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ABSTRACT: Synthetic and kinetic studies are used to uncover mecha-
nistic details of the reduction of O, to water mediated by dirhodium
complexes. The mixed-valence Rh,”" (tfepma),(CN'Bu),Cl, (1, tfepma
= MeN[P(OCH,CF;),],, CN'Bu = tert-butyl isocyanide) complex is
protonated by HCI to produce Rh,™"(tfepma),(CN‘Bu),ClH (2),
which ]gromotes the reduction of O, to water with concomitant formation
of Rh,™"(tfepma),(CNBu),Cl, (3). Reactions of the analogous diir-
idium complexes permit the identification of plausible reaction inter-
mediates. Ir," (tfepma),(CN'Bu),Cl, (4) can be protonated to form the
isolable complex Ir,"™"(tfepma),(CN'Bu),ClH (5), which reacts with
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0, to form Ir,"" (tfepma),(CN'Bu),Cl;(OOH) (6). In addition, 4 reacts with O, to form Ir,""(tfepma),(CN'Bu),Cl,(>-O,)
(7), which can be protonated by HCI to furnish 6. Complexes 6 and 7 were both isolated in pure form and structurally and
spectroscopically characterized. Kinetics examination of hydride complex § with O, and HCl furnishes a rate law that is consistent
with an HCl-elimination mechanism, where O, binds an I’ center to furnish an intermediate 772—peroxide intermediate. Dirhodium
congener 2 obeys a rate law that not only is also consistent with an analogous HCl-elimination mechanism but also includes terms
indicative of direct O, insertion and a unimolecular isomerization prior to oxygenation. The combined synthetic and mechanistic
studies bespeak to the importance of peroxide and hydroperoxide intermediates in the reduction of O, to water by dirhodium

hydride complexes.

B INTRODUCTION

Oxidase enzymes direct a complex 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 multiproton, multielectron reaction, coupled with
its relevance to energy conversion, has led our group’ ' and
others'>™"7 to explore molecular catalysts in a 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 multielectron steps, and (iii) can couple this multi-
electron chemistry to proton transfer. For these reasons, hang-
man porphyrins with an appended acid or base functionality are
especially effective O, reduction catalysts because they promote
the requisite coupling of multielectron chemistry to proton
transfer.”' %1

A complementary strategy for multielectron, multiproton
chemistry is to exploit bimetallic coogerativity using late transi-
tion metal bimetallic complexes,”® ** and especially complexes
that feature a stable two-electron mixed valence state. Until very
recently, the multielectron chemistry of this broad class of bimetallic
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complexes has been focused on photocatalytic H, production,” >

halogen photoelimination,26_ © and organometallic transforma-
tions.”"** However, in the course of studying dirhodium hydrido-
chloride complexes in the context of HX splitting, we uncovered
a strategy for the reduction of O, to water.> As outlined in Scheme 1,
two-electron mixed valence complex Rh, " (tfepma),(CN'Bu),-
Cl, (1) reacts reversibly in its ground state with HCI to furnish
Rh,"" (tfepma),(CN'Bu),CI3H (2); the reaction is facilitated by
the coordinative unsaturation at the Rh® center in 1. Once
formed, hydrido-chloride complex 2 reacts with O, in the presence
of additional HCI, producing Rh,™"(tfepma),(CN‘Bu),Cl, (3)
and 1 equiv of H,O. A photocycle can be realized by irradiating
the product in THF, which regenerates 1. The results demon-
strate that two-electron mixed valency may promote the activa-
tion of oxygenated substrates.

A rhodium-bound hydroperoxide 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 our previous report on O, reduction
mediated by dirhodium complex 2, such intermediate species are
not spectroscopically observed during the course of the reaction.
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The insertion of O, into metal hydride bonds prevails for late
transition metals,>> * especially in the context of aerobic
oxidation catalysis.**~* Mechanistic studies and computations
reveal three common mechanistic pathways for the insertion of
0,: (i) radical chain autoxidation,*®** (ii) HX dissociation
followed by O, binding,*” and (iii) direct H-atom abstraction
by 0,.%*75%0 one case it was found that pathways (ii) and (i)
operate in parallel.*"

We now employ model diiridium compounds to deduce
mechanistic details of the reduction of O, by dirhodium hydride
complex 2. The third row analog of 2, Ir,"" (tfepma),(CNBu),-
ClH (5),>* reacts cleanly with O, to form hydroperoxide
complex IrZH’H(tfepma)Z(CNtBu)2C13(OOH) (6), which is iso-
lable and is amenable to structural and spectroscopic character-
ization. A side-on peroxide complex is obtained if the hydride is
not present; Ir,""(tfepma),(CN'Bu),CL,(*-0,) (7) is formed
from the reaction of O, with Ir,*"(tfepma),(CN'Bu),Cl, (4).
Additionally, the kinetic profile for the O, reduction reaction
mediated by rhodium hydride complex 2 is consistent with the
intermediacy of peroxide and hydroperoxide complexes akin to
iridium models 6 and 7. 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.

B EXPERIMENTAL SECTION

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’n(tfepma) Z(CNtBu)ZClz (1),
Ir,"(tfepma),(CN'Bu),Cl, (4), and Ir,™"(tfepma),(CN'Bu),HCl;
(5) were prepared as described previously.**** HCI (4 M in dioxane),
1,4-cyclohexadiene, 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.

Physical Methods. NMR spectra were recorded at the MIT
Department of Chemistry Instrumentation Facility on a Varian Mercury
300 NMR Spectrometer or a Varian Inova-500 NMR Spectrometer.
3p{'H} NMR spectra were referenced to an external standard of 85%
D5PO,, and "H spectra were referenced to the residual proteo solvent
resonances. UV —vis spectra were recorded at 293 K in THF solutions in
quartz cuvettes on a Varian Cary 5000 UV—vis—NIR spectropho-
tometer. Extinction coefficients were determined over a concentration
range of ~10~°~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 atte-
nuated total reflectance accessory with a monolithic diamond crystal
stage and pressure clamp. Samples were suspended in Nujol for all IR
measurements.

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. HCI solutions were introduced to the cuvette by syringe, and
measured amounts of O, were injected using a gastight syringe. Samples
were manually shaken to ensure complete mixing and equilibration of
O,. The cuvette was placed in a temperature-controlled cuvette holder
with a magnetic stirrer, and reactions were monitored at 293 K by
collecting single wavelength absorption data every 15 or 30 s, depending
on the rate of the reaction. Data fitting and analysis were performed with
the aid of the software OriginPro 8.

Preparation of Ir,""(tfepma),(CNBu),Cl3(OOH) (6). A J.
Young NMR tube was charged with a solution of Ir,™(tfepma),-
(CN'Bu),HCl; (5) (42 mg, 0.026 mmol) in 0.7 mL of THF. The
solution was freeze—pump—thaw degassed three times and then back-
filled with ca. 1.5 atm of O,. The reaction was monitored by *'P{"H}
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) &/ppm: 7.32 (s, 1H), 5.34 (m, 2H), 4.99 — 5.15 (m,
4H) 4.94 (m, 4H), 477 (m, 2H), 4.68 (m, 2H), 4.62 (m, 2H), 2.93
(pseudoquintet, 6H), 1.45 (s, 9H), 1.41 (s, 9H). *'P{'"H} NMR (202.5
MHz, CD;CN) O/ppm: 78.4—79.5 (m, 2P), 759—77.0 (m, 2P)
(AA'BB/, 20 lines resolved, 0,,, = 77.7 ppm). UV—vis (THF): 1/nm
(e/M~" em™") 277 (26 000), 364 (3800), 402 (sh) (1200). IR (Nujol):
Pemn = 2185 em™ Y, Po_p = 3355 cm ™. Anal. Caled for CygHy;-
CLF,,N,O,oP,In,: C,20.21; H, 2.48; N, 3.37. Found: C, 20.41; H, 2.49;
N, 3.25.

Preparation of Ir,""(tfepma),(CNBu),Cl,(17%-05) (7). Ir,%"
(tfepma),(CN'Bu),Cl, (4) (50 mg, 0.031 mmol) was dissolved in
0.7 mL of THF and transferred to aJ. 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, CD;CN) ¢/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, Oavg = 82.1 ppm).
UV—vis (THF): 2/nm (¢/M ™" em™") 294 (12 000), 338 (sh) (7700),
397 (sh) (1600). IR (Nujol): #c=y = 2148, 2174 cm™ ", Anal. Calcd for
CrsH40CLF24N,0,0P4Irs: C, 20.66; H, 2.48; N, 3.44. Found: C, 20.83;
H, 2.37; N, 3.29.

X-ray Crystallographic Details. Single crystals of 6 were ob-
tained by synthesizing the complex in CD;CN and allowing the sample
to stand at room temperature, and crystals of 7 were obtained in an
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Table 1. Crystallographic Summary for Complexes 6 and 7

6 7
Formula CysH,41 Cl3F2,Ir N, O 0P, Cy8H,40CLF24Ir, N, O, 0P,
fw, g/mol 1664.28 1627.82
Temperature 100(2) K 100(2) K
cryst. syst. Monoclinic Monoclinic
space group P2,/n P2,
color yellow yellow
a(A) 13.003(2) 12.4449(13)
b (A) 10.798(2) 18.0315(19)
c(A) 18.699(4) 12.9712(13)
a (deg) 90 90
B (deg) 91.086(3) 117.313(2)
y (deg) 90 90
v (A%) 2625.0(8) 2586.2(5)
V4 2 2
no. refl. 50603 57482
no. unique refl. 4479 15121
Rige 0.0911 0.0566
R1“ (all data) 0.0645 0.0434
wR2? (all data)  0.1216 0.0797
R1 [(I>20)] 0.0493 0.0353
wR2 [(I>20)]  0.1175 0.0760
GOF* 1.079 0.995
Flack param. — —0.0100(42)

“R1=X|Fo| — |Fe||/Z|Fo|- PWR2 = (S(w(F,* — FZ)?)/Z(w(F,*)*)" 2.
‘GOF = (Zw(F,* — F.2)*/(n — p))"/* where n is the number of data
and p is the number of parameters refined.

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 Ka radiation (4 =0.710 73 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 6, 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 6, the (OOH) ™ ligand and equatorial Cl™ ligand were
disordered about a crystallographically imposed inversion center, and
three of the four crystallographically independent —OCH,CF; groups
were modeled as two-part disorders. 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. Unit cell parameters, morphology, and solution statistics for the
structures of 6 and 7 are summarized in Table 1. All thermal ellipsoid
plots are drawn with carbon-bound hydrogen atoms omitted for clarity.

B RESULTS

Reaction of 2 with O, and HCl. The reaction of Rh,™"
(tfepma),(CN'Bu),ClsH (2) with O, and HCI* is briefly
summarized here and is shown pictorially in Scheme 1. Complex
2 is formed reversibly by treatment of Rh,®"(tfepma),(CN'Bu),Cl,
(1) with HCl and is indefinitely stable to HCL The equilibrium
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Figure 1. Spectral evolution during the reaction of 2 (40 uM) with O,
(0.80 atm) in the presence of HCI (S5 mM). The reaction was carried
out in THF at 293 K, and spectra were recorded every 5 min.

Chart 1

4+NEt;+HCl @ 5+NEt;  Keq=5x 107 0)

NEt; + HCl 2 NEt;*HCl  Keyq=83x10° (i)

4+HCl 2 5 Keq =4 x 10° (iii)

constant for the addition of HCI to complex 1 is determined to be
1.8 x 10” by "H NMR integration. Upon introduction of O,
gradual conversion to Rh,™"(tfepma),(CN'Bu),Cl, (3) is ob-
served; *'P{'H} and "H NMR show that 3 is formed in >90%
yield. Furthermore, 1 equiv of D,O is exclusively formed as the
deuterium-containing product from DCI solutions, confirming
that 2 effects the reduction of O, to water along the way to
forming 3. Photolysis of 3 when isolated from excess HCl and O,
drives the regeneration of 1 to complete a photocycle.

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 S1 for reference. The
spectrum of 2 consists of three distinct maxima at 270, 317, and
414 nm. Figure 1 shows the spectral evolution when complex 2,
in the presence of 55 mM HC], is treated with 0.80 atm of O, at
293 K. Over the time course of the 70-min reaction, features
attributed to Rh,™" 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 authen-
tic spectra shown in Figure S1. 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 con-
centrations of intermediate species do not accrue during the
course of the reaction.

HCl Addition to Ir,>" Complex 4. Treatment of Ir,
(tfepma),(CN'Bu),Cl, (4) with HCI forms the isolable iridium
analog to 2, IrZH’H(tfepma)z(CNtBu)2C13H (8), as previously
documented.>” The equilibrium constant for HCI addition to 4
to form S was measured using the thermodynamic cycle shown in
Chart 1, analogous to a method used by Bercaw and DuBois to
determine protonation equilibria for monometallic thodium hydride
complexes.” The equilibrium constant was measured in aceto-
nitrile, 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 4 with NEt;eHCl in CD;CN. The equilibrium

011
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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,g’s for (i) and (ii).

In this manner, a Kq of 4 X 10° is obtained for the addition of
HCI to diiridium complex 4 to furnish 5.

Reaction of 5 with O, To Form Ir,""(tfepma),(CN‘Bu),Cls-
(OOH) (6). Scheme 2 summarizes the oxygen reactivity of the
diiridium complexes that will be considered here. Complex §
(with no additional HCI) reacts cleanly with O, to form I,
(tfepma),(CN'Bu),Cl;(OOH) (6), which can be isolated in
84% vyield and is determined to be pure by multinuclear NMR
and elemental analysis. The *'P{"H} NMR spectrum of 6, depicted
in Figure S4, 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.** The 'H
NMR spectrum shows the expected resonances from ligand pro-
tons, with two distinct tert-butyl resonances indicating chemical
inequivalency of the two tert-butyl isocyanide ligands. In addi-
tion, a singlet at 7.32 ppm is attributed to the OO—H proton.
The IR spectrum shows a single resolvable Vc=y stretch at
2185 cm™ ' and a weak, broad ¥o_y stretch at 3355 cm ™.

Hydroperoxide complex 6 has been crystallographically char-
acterized, and its structure is shown in Figure 2. The structure of
6 contains a crystallographically imposed inversion center, such
that half of the molecule is present in the asymmetric unit and the
hydroperoxide ligand is disordered with the equatorlal chloride
ligand. The resulting structure shows two octahedral It 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 in the case of other structurally character-
ized transition metal terminal hydroperoxide complexes.*#**¢~ %3
The poor O—O bond length precision results from the afore-
mentioned disorder, but nonetheless this distance is consistent
with an oxygen—oxygen single bond. The structure of 6 repre-
sents, to the best of our knowledge, the first example of a
structurally characterized iridium hydroperoxide complex.

The reaction of iridium hydride complex § with O, to form
hydroperoxide 6 is also conveniently monitored by UV—vis
absorption spectroscopy. The overlaid spectra of 5 and 6 are
depicted in Figure S2, showing that the absorption maxima are
similar [Ag. = 285 nm (5), 277 nm (6)], though for the

(0] )
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. Cli(2)

Figure 2. Thermal ellipsoid plot for 6. Ellipsoids are shown at the 50%
probability level with —CH,CF; groups and carbon-bound hydrogen
atoms omitted for clarity. Data were collected at 100 & 2 K.

sy
L]

Absorbance
o
oo

o
S

g
o

250 300 350 400 450 500
Al nm
Figure 3. Spectral evolution during the reaction of 5 (67 uM) with O,

(0.40 atm). The reaction was carried out in THF at 293 K, and spectra
were recorded every S min.

wavelength of maximum absorbance the molar absorptivity in
hydroperoxide complex 6 is much greater [e = 12000M ' cm ™'
(5),26000 M ' cm ™" (6)]. After introduction of 0.40 atm of O,
to a 67 uM solution of 5, the absorption spectra evolve as shown
in Figure 3. Over time, the features of 6 appear; the final spectrum
(t = 65 min) is a good match to the authentic spectrum of 6
(Figure S2). 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.

Reaction of 4 with O, To Form Ir,™"(tfepma),(CN'Bu),Cl,-
(772-02) (7). As shown in Scheme 2, I, complex 4 reacts
directly with O, to form a side-on peroxo complex, Ir,™"-
(tfepma),(CN'Bu),ClL,(17>-0,) (7). The reaction is quite rapid,
and within minutes >'P{'"H} NMR of the crude reaction mixture
reveals complete conversion. Analytically pure 7 is isolated in
67% yield and can withstand several hours of in vacuo drying
without O, loss. The *'P{"H} NMR spectrum (Figure S5) 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 reso-
nances arising from tfepma and CN'Bu ligands, with only
minimal shifting relative to Ir,”"" precursor 4. The IR spectrum
shows two closely spaced Vc=y stretching frequencies at 2148
and 2174 cm 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 absorption spectrum in
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Figure 4. Thermal ellipsoid plot for 7. Ellipsoids are shown at the 50%
probability level with —CH,CF; groups and hydrogen atoms omitted
for clarity. Data were collected at 100 &= 2 K.

Figure S3 reveals three closely spaced bands characteristic of
d’—d” Ir,"™" complexes.

X-ray crystallography confirms the structure of 7, as shown in
Figure 4. Complex 7 represents the first structurally characterized
example of O, binding by a two-electron mixed valence diiridium
complex. The 77°-O, binding mode is reminiscent of the uptake
of dioxygen by Vaska’s complex®™ %" and other related Ir'
complexes,®® 7> as opposed to the 4-O, diiridium-peroxide cydlic
motif that results when an Ir'- - -Ir' complex is treated with
0,.”>"* The O(1)—O(2) internuclear distance of 1.480(5) A is
consistent with these previous examples and is demonstrative of a
tully reduced 0>~ ligand. It should be noted that librational
disorder can lead to inaccuracies in crystallographically deter-
mined O—O bond distances in %7°-O, complexes; in particular
the observation of abnormally short O—O bonds is a recurring
problem.” However, the reported O—O bond distance in 7 is
not noticeably short for a peroxide moiety, and the low tem-
perature of the data collection (100 K) should minimize these
effects. The O(1)—0(2)—Ir(1) 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.
The Ir(1)—1Ir(2) distance is 2.7498(4) A, nearly identical to that
of 6 and falling in line with other Ir,"™" complexes characterized
recently.

Peroxide complex 7 is reactive toward HCI, forming hydro-
peroxide 6 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 decom-
position of hydroperoxide complex 6, as determined from an
independent reaction of 6 with HCI. This reactivity establishes
the bottom reaction pathway shown in Scheme 2 and gives the
possibility that peroxide complex 7 forms as an intermediate
during the direct oxygenation of hydride complex 5 to hydro-
peroxide 6.

Rate Law for the Reaction of Rh,"""HCl; (2) with HCl and
0, 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,33 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, indicating
that interconversion is rapid relative to the time scale of reaction
with O, and thus it has no bearing on the observed kinetics for O,
reduction. The reaction proceeds as described in Scheme 1, and it
is conveniently monitored by tracking the production of 3 as
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Figure 5. 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 (Assp nm) Vs time. The solid line shows the best-fit mono-
exponential curve.
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Figure 6. (a) Dependence of ks on p(O,) for the reaction of 2 with O,
and HC], with the [HCl] at 5.5 mM (green ¥), 11 mM (blue A), 27 mM
(red @) and 55 mM (black B). The solid lines show the best-fit lines for
each data set. (b) The slopes of the best-fit lines of k,ps vs p(O,) from ()
are plotted against [HCI] . The bestfit line is shown.

indicated by the growth of the absorbance at 350 nm. Figure 5
shows a representative kinetic trace for the reaction of 2 with O,
and HC], in this case with 1.6 atm of O, and 5.5 mM of HCI. 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, k,p, = 0.12 min™ .
Figure 6a shows the dependence of ks on the partial pressure
of O,, p(0,), at four different HCI concentrations. The values for
kobs depend on both O, partial pressure and HCI concentration.
At a constant [HCl], the value of k,p varies linearly with p(O,),
though in all cases a nonzero y-intercept is observed. By inspec-
tion of Figure 64, it is clear that the y-intercept of the four plots is
invariant to the [HCl], and best-fit lines yield y-intercepts ranging
between 0.050 and 0.055 min™~ ', with no systematic trend. As
shown in Figure 6b, the slopes of the plots in Figure 6a 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 HCI, the other
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Figure 7. (a) Dependence of kp, on [HCI] ™" for the reaction of 2 with
0, and HCJ, with p(O,) at 0.4 atm (black M), 0.8 atm (red @), 1.6 atm
(blue A), and 3.2 atm (green ¥). Data are the same as those depicted in
Figure 6. The solid red lines show the best-fit lines for each data set. (b) The
slopes of the best-fit lines of ks vs [HCI] " from (a) are plotted against
p(O,). The best-fit line is shown. (b) 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.

zero-order. Further insight is provided by plotting ke, vs [HCI] ",
as shown in Figure 7a. Qualitative visual inspection of Figure 7a
reveals that both the slopes and intercepts of the depicted plots
vary with p(O,). Figure 7b 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 7, the y-intercepts from Figure 7a
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 6 and 7 give rise to a three-
term rate law, whose form is given by

Rate = k;[2][0,][HCI ™" + k,/[2][0,] + k,"[2] (1)

The best-fit lines in Figures 6 and 7 provide estimates for the
three rate constants. The first rate constant, k;, is determined
from the slope of either Figure 6b or 7b and is found to be 1.8(3) x
10" *Matm ™" min~". The rate constant k,’ is readily determined
from the slope of Figure 7c, with a value of 0.0076(6) atm ™"
min~'. And finally, the y-intercept of Figure 7c gives the zero-

order rate constant k,”, which has a value of 0.052(1) min ',
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Figure 8. Representative kinetic trace for the reaction of § with O, (3.2
atm) showing the change in the absorbance at 277 nm (A;77 4 ) vs time.
The solid line shows the best-fit monoexponential curve.
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Figure 9. Dependence of k,p,, on p(O,) for the reaction of 5§ with O,.
The horizontal line is drawn at the average of value of kops = 0.072 min L

matching the average value of the y-intercepts from the individual
plots in Figure 6a.

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 HCIl gives a
kobs 0f 0.085 min ™', 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 for-
mation 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.

Rate Law for the Reaction of Ir,'""HCI; (5) with O, To form
|r2"’"C|3(OOH) (6). The reaction rate of IrZH’H(tfepma)z(CNtBu)2—
CLH (5) with O, was monitored as a function of O, partial
pressure. Figure 8 shows a representative trace for the conversion of
S to 6 with 3.2 atm of O, and in the absence of HCL The reaction is
monitored at 277 nm, where 6 absorbs strongly. The data in Figure 8
can be satisfactorily fit to a monoexponential function, as shown by
the best-fit monoexponential curve. Figure 9 shows that the observed
rate constant, kg, has a zero-order dependence on O, concentra-
tion. 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 the reaction of 5 with
O, to form 6, a simple rate law is obtained,

Rate = k, [5] (2)

The reaction of § with O, is strongly inhibited by added HCI,
as determined from initial reaction rates with varying HCI con-
centrations. Figure 10 shows the dependence of k,,, (determined
from initial rates) as a function of inverse HCI concentration.
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The data are clearly linear at the upper range of HCI concentra-
tions, indicative of a concentration regime where the reaction is
inverse first-order in HCL. With added HC], the reaction becomes
first-order in Oy, as indicated by the initial rate data in Figure 11.
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 HCI, the conversion of § to 6
exhibits the following rate law,

Rate = k3[5][O,][HCI] " (3)

The value of k;, determined from Figure 11, is 2.0 X 1078 M
atm™ ' min %

Radical inhibitors have minimal effect on the observed rate
constants. Addition of 1 mM of BHT gave a ks of 0.070 min~,
and with 1 mM of 1,4-cyclohexadiene k,,, = 0.069 min !, 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 9). The radical initiator AIBN has a slight inhibitory
effect on the reaction: at 80 uM AIBN, k,,, = 0.064 min~ ', and at
1 mM AIBN, ks = 0.050 min ™"

B DISCUSSION

Reactivity of Diridium 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 4 and its
corresponding protonation product $ are structurally analogous
to their dirhodium brethren 1 and 2. In addition, diiridium
hydride complex §, unlike its dirhodium relative 2, is thermally
stable in the absence of HCl and as such is readily isolated. This

feature allowed for an isolated study of the reactivity of § with O,,
without interference of subsequent HCI reactivity.

Addition of O, to 5 gives hydroperoxide complex 6, which
itself can be isolated. Recognizing the possibili?f of binding of O,
by the M center, the reactions of O, with M,>" complexes 1 and
4 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. How-
ever, diiridium complex 4 reacts rapidly and cleanly with O,, forming
the isolable 77°-peroxide complex 7. Taken together, complexes 6
and 7 represent plausible structural models for intermediate species
involved in the reduction of O, mediated by dirhodium complex 2.
As we show below they are indeed kinetically reasonable inter-
mediates for the reaction sequence.

Mechanism of Formation of Iridium Hydroperoxide 6. We
begin with a discussion of the reaction of the diridium hydride
complex 5 with O, to form hydroperoxide complex 6. The
mechanistic considerations for this reaction will serve as a
framework for interpreting the results of the dirhodium system.
Radical-based mechanisms, which have been invoked previously
in select examples of O,-insertion chemistry,****”® can be excluded.
The reaction of § 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 5 to 6 takes on two
different forms, depending on whether HCI is present as an
additive. All of the observations described above are consistent
with the HCl-elimination mechanism that is summarized by the
following reaction sequence,

P H P
v RN
U wir°—L + Hal (4)
af 5 b P
5 4
o P
| ks am
w0 + O, —» wv-lrl—o (5)
|
P O
P
4 7
'-','ID K, P‘§00H
willl—Q + HOl — 2 iy 6
N/ (6)
P O Cl p
7 6

Reversible HCI elimination from hydride complex § produces
I, complex 4, which binds O, via the reactive I center to
yield 7*-peroxide complex 7. Our ability to isolate complex 7 and
its apparent thermal stability, even under vacuum, suggest
irreversible binding of O,. Complex 7 is protonated by HCI to
form the hydroperoxide complex 6. The rate law for the three-
step mechanism described by eqs 4—6 is

dfé] keks[S][O]

& kaHCl + ks[0)] @)

In the absence of HC], the k_,[HCI] term in the denominator
approaches zero, equivalent to the HCI elimination step (4)
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becoming irreversible and rate limiting. In this case, the rate law
becomes
d[6] _ kiks[5][O,]

e ks (s)
equivalent to the rate law shown in eq 2, with k, = k;. When HCI
is present, the k_,[HCI] term becomes large relative to ks[O,],
and O,-binding becomes the rate-determining step, leading to
the following rate law,

% . k4k5[5] [02} (9)
dt k_4[HCI]

This simplified rate law is equivalent to that of eq 3, with k; =
kyks/k_4. The data in Figures 10 and 11 predict a first-order
dependence on O, and an inverse first-order dependence on
HCI, when § is reacted with 6 in the presence of added HCI. Thus
the rate behavior predicted from the mechanistic sequence of
reactions of eqs 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 2, lends credence to the proposed mechanism for the
conversion of 5 to 6. We predict the equilibrium constant K, =
ky/k_4 to be quite small on the basis that (i) the formation of
hydride complex § from Ir,”" complex 4 and HCI appears
quantitative and (ii) complex § is readily isolated and found to be
stable in the absence of HCL>* Indeed, the measured value for K,
the inverse of the HCl-addition equilibrium constant (Chart 1),
is 2.5 X 10~7. Nonetheless, the kinetic studies suggested HCI
reductive elimination prior to oxygenation. Motivated by these
results, we have independently verified that Ir,”"" complex 4,
formed by HCI elimination from §, reacts rapidly and quantita-
tively with O,. The reaction forms the isolable complex Ir,""
(tfepma),(CN'Bu),Cl,(7*-0,) (7), which can be treated with
HCI to form hydroperoxide complex 6 as the major product.

Thus, the intermediate species 4 and 7 have both been isolated,
and their reactivity is consistent with the proposed mechanism
that is constructed from kinetic rate profiles.

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
described above revealed a complex three-term rate law, given in
eq 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 3 fit well with the kinetic data and furnish the rate law

d3]  kaikas[2][O;]
? = m + kg [2] [Oz] + kc1 [2] (10)

Equation 10 is equivalent to eq 1, with k; = ka1kas/k_ a1, ki’ = kg,
and k;” = k¢;. We will first focus on the first term of the rate law,
which is consistent with the reaction sequence pathway A of
Scheme 3. This mechanism is analogous to that of the diiridium
analogs (eqs 4 — 6). The inverse HCI dependence dictates an
HCI 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
peroxide complex 8. Subsequent elementary steps occur beyond
the rate-determining step and as such have no kinetics impact,
though the protonation of 8 (reaction A3, Scheme 3), 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 peroxide inter-
mediate 8 continues on to produce water without being proto-
nated to a hydroperoxide, 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 3. The second term in the rate law is
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first-order in O, and requires an alternate reaction sequence to
occur in parallel. Here again, the formation of hydroperoxide
intermediate 9 is invoked, in this case via direct reaction of hydride
complex 2 and O, (B1). Hydroperoxide 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 HCl reductive elimination and H-atom abstraction pathways
are close in energy and can operate competitively, as observed
here. The subsequent reactivity of 9 to result in the production of
H,0 with concomitant formation of Rh"™"Cl, complex 3 occurs
after the rate-determining steps for these two pathways. Thus we
cannot speak definitively about the precise nature of the reaction
(A4). We speculate two possibilities: (i) evolution of a rhodium—
hydroxide complex followed by protonolysis to release H,O, or
(i) protonation of 9 to release H,O,, which is rapidly dismutated
to O, and H,0. Additional studies will be required to lend
credence to either of these suggestions.

The third term of the rate law in eq 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. We
favor the sequence shown in pathway C of Scheme 3, involving
rate-limiting isomerization to form hydride complex 2a. We ob-
served previously by NMR studies that solutions of 2 contain ~14%
of a minor product, which rapidly equilibrates with the major
species.33 Since the interconversion of the two isomers is rapid,
we cannot invoke this observed minor isomer as the reacting
species in reaction (C1). However, there is the possibility that a
third isomer, perhaps involving an axial hydride, is formed in
minor equilibrium and is reactive toward 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 (NBu,)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 sizable trans 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 an isomer of 2 also undergoes
the HCl reductive elimination pathway, but with HCl-elimination as
the rate-determining step. This pathway would be identical to
pathway A, but would originate from a different isomer of 2 and
would effectively involve irreversible, rate-determining HCI
elimination, as opposed to pre-equilibrium HCl 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 the participating

isomer be higher than that of 2. Ultimately, computational studies
will be focused toward distinguishing these various possibilities
for the third rate law term of eq 1.

With these mechanistic proposals in hand, some quantitative
differences between the dirhodium and diiridium O,-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 addition to Rh,*"
complex 1is 1.8 x 107, whereas for Ir,”"" complex 4 the analogous
K.qis over 4 orders of magnitude higher at 4 x 10°. The observed
rate constants for the HCl-reductive elimination pathways (eqs 4 — 6
and Scheme 3A) are given b¥ ko,/Keq where ko, is the rate constant
for O, binding to the M,”" complex and K.q is the equilibrium
constant for HCI addition to the M,*"" species. Provided that
HCl 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 ku,, can be extracted. For I,
complex 4, the O,-binding rate constant ks = 8 X 1072 atm
min_ ', whereas for Rh,*" complex 1 the analogous rate constant
is quite similar at ky, = 3.2 X 10 > atm™ ' min~ . Thus the major
kinetic difference between the HCl-reductive elimination path-
ways for the dirhodium and diiridium complexes is found in the
equilibrium constants for HCI elimination, and not in the
intrinsic difference in the rate constant for binding of O, to form
the metal—peroxide intermediate.

In summary, the results described herein establish a mecha-
nistic basis for understanding important steps in the four-electron,
four-proton reduction of O, to water mediated by group 9
bimetallic hydride complexes. Considerable insight into the
mechanism of O, reduction mediated by the dirhodium hydride
complex Rh,""(tfepma),(CN'Bu),Cl3H is acquired by examin-
ing its diiridium congeners owing to the ability to isolate and
characterize plausible reaction intermediates. The results of synth-
esis and kinetics, taken together, permit us to delineate pathways
for the insertion of O, into the metal—hydride bonds. We have
determined that O,-binding by the M center, to furnish an 772—02
complex, is a key step in these transformations. The O, reactivity
at the square-planar Rh® and Ir° 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. Subsequent work will aim
to unveil pathways by which the hydroperoxide intermediates
selectively liberate H,O as the reduced oxygen species.
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