Scheme 6.2.

6.2.2 Oxygen-Reduction Chemistry of 2a—c.

Hydride complexes 2a—c react with O,, in the presence of additional HCI, as summarized
in Scheme 6.3. In all cases, the final outcome of the reaction between the hydride complex and
0, and HCl is the respective trans-Rh™Cl3(L)(PEt3),, 3a—c, which is produced cleanly. Products
3a—c were prepared independently by PhICl, oxidation of Rh' complexes la—c, allowing the
identities of the final products formed in the reactions of Scheme 2 to be ascertained
unequivocally. The infrared- and NMR-spectral features of complex 3a, formed exclusively
when 1a is treated with equimolar PhICI,, are consonant with the previously reported spectral

data for this known compound;’*” complexes 3b and 3¢ have not been reported. Oxidation of 1b

Figure 6.2. X-ray crystal structure of 3b. Ellipsoids are shown at the 50% probability level, with
hydrogen atoms are omitted for clarity.
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with PhICI, initially forms a mixture of 3b and a second isomer, mer-cis-Rh"™ Cl3(CNXy)(PEt3),,
which converts to 3b in ~ 48 h at room temperature. PhICI, oxidation of 2¢ forms 3¢ exclusively.
3b and 3¢ possess >'P{'H} spectral features similar to 3a, and together with the X-ray crystal
structure results of Figure 6.2, a trans arrangement of the PEt; ligands and corresponding

meridional arrangement of Cl ligands in these products are established.

The reaction progression of hydride 2a (L = CO) significantly deviates from that of 2b
and 2c. Figure 6.3 shows the evolution of the *'P{'"H} NMR spectra upon treatment of 2a with
HCI (2.1 M) and O; (ca. 0.2 atm) in 1,4-dioxane at room temperature. Over a long time course,
the resonance attributed to 2a (27.0 ppm, 'Jry_p = 80 Hz) gives rise exclusively to the resonance
for 3a (19.9 ppm, 'Jrnp = 72 Hz). Much like the dirhodium system,””° no intermediates are
spectroscopically observed along the ORR conversion, suggesting that whatever intermediates
are involved are short-lived and only present in very small quantities throughout the course of

the reaction.

As shown in Figure 6.4a, the conversion of 2b in the presence of HCI (77 mM) and O,
(1 atm) in 1,4-dioxane to 3b is also slow. However, in this case the growth of an intermediate

species in the S'P{'H} NMR spectrum is clearly observed. Whereas a S'p{'"H} NMR doublet of
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Figure 6.3. Temporal evolution of the >'P{'H} NMR spectra when 2a, in the presence of 2.1 M
HCI, is treated with ca. 0.2 atm of O at room temperature. Spectra were collected at the time
intervals depicted on the right of the plot. The resonances attributed to 2a and 3a are labeled.
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Figure 6.4. Time-resolved *'P{'H} NMR spectra when 2b, in the presence of (a) 77 mM HCI or
(b) 250 mM HCI, is treated with 1 atm of O, at room temperature. Spectra were collected at the

time intervals depicted on the right of the plot. The resonances attributed to 2b and 3b are
labeled.

2b (25.0 ppm, 'Jrnp = 86 Hz) is observed at early times, and that of 3b (15.6 ppm, 'Jrnp =77
Hz) is observed at late times, a unique species, with a chemical shift of 18.7 ppm and 'Jgy_p = 74
Hz, is apparent at intermediate times. Under these conditions, the reaction requires in excess of
25 h to reach completion. When the concentration of HCI is augmented to 250 mM under
otherwise identical conditions, the appearance of the intermediate species is noticeably
suppressed, as shown in Figure 6.4b. At early time points a small amount of the intermediate is
noted, but for all spectra at £ > 24 h only 2b and 3b are present. It is also notable that, under these

conditions with higher HCI, the reaction time to reach completion is substantially longer.

In a similar fashion, the conversion of 2¢ (L = CNAdJ) to 3¢ also involves an apparent
intermediate species. Shown in Figure 6.5a, upon treating 2¢ with additional HCI (77 mM) and
0, (1 atm) the *'P{'"H} NMR doublet of 2¢ (24.2 ppm, 'Jrnp = 87 Hz) gives way to that of 3¢
(14.5 ppm, 'Jrnp = 78 Hz), and a unique species, with a chemical shift of 17.4 ppm and
'Jrnp = 75 Hz, is apparent at intermediate times. Compared to 2b, with 2¢ increasing the
concentration of HCl has less of an effect on the reaction progression, which is apparent from the
data presented in Figure 6.5b. Qualitatively speaking, the intermediate builds in concentration to
a comparable level with the higher acid concentration, although once again the timescale of the
reaction is significantly longer. The precise kinetic origins of these qualitative observations will

be of considerable interest in future studies of these and related complexes.

227



time/h time/h
2c 129 2c L 213
1 58 1 129
Ly 33 - I 95
ub | 21 JL %\i 58
7 L 21
Iy e 1 J e J 7
y 0 UL
rrrrrrrrrrrrr Tyt ryT rrrrrrrrrrrr T rrr
30 28 26 24 22 20 18 16 14 12 10 30 28 26 24 22 20 18 16 14 12 10
d/ppm 8/ppm

Figure 6.5. Time-resolved *'P{'H} NMR spectra when 2¢, in the presence of (a) 77 mM HCI or
(b) 250 mM HCI, is treated with 1 atm of O, at room temperature. Spectra were collected at the

time intervals depicted on the right of the plot. The resonances attributed to 2¢ and 3¢ are
labeled.

Although this aforementioned intermediate forms in relatively small quantities during the
O,-reduction reaction, making it difficult to positively identify under these conditions, it could be
immediately ruled out that it is simply an isomer of Rh™'Cl; 3b/c. The two other possible isomers
of 3b are formed at early time points when 1b is oxidized with PhICl,. As expected, the *'P{'H}
NMR spectrum of the mer-cis isomer contains two distinct doublet-of-doublet resonances,
whereas the fac isomer gives rise to a doublet which is further downfield (31.1 ppm) and has a
larger 'Jrnp (102 Hz) than that of 3b/c. As detailed below, an alternate reaction strategy
furnishes this intermediate in much higher yields, ultimately allowing it to be identified as a Rh™"

aqua complex.

6.2.3 Generation and Reactivity of Rh''-peroxo Complexes

Addition of 1 atm of O, to a solution of 1a produces only a small amount of a new
product, 4a, with mostly 1a remaining. Product 4a, which forms in < 5% yield under these
conditions, shows a slightly downfield-shifted *'P{'H} resonance (30.0 ppm) with a smaller
' Jrn_p coupling constant (82 Hz) relative to that of 1a. Over a period of 1 week, the compound
decomposes and O=PEt; and an intractable mixture of metal-containing products are observed.
The poor yield and stability of 4a precluded its characterization and identification of its
reactivity. In contrast, treatment of 1b/¢ with O, at 1 atm leads to clean, quantitative formation of

trans-Rh™ CI(L)(n*-0,)(PEt;), (4b: L = CNXy; 4¢: L = CNAJ), illustrated in Scheme 6.4.
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Scheme 6.4. Synthesis of Rh'"'-peroxo complexes 4b/c. Isolated yields are listed in parentheses.

Though these complexes suffer from limited solution stability, again decomposing to
O=PEt; and a mixture of rhodium-containing products, the peroxo complexes can be isolated in
pure form in the solid state and do persist long enough in solution to characterize their spectral
properties and reactivity. In C¢Ds solution, 4b/c display characteristic >'P{'H} NMR spectra,
with doublets at 26.3 and 25.3 ppm for 4b and 4c, respectively. The 'Jry p values of 87 (4b) and
89 (4¢) Hz are suggestive of Rh™ centers featuring a frans arrangement of the two PEt; ligands.
Isolated solids of 4b/4c give rise to nearly identical O—O bond stretching frequencies in their
infrared spectra (Vo_o = 876 cm ' for 4b and 877 cm ' for 4¢); these values are suggestive of an

0-O single bond.**

The X-ray crystal structure of 4b, shown in Figure 6.6, confirms that O, binds in a
n*-peroxo motif. The geometry about the Rh™ center approximates trigonal-bipyramidal if the

midpoint of the O—-O vector is taken to occupy a coordination site. As established from the

Figure 6.6. X-ray crystal structure of 4b. Ellipsoids are shown at the 50% probability level with
hydrogen atoms omitted for clarity.
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Scheme 6.5. HCI reactivity of Rh"™'-peroxo complexes 4b/c.

3'p{'"H} NMR spectrum the two PEt; ligands remain trans to one another, occupying the apical
positions of the trigonal bipyramid. The O(1)-O(2) internuclear distance of 1.4413(12) A is
consistent with the formulation of an O,>~ ligand with an O-O single bond.****%% Although 4c¢
was not structurally characterized, its nearly identical spectral features to those of 4b point to an

analogous structure for 4c.

With synthetic routes to 4b and 4c¢ in hand, the reactivity of the compounds with HCI was
interrogated, under conditions similar to those of the O,-reduction experiments described above.
This reactivity is summarized in Scheme 6.5. Whereas treatment of 4b and 4c with a single
equivalent of HCI produces an intractable mixture of Rh™ products, use of three equivalents of
HCI cleanly generates a mixture of two products. After 20 min, the major product (ca. 80%) is
the same intermediate observed above in the reactions of O, with hydrides 2b/c, with the balance
accounted for by 3b/c. The intermediate gradually converts to Rh™Cl; products 3b/c over time,
in line with the observations in the previous section for the O,-reduction experiments, where
3b/c are formed as the exclusive products when the aqua intermediate disappears. Gas
chromatographic analysis of the headspace gas, immediately following HCI addition, shows no
evidence for gaseous products formed during this reaction, indicating that O, is not a reaction
product. As such, the fate of the second oxygen atom in the peroxo remains unclear, but
bimolecular reactions which could result in production of one-half of an equivalent of O, can be

ruled out.
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Having established a route to prepare the intermediate species in appreciable quantities
by HCI addition to 4b/c, interrogation of the compound with a variety of experimental methods
leads to its unequivocal identification as the aqua complex, cis-trans-[Rh"™(OH,)CL(L)(PEt;),]Cl
(5b: L = CNXy; 5¢: L = CNAJd). The IR spectrum of an isolated solid mixture of Sb/c and 3b/c
shows only stretches attributed to the PEt; and isocyanide ligands. The region between
800 and 1000 cm ' is notably barren, suggesting the absence of an O—O bond in 5b/c and
discounting the formulation of these intermediates as hydroperoxo complexes. Furthermore, in
the absence of HCI the 'H spectra of 5b/c, in addition to the expected resonances arising from
PEt; and the respective isocyanide, show an additional singlet that integrates to two protons at
5.92 ppm (5b, CD;CN) and 6.58 ppm (S¢, C¢Dg). The positions of these new resonances, their
slightly broadened lineshapes, and their rapid exchange with HCI on the NMR timescale suggest
O—H protons. It has also been verified that 5¢ cleanly converts to 3¢ in C¢Dg in the absence of
HCI or O,. Over a period of ca. 24 h, the NMR features of 5S¢ disappear, with concomitant
growth of the peaks for 3¢, as well as a broad singlet at 0.60 ppm, which is attributed to free
H,0. The broadening of this water peak and the slight shift from the 0.40 ppm chemical shift of

H,O in C6D667 indicate a weak interaction of the liberated water with 3c.

All spectroscopic results were confirmed with the solution of the single-crystal X-ray
structure of Se¢. Figure 6.7 shows two views of the structure of Se¢. In Figure 6.7a, the cation
cis-trans-[Rh™(CNAd)(OH,)CLy(PEt;),] " is depicted, which confirms the stereochemistry about
the Rh™ center, where a frans arrangement of the two PEt; ligands and a cis arrangement of the
two Cl ligands persists. In Figure 6.7b, the structure is extended to show the outer-sphere Cl
counterion, as well as a neighboring molecule of 5S¢ that is related by a crystallographic inversion
center. This view clearly shows a series of hydrogen-bonding interactions between the aqua
protons and the outer-sphere Cl anions that stabilize the structure and give rise to a dimeric
motif in the solid state. The hydrogen-bonding donor-acceptor distance between O(1) and Cl(1s)
is 2.948(3) A, whereas the distance is 3.056(3) A between O(1) and the symmetry-generated
equivalent of CI(1s). This reveals a slight asymmetry in the two crystallographically independent

hydrogen-bonding interactions.

In summary, treatment of 4b/c with HCI results in rapid cleavage of the O—O bond and

instantaneous generation of aqua intermediate Sb/e, which liberates H,O and forms 3b/c
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Figure 6.7. X-ray crystal structure 5c, with ellipsoids shown at the 50% probability level. All
carbon-bound hydrogen atoms and solvent molecules are omitted for clarity. In (a), the cation is
shown, with the outer-sphere CI omitted. In (b), the counterion is included, as well as a second
molecule of 5¢ generated by a crystallographic inversion center. Dashed lines indicate located
hydrogen bonds, and atoms labeled with an asterisk (*) are symmetry equivalents of those with
conventional labels.

irrespective of the presence of O, and HCIL. It is not clear whether the conversion of peroxo
complex 4b/c to Rh"'Cl; complex 3b/c necessarily proceeds through the aqua intermediate Sb/c,

or if the direct conversion is possible (dashed arrow in Scheme 4).

6.3 Discussion

Alteration of a single neutral donor ligand can have a profound effect on O, activation
and reduction by late-metal molecular complexes. The dramatic effect of the ligand environment
is manifested most profoundly in the equilibrium constant for HCI addition, Ky, an important
parameter for O, activation, particularly when a HXRE mechanism is operative.*****" The
strongly m-acidic CO supporting ligand of 1a renders the Rh' center comparatively electron poor,
and a Kyc; of 9.6 is observed. The small value of Ky precludes isolation of hydride complex 2a,
and in the absence of HCI, reversion to 1a occurs with facility. Upon changing L to substituted
isocyanides, HCI addition is strongly favored (see Scheme 6.2) and isolation of hydrides 2b/c is
readily achieved. Similar trends are observed for the addition of O, to 1a—¢ to generate peroxo

complexes 4a—c. For 1a, addition of 1 atm of O, generates only a small amount of the presumed

peroxo complex 4a, whereas quantitative formation of 4b/c is observed under identical
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conditions. The thermodynamic metrics for HCl addition, coupled with the qualitative
observations on O, addition, readily demonstrate that the electronic environment of the rhodium

center can be significantly altered by simple ligand substitution.

The Os-reduction chemistry of cis-trans-Rh™ CLH(L)(PEt3), (2a—¢) is quite general. In
all cases, treatment of the hydride with excess HCl and O, leads to smooth conversion to
trans-Rh"'C13(L)(PEt3), (3a—c) with concomitant formation of H,O, monometallic analogs to
previously reported bimetallic systems.* Though an intermediate is not observed for 2a by
traditional spectroscopic techniques, the aqua complex [Rh"(OH,)Cly(L)(PEt;),]JCl1 (5b/c)
appears during the course of the reaction of 2b/¢ to 3b/c. The identification of Sb/e¢ demonstrates
that O, is being reduced to water in these systems, though it is unclear at this stage if there is a
mechanistic significance of the bound aqua complex, which has not been detected for the ORR

of bimetallic systems.

The reaction times for O, reduction by the monometallic systems described here are
substantially longer than those required for bimetallic complexes. For hydride 2a (L = CO), high
concentrations of HCI are required to ensure 2a as the majority species, whereas hydrides 2b/c
do react under identical conditions to those investigated for the dirhodium hydrides albeit over
reaction times of ~ 4 to 5 days, as compared to a few hours for dithodium complexes. These
observations suggest a possible benefit of bimetallic cooperativity for the ORR promoted by late
transition-metal systems, though more in-depth studies will be required to deconvolute effects
associated with the disparate electronic parameters of the monometallic complexes described
here compared to the bimetallic system initially studied. In particular, the dithodium complexes
were bridged by relatively electron-poor phosphite-based tfepma (CHs[(P(OCH,CFs),],) ligands,

whereas the monometallic complexes here are ligated by electron-rich PEt; ligands.

As 1n°-peroxo species are keystones to the ORR, especially for reactions proceeding by a
HXRE mechanism, peroxo complexes 4b/c were independently prepared by pressurizing 1b/c
with 1 atm of O,, and their reactivity was investigated with HCI under conditions analogous to
those employed in O,-reduction experiments. This study is especially valuable inasmuch as the
dirhodium peroxo species are not synthetically accessible, and thus examination of peroxo

reactivity has not been feasible. The peroxo complexes react rapidly with excess HCI, forming a
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mixture of aqua complexes 5b/c and Rh"'Cl; complexes 3b/c, before final conversion to 3b/e.
Even at early time points, 3b/c and 5b/c are the only two species observed spectroscopically,
indicating facile cleavage of the O—O bond under these conditions. It is reasonable to assume that
a hydroperoxo intermediate forms initially upon reaction with HCI, given the reactivity of other

50,68-70 : : .
870 However, in the case of the rhodium complexes described here,

late-metal peroxo systems.
such hydroperoxo complexes are apparently too unstable to observe, as even a single equivalent
of HCl added to 4b/c fails to produce any spectroscopic features that can be confidently assigned
to a hydroperoxo complex. Notwithstanding, the reactivity of peroxo complexes 4b/c with HCI,
which generates water and trichloro complexes 3b/c as the final outcome, bespeaks to the
plausibility of an HXRE mechanism for ORR by hydride complexes 2b/c. These results set the
stage for a thorough and systematic mechanistic interrogation of O, activation and reduction by

monometallic thodium hydride complexes.

6.4 Conclusion

Monometallic Rhi"™ hydride complexes, in the presence of HCI, quantitatively reduce half
of an equivalent of O, to water. The chemistry of independently prepared peroxo congeners
points to HXRE as the mechanism of ORR. In this chapter, oxygen-reduction chemistry of
rhodium hydride complexes was extended to a monometallic system. This new platform for
oxygen-reduction reactivity provides several advantages for ongoing and future studies. These
complexes facilitate direct comparisons to the previous bimetallic system, allowing the effects of
bimetallic cooperativity to be assayed. Also, unlike the dirhodium complexes, the monorhodium
complexes described here are synthetically tunable, and even by simple alteration of one
supporting ligand it was shown that dramatic electronic effects are observed. In addition, some of
the key reaction intermediates in O,-reduction chemistry, in particular the peroxo complexes
(4b/c) and aqua complexes (Sb/c), are accessible on a monometallic platform, permitting a
detailed investigation of the structural and spectroscopic features and reactivity of these
intermediate species. Forthcoming studies on oxygen reduction by rhodium hydride complexes
can provide insight into the factors that govern the mechanistic preference for this reaction, be it

HXRE, HAA, or some other as-yet uncharacterized sequence.
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6.5 Experimental Details
6.5.1 General Considerations

All reactions involving air-sensitive materials were executed in a N»-filled glovebox, on a
Schlenk line or on a high-vacuum manifold using solvents previously dried by passage through
an alumina column under Ar. HCI (4 M in dioxane, 1 M in Et,0), anhydrous NaCl, concentrated
H,SOy4, anhydrous 1,4-dioxane, and 2,6-dimethylphenylisocyanide (CNXy) were obtained from
Sigma-Aldrich, [Rh'(CO),Cl],, [Rh'CI(COD)], (COD = 1,5-cyclooctadiene), and PEt; were
purchased from Strem, and O, was purchased from Airgas. All commercially available starting
materials were used as received. The complex trans-Rh'CI(CO)(PEt3), (1a) was prepared by a
modified procedure,” starting with [Rh'(CO),Cl], and using toluene as the solvent. The ligand
1-adamantylisocyanide (CNAd) was prepared as described previously.”' Elemental analyses

were performed by Midwest Microlab LLC.

6.5.2 Physical Methods

NMR spectra were recorded at the MIT Department of Chemistry Instrumentation
Facility on a Varian Mercury-300 Spectrometer operating at 121.5 MHz for *'P acquisition, or a
Varian Inova-500 NMR Spectrometer operating at 500 MHz for 'H acquisition. *'P{'"H} NMR
spectra were referenced to an external standard of 85% D;PO, and 'H spectra were referenced to
the residual proteo solvent resonances. UV-vis spectra were recorded at 295 K in THF solutions
in quartz cuvettes on a Varian Cary 5000 UV-vis-NIR spectrophotometer. Extinction coefficients
were determined over a concentration range of ~ 10° to 10™* M, for which all compounds
obeyed Beer’s Law. For hydride complexes 2b/c, the UV-vis spectra were recorded in the
presence of 52 mM HCIl, whereas for 4b/4c, the spectra were recorded with 1 atm of O, present,
to prevent reversion to 1b/c. Spectral data is summarized below. IR spectra were recorded on a
PerkinElmer Spectrum 400 FT-IR/FT-FIR Spectrometer outfitted with a Pike Technologies
GladiATR attenuated total reflectance accessory with a monolithic diamond crystal stage and

pressure clamp. Samples were suspended in Nujol® for all IR measurements.

6.5.3 Preparation of trans-Rh'CI(CNXy)(PEt;); (1b)

In a 20-mL scintillation vial, [Rh'(COD)CI], (100 mg, 0.203 mmol, 1.00 eq) was
suspended in 2 mL of THF. A solution of PEt; (120 uL, 0.811 mmol, 4.00 eq) dissolved in 2 mL
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of THF was added, producing a light orange solution. Immediate addition of
2,6-dimethylphenylisocyanide (CNXy) (53 mg, 0.40 mmol, 2.0 eq) in 2 mL of THF caused the
color to fade to bright yellow. The slightly cloudy mixture was stirred for 1 h at room
temperature, and then filtered to remove a small amount of gray solid. The resulting yellow
solution was concentrated in vacuo to give a sticky yellow solid, which was redissolved in 8 mL
of hexane. The solvent was removed in vacuo, and the resulting microcrystalline yellow solid
was dried in vacuo overnight to remove residual 1,5-cyclooctadiene. Yield: 200 mg (97.6%). 'H
NMR (500 MHz, Cg¢Dg) d/ppm: 6.76-6.82 (m, 3H), 2.33 (s, 6H), 1.80 (m, 12H) 1.11
(quintet, 18H). *'P{'"H} NMR (121.5 MHz, C¢D¢) d/ppm: 23.6 (d, 'Jrnp = 124 Hz). UV-vis
(THF): A/mm (¢/(M' cm™")) 265 (24000), 302 (sh) (8100), 367 (sh) (2600). IR (Nujol):
Ve=n = 2054 cm ' Anal. Calcd. for C,1H39CINP,Rh: C, 49.86; H, 7.77; N, 2.77. Found:
C,49.59; H, 7.69; N, 2.64.

6.5.4 Preparation of trans-RhI(CNAd)Cl(PEt3)2 (1¢)

THF solutions (2-mL) of [Rh'(COD)Cl], (100 mg, 0.203 mmol, 1.00 eq) and PEts
(120 pL, 0.811 mmol, 4.00 eq) were combined to afford a pale orange solution.
I-adamantylisocyanide (CNAd) (66 mg, 0.41 mmol, 2.0 eq) in 2 mL of THF was introduced,
causing the color to fade to yellow. After stirring for 1 h at room temperature, the solution was
concentrated in vacuo to leave a yellow residue, which was redissolved in 4 mL of pentane. The
yellow solution was concentrated and dried in vacuo overnight, leaving the product as a bright
yellow solid. Yield: 208 mg (95.8%). 'H NMR (500 MHz, C4D) o/ppm: 1.88 (m, 12H), 1.80
(br, d, 6H), 1.73 (br, m, 3H), 1.33 (br, m, 6H), 1.20 (quintet, 18H). *'P{'H} NMR
(121.5 MHz, C¢Dg) 6/ppm: 22.8 (d, 'Jrnp = 127 Hz). UV-vis (THF): A/nm (¢/(M ' cm ")) 282
(sh) (5700), 308 (9700), 369 (3900). IR (Nujol): ¥c=x = 2068 cm '. Anal. Calcd. for
Cy3H4sCINP,RA: C, 51.55; H, 8.46; N, 2.61. Found: C, 51.42; H, 8.15; N, 2.53.

6.5.5 Preparation and NMR Characterization of cis-trans-Rh"(CO)CLH(PEt;), (2a)

A J. Young NMR tube was charged with 1a (10 mg, 0.025 mmol, 1.0 eq) dissolved in 0.7
mL of THF-ds. The solution was freeze-pump-thaw degassed three times at ~ 10™° torr on a high-
vacuum manifold. Anhydrous HCI, generated by dropping concentrated H,SO4 onto anhydrous

NaCl (36 mg, 0.62 mmol, 25 eq), was vacuum-transferred to the solution of 1a. While frozen, the
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NMR tube was evacuated to ~ 10°° torr and then thawed to reveal a pale yellow solution. Under
these conditions (where HCI transfer is not quantitative), 2a and 1a were observed to be present
in a ca. 2:1 ratio. Removal of the volatiles resulted in complete reversion to 1a, as judged by
3'p{'"H} NMR. 'H NMR (500 MHz, THF-dg) é/ppm: 2.10 (m, 12H), 1.18 (quintet, 18H), —13.16
(dt, '"Jron = 16.6 Hz, *Jp_y = 10.4 Hz, 1H). *'P{'"H} NMR (121.5 MHz, THF-dg) é/ppm: 26.4
(d, 'Jrnp = 81 Hz).

6.5.6 Preparation of cis-trans-Rh" CL,(CNXy)H(PEt;), (2b)

A 25-mL Schlenk tube with a Teflon plug seal was charged with 1b
(100 mg, 0.198 mmol, 1.00 eq) dissolved in 3 mL of THF. The solution was freeze-pump-thaw
degassed three times at ~ 10 ° torr. Anhydrous HCI, generated by dropping concentrated H,SOs4
onto anhydrous NaCl (58 mg, 0.99 mmol, 5.0 eq), was vacuum-transferred onto the still-frozen
solution. The vessel was pumped down to ~ 10°° torr and then allowed to thaw slowly with
stirring. Upon thawing, the now colorless solution was stirred for 10 min. The volatiles were
removed in vacuo, and the resulting residue taken back into the glovebox, dissolved in 4 mL of
THF and transferred to a scintillation vial. The solvent was removed in vacuo to yield a pale
residue, which was suspended in 0.25 mL of toluene. Addition of 4 mL of hexane separated a
white solid, which was decanted and dried in vacuo. Yield: 100 mg (93.4%). 'H NMR
(500 MHz, C¢Ds) /ppm: 6.74 (t, *Jyu i = 7.6 Hz, 1H), 6.64 (d, *Jiyu = 7.6 Hz, 2H), 2.29 (s, 6H),
2.08 (m, 6H), 1.90 (m, 6H), 1.05, (quintet, 18H), —14.48
(dt, "Jrnn = 18.1 Hz, “Jp_y = 11.4 Hz, 1H). *'P{'"H} NMR (121.5 MHz, C¢Ds) é/ppm: 24.7
(d, "Jrnp = 86 Hz). UV-vis (THF): //nm (¢/(M " ecm ")) 251 (27000). IR (Nujol): =y = 2147
cm . Anal. Calcd. for Co HayCLLNP,Rh: C, 46.51; H, 7.43; N, 2.58. Found: C, 46.29; H, 7.27;
N, 2.41.

6.5.7 Preparation of cis-frans-Rh"' (CNAd)CLH(PEt;3), (2¢)

A 25-mL Schlenk flask was charged with 1¢ (100 mg, 0.186 mmol, 1.00 eq) dissolved in
6 mL of Et;O. After cooling to =78 °C in dry ice/acetone, a solution of HCI in Et,O
(1.03 M, 0.90 mL, 5.0 eq) was added via syringe. The reaction mixture was stirred for 10 min
before removing the cold bath. A white precipitate that formed initially redissolved upon

warming to room temperature, yielding a colorless solution that was stirred for 30 min. The
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solution was concentrated in vacuo to give a white solid. In the glovebox, the solid was
suspended in 8 mL of Et,O and transferred to a scintillation vial. The solvent was removed in
vacuo, and the solid redissolved in 0.5 mL of toluene. With stirring, 6 mL of hexane was added,
freeing a colorless solid, which was decanted and dried in vacuo. Yield: 97 mg (91%). '"H NMR
(500 MHz, C¢Dg) o/ppm: 2.14 (m, 6H), 1.98 (m, 6H), 1.65 (br, d, 6H), 1.61 (br, m, 3H),
1.17-1.27 (br, m, 6H), 1.15, (quintet, 18H), —15.09 (dt, 'Jgnni = 17.9 Hz, “Jp_;y = 11.6 Hz, 1H).
'p{'H} NMR (121.5 MHz, C¢D¢) d/ppm: 24.1 (d, 'Jrnp = 88 Hz). UV-vis (THF): A/nm
(e/M™" ecm™)) 233 (sh) (14000), 277 (7200). IR (Nujol): ¥=x = 2170 cm . Anal. Calcd. for
Ca3Hs6CLLNP2RN: C, 48.26; H, 8.10; N, 2.45. Found: C, 48.33; H, 7.81; N, 2.32.

6.5.8 Preparation of trans-Rh'"'(CO)CI;(PEt;); (3a)

In a 20-mL scintillation vial, 1a (50 mg, 0.12 mmol, 1.00 eq) was dissolved in 1 mL of
CH,Cl,. Separately, PhICI, (28.5 mg, 0.104 mmol, 1.05 eq) was also dissolved in 1 mL of
CH,Cl,. Both solutions were frozen in the coldwell of the glovebox. They were removed, and
upon thawing the PhICl, was added dropwise to the stirred solution of 1a, giving a bright yellow
solution which was allowed to warm to room temperature and stirred for 30 min. At this time, 4
mL of hexane were added, and the solution was concentrated in vacuo to produce a sticky yellow
solid. Washing the product with 2 mL of hexane at =20 °C gave a yellow solid, which was dried
in vacuo. The spectral data reported here are a good match for those reported previously.”>"
Yield: 55 mg (93%). '"H NMR (500 MHz, C¢Ds) d/ppm: 2.02 (m, 12H), 0.98 (quintet, 18H).
SIp{"H} NMR (121.5 MHz, C¢Ds) o/ppm: 193 (d, 'Jrnp = 72 Hz). UV-vis (THF): A/nm
(/M ecm™)) 295 (20000), 371 (2000). IR (Nujol): Te=o = 2059 cm '. Anal. Calcd. for
Ci3H30Cl30P,Rh: C, 32.97; H, 6.38. Found: C, 32.48; H, 6.16.

6.5.9 Preparation of trans-Rh""'Cl;(CNXy)(PEt;); (3b)

A sample of 1b (50 mg, 0.099 mmol, 1.0 eq) was dissolved in 1 mL of toluene. In a
separate vial, PhICl, (28.5 mg, 0.104 mmol, 1.05 eq) was also dissolved in 1 mL of toluene. Both
solutions were frozen in the coldwell of the glovebox. They were removed, and upon thawing the
PhICl, was added dropwise to the stirred solution of 1b with a slight darkening in color
observed. The solution was allowed to warm to room temperature and stirred for a total of 40

min. At this time, the solvent was removed in vacuo to leave a yellow-orange residue, which was
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redissolved in 0.5 mL of CH,Cl,. With stirring, 3 mL of hexane was added, and the mixture was
concentrated to ca. one-half its original volume, liberating a yellow-orange solid. The
supernatant was decanted and the product dried in vacuo. The solid was redissolved in 2 mL of
toluene, and after sitting for 4 d at room temperature complete conversion from a mixture of
trans-Rh™ Cl3(CNXy)(PEt3), and mer-cis-Rh™'Cl3(CNXy)(PEt;); to the desired frans product was
achieved. The toluene was removed in vacuo to reveal a yellow solid, which was dissolved in a
mixture of 0.5 mL of CH,Cl, and 4 mL of hexane. After concentrating in vacuo to <2 mL, the
supernatant was separated from the yellow-orange product, which was dried in vacuo. Yield:
46 mg (81%). 'H NMR (500 MHz, C¢Ds) d/ppm: 6.73 (t, *Juy = 7.6 Hz, 1H), 6.63
(d, *Juu = 7.6 Hz, 2H), 2.37 (s, 6H), 2.18 (m, 12H), 1.09 (quintet, 18H). *'P{'H} NMR
(121.5 MHz, C¢Dg) d/ppm: 15.4 (d, 'Jrnp = 77 Hz). UV-vis (THF): A/nm (¢/(M "' cm™ ")) 254
(37000), 345 (2800), 398 (sh) (920). IR (Nujol): Ve=n = 2190 cm . Anal. Caled. for
C21H3oCI3NP2Rh: C, 43.73; H, 6.82; N, 2.43. Found: C, 43.44; H, 6.50; N, 2.31.

6.5.10 Preparation of trans-Rh"™' (CNAd)Cl3(PEt3); (3¢)

A 20-mL scintillation vial was charged with 1¢ (50 mg, 0.093 mmol, 1.0 eq), and into a
separate vial was weighed PhICl, (27 mg, 0.098 mmol, 1.05 eq). Both solids were dissolved in 1
mL of CH,Cl; and frozen in the glovebox coldwell. They were removed, and upon thawing the
PhICI, solution was added dropwise to the 1c¢ solution, yielding a bright yellow-orange solution
which was warmed to room temperature and stirred for 30 min. The solution was diluted with 4
mL of hexane, and concentrated in vacuo to afford a yellow-orange residue. The residue was
taken up in 0.25 mL of CH,Cl,, to which was added 4 mL of hexane to produce a cloudy
mixture. Upon concentrating in vacuo to < 2 mL, a yellow-orange solid precipitated. The
supernatant was decanted and the product dried in vacuo. Yield: 53 mg (93%). 'H NMR
(500 MHz, C¢Dg) o/ppm: 2.25 (m, 12H), 1.72 (br, d, 6H), 1.61 (br, m, 3H), 1.13—-1.25 (m, 24H).
S'p{'"H} NMR (121.5 MHz, C¢Ds) o/ppm: 14.4 (d, 'Jrnp = 78 Hz). UV-vis (THF): A/nm
(e/M" em ™)) 222 (25000), 262 (15000), 272 (sh) (14000), 341 (2100), 403 (560). IR (Nujol):
Ve=n = 2194 cm '. Anal. Caled. for Cyp3H4sCIsNP,Rh: C, 45.52; H, 7.47; N, 2.31. Found:
C, 45.26; H, 7.29; N, 2.37.
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6.5.11 Preparation of frans-Rh™ CI(CNXy)(*-0,)(PEt;); (4b)

A 10-mL Schlenk flask was charged with 1b (50 mg, 0.099 mmol, 1.0 eq) dissolved in 4
mL of Et,O. With vigorous stirring, the headspace was purged with O, for 1 min, and after
removing the O, stream the solution was allowed to stir for an additional 5 min, leaving a dull
yellow-brown solution. The solvent was removed in vacuo to give a brown solid, which was
redissolved in Et,O and transferred to a scintillation vial in the glovebox. The solvent was
removed again in vacuo, and the resulting solid washed with 2 mL of hexane and dried in vacuo
briefly (< 30 min). The NMR spectra show ca. 7% of 1b, though the microanalytical data and IR
spectrum suggest high purity for the isolated solid. Yield: 45 mg (85%). 'H NMR
(500 MHz, C¢Dg) é/ppm: 6.73—6.79 (m, 1H), 6.66—6.69 (m, 2H), 2.35 (s, 6H), 1.90 (m, 6H), 1.72
(m, 6H), 1.09, (quintet, 18H). *'P{'H} NMR (121.5 MHz, C¢D¢) é/ppm: 26.3 (d, 'Jrnp = 87 Hz).
UV-vis (THF): A/nm (¢/((M " cm ™)) 243 (40000). IR (Nujol): ¥¢=x = 2122 cm™ ', %0 = 876 cm .
Anal. Calcd. for C,H39CINO,P,Rh: C, 46.90; H, 7.31; N, 2.60. Found: C, 46.81; H, 7.24;
N, 2.55.

6.5.12 Preparation of frans-Rh"™' (CNAd)Cl(n*-0,)(PEt3), (4c)

A solution of 1¢ (50 mg, 0.093 mmol, 1.0 eq) in 4 mL of Et,O was prepared in a 10-mL
Schlenk flask. The headspace was flushed with O, for 1 min with vigorous stirring, and after
removing the O, flow the stirring was continued for an additional 5 min. The resulting yellow-
brown solution was concentrated in vacuo to give an olive-green solid. In the glovebox, the solid
was dissolved in Et,0 and transferred to a scintillation vial. The volatiles were removed in
vacuo, and the product washed with 2 mL of hexane before drying briefly in vacuo. Yield: 49 mg
(92%). '"H NMR (500 MHz, C¢Dg) o/ppm: 1.93 (m, 6H), 1.82 (m, 6H), 1.76 (br, d, 6H), 1.64
(br, m, 3H), 1.15-128 (m, 24H). *'P{'H} NMR (121.5 MHz, C¢D¢) d/ppm: 25.3
(d, "Jrnp = 89 Hz). UV-vis (THF): //nm (¢/(M " ecm ")) 241 (23000). IR (Nujol): =y = 2135
em ', o0 = 877 cm . Anal. Calcd. for C»3HssCINO,P,Rh: C, 48.64; H, 7.99; N, 2.47. Found:
C, 48.75; H, 7.75; N, 2.44.

6.5.13 O,-Reduction Reactions of 2a—2c.

All O;-reduction reactions were executed and monitored in a screw-cap NMR tube with a

PTFE septum seal. In all cases, the concentration of the hydride complex was 25 mM at the start
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of the reaction. Hydride complex 2a (L = CO) was generated in situ by dissolving a sample of 1a
(7.0 mg, 0.017 mmol, 1.0 eq) in 0.35 mL of 1,4-dioxane and adding 0.35 mL of a 4.13 M
solution of HCI in dioxane. For 2b (L = CNXy) and 2¢ (L = CNAdJ), an appropriate amount of
the hydride was dissolved in 1,4-dioxane, and the HCl/dioxane solution was added to produce a
total volume of 0.7 mL with the desired concentration of HCIl. Alternatively, the hydride
complexes 2b and 2¢ could be generated in situ from 1b and 1c¢ at no detriment to the observed
reaction. After addition of the hydride complex and HCI, the headspace of the NMR tube was
purged for ~ 1 min with O, at atmospheric pressure. The contents of the tube were shaken
vigorously to ensure complete mixing, and periodically mixed throughout the course of the

reactions, which were monitored by *'P{'H} NMR spectroscopy.

6.5.14 Addition of HCI to 4b to Generate 3b/5b

Complex 1b (9.0 mg, 0.018 mmol, 1.0 eq) was dissolved in 0.7 mL of THF-ds in a screw-
cap, septum-sealed NMR tube. The headspace of the NMR tube was purged with O, (1 atm) and
manually shaken to mix, generating a dull yellow solution of 4b. A solution of HCI in dioxane
(4.2 M, 13 pL, 0.054 mmol, 3.0 eq) was added via syringe, resulting in an immediate color
change to bright yellow. The *'P{'H} NMR spectra recorded immediately after showed a
mixture of 5b (80%), 3b (17%), and ~ 3% of unidentified side products. The solution was
transferred to a scintillation vial, concentrated in vacuo, and the resulting residue washed with
hexane and dried in vacuo. Spectral data for 5b: '"H NMR (500 MHz, CD;CN) &/ppm: ~ 7.3
(m, 1H, overlapped with 3b), 7.22 (m, 2H, overlapped with 3b), 5.92 (br, s, 2H), 2.58 (s, 6H),
2.17 (m, 12H), 1.18 (quintet, 18H). *'P{'H} NMR (121.5 MHz, CDs;CN) &/ppm: 19.1
(d, 'Jrnp = 74 Hz).

6.5.15 Addition of HCI to 4¢ to Generate 3c¢/5¢

A solution of 1¢ (9.0 mg, 0.017 mmol, 1.0 eq) in 0.7 mL of THF-dg was prepared in a
screw-cap NMR tube with septum seal. The headspace was purged with 1 atm of O, for 1 min,
and upon shaking the contents changed do a dull olive color, which was shown to be complex 4c.
Addition of an HCl/dioxane solution (4.2 M, 12 pL, 0.050 mmol, 2.9 eq) produced a bright
yellow solution. At this stage, >'P{'H} NMR indicates a mixture of 5b (80%) and 3b (20%). The

solution was concentrated in vacuo, the product triturated with Et,O/hexane, and the resulting
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yellow solid dried in vacuo. Spectral data for Sc: '"H NMR (500 MHz, C¢Dg) o/ppm: 6.58
(br, s, 2H), ~ 2.22-2.41 (m, 12H, overlapped with 3c¢), 2.21 (br, s, 6H), 1.74 (br, s, 3H),
1.14-1.39 (m, 24H, overlap with 3c). *'P{'"H} NMR (121.5 MHz, C¢D¢) d/ppm: 17.4
(d, 'Jrnp =76 Hz).

6.5.16 X-Ray Crystallographic Details

Single crystals of 2b were obtained by cooling a saturated toluene/hexane solution to —20
°C. 3b and 5c¢ crystallized from saturated CH,Cl,/ hexane solutions at —20 °C, and crystals of 4b
formed by allowing O, to slowly diffuse into a hexane solution of 1b at room temperature.
Crystals of 3b, 4b and 5S¢ were mounted on a Bruker three-circle goniometer platform equipped
with an APEX detector, whereas crystals of 2b were mounted on a Bruker four-circle goniometer
platform with an APEX 2 detector. A graphite monochromator was employed for wavelength
selection of the Mo Ko radiation (4 = 0.71073 A). The data were processed and refined using the
program SAINT supplied by Siemens Industrial Automation. Structures were solved by
Patterson methods or direct methods in SHELXS and refined by standard difference Fourier
techniques in the SHELXTL program suite (6.10 v., Sheldrick G. M., and Siemens Industrial
Automation, 2000). Hydrogen atoms bonded to carbon were placed in calculated positions using
the standard riding model and refined isotropically; all non-hydrogen atoms were refined
anisotropically. In the structure of 2b, the rhodium-bound hydrogen atom was tentatively located
in the difference map and refined isotropically. The O—H hydrogen atoms in the structure of Sc¢
were also located in the difference map; they were restrained to a distance of 0.84 A from the
oxygen atom and refined isotropically. The structure of 3b was refined as a racemic twin. In the
structure of 5S¢, the adamantyl group, one of the ethyl groups and a solvent dichloromethane
molecule were all modeled as two-part positional disorders. The corresponding 1-2 and 1-3
distances of all disordered parts were restrained to be identical, and rigid bond restraints were
used on all disordered atoms. Crystallographic details for 2b, 3b, 4b and Sc¢ are summarized in

Tables 6.1 and 6.2.
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Table 6.1. Crystallographic summary for 2b and 3b.

2b 3b

Formula C,1H40CLLNP>Rh  C,;H39CI;NP>,Rh
fw, g/mol 542.29 576.73
Temperature/K  100(2) 200(2)

cryst. syst. Monoclinic Orthorhombic
space group Cc Pna2,

color Colorless Yellow

a/A 11.4479(12) 20.1861(8)
b/A 14.6692(15) 10.3567(4)
c/A 15.4302(15) 12.9174(5)
a/° 90 90

pl° 93.787(2) 90

/° 90 90

VIA® 2585.6(5) 2700.53(18)
p (calc.)/(g cm™) 1.393 1.419

Z 4 4

no. refl. 25388 61558

no. unique refl. 6906 8130

Rint 0.0272 0.0353

R“ (all data) 0.0229 0.0203

wR,” (all data)  0.0465 0.0457

R [(I>20)] 0.0205 0.0183

wRy [I1>206)]  0.0452 0.0442

GOF* 1.042 1.075

Flack param. —0.030(14) 0.638(13)
“ R = XF, - |FJ/EIF) " wR, =
CW(F, FVEWEN? ¢ GOF

(E w(F,2 = FA(n — p))"* where n is the number of data and
p is the number of parameters refined.
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Table 6.2. Crystallographic summary for 4b and Sc.

4b Sc¢-CH,Cl,
Formula C21H39CINO,P,Rh  Cp4H47CIsNOP,Rh
fw, g/mol 537.83 707.73
Temperature/K ~ 100(2) 100(2)
cryst. syst. Monoclinic Monoclinic
space group P2y/n P2y/n
color Brown Yellow
a/A 15.214(2) 14.7676(19)
b/A 11.4156(18) 11.0440(14)
c/A 15.778(3) 19.617(2)
o/° 90 90
p° 113.796(2) 90.952(2)
/° 90 90
VIA® 2507.3(7) 3199.0(7)
p (calc.)/(gecm™) 1.425 1.469
Z 4 4
no. refl. 57744 68331
no. unique refl. 7671 9363
Rint 0.0324 0.0722
R“ (all data) 0.0246 0.0736
wR,’ (all data)  0.0508 0.1624
Ri [(I>20)] 0.0195 0.0609
wRy [1>206)]  0.0472 0.1564
GOF* 1.042 1.220
“ R = IF, — |EJEF. " wR =

(Z(VV(FVO2 -
(2 W(F02 - Fcz)z/(n

FODVEWEN)'™

12

the number of parameters refined.
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