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Abstract: Two-electron mixed-valence bimetallic cores of iridium are stabilized in a diphosphazane, MeN-
[P(OCHCR),]» (bis(bis(trifluoroethoxy)phosphino)methylamine, tfepma) coordination sphere. Treatment of
[Ir(cod)CI], with tfepma affords the "' complex, I(tfepma}Cl, (1), in which the IP and I centers assume
trigonal bipyramidal and square pyramidal coordination geometries, respectively. The coordinatively unsaturated
two-electron mixed-valence core tfsupports an extensive aeithase and oxidationreduction chemistry.

As established by single crystal X-ray analysis, two-electron donor ligands are readily received 4t the Ir
center ofl to complete the octahedral coordination environment that is preferred bgnatd-metal bonded
center. Alternatively, redox-active substrates rapidly add across the single-meti@l bond ofl to form

Ir,"" mixed-valence complexes; the chlorine and hydrochloric acid addugtiepma}Cl, (5) and In(tfepma)-

HCl; (7b), respectively, have been characterized by NMR spectroscopy and X-ray crystallography. Likewise,
H, reacts withl to afford an """ dihydride complex, k(tfepma}H,Cl, (8). Single-crystal X-ray and NMR
analyses oB reveal that a single hydride ligand is coordinated at each iridium center of the bimetallic core.
Hydrogen is readily removed from the complex in solution and the solid state, providing the first example of
the reversible addition of dihydrogen across a single metatal bond.

Introduction

Mixed-valence complexes typically contain metals in formal
oxidation states that differ by a single electron, which may
localize within, or delocalize about, binuclear or polynuclear
metal cores™® With a single electron defining the mixed-

valence state, a common redox reaction of these complexes i

one-electron exchange betweer find M1 sites®15 Net
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redox chemistry may be achieved when thi&ddnter promotes
a one-electron reduction or, conversely, when tHg'\enter
promotes a complementary one-electron oxidatfo?f, Expand-
ing on Taube’s original construct of mixed valerféywe have

turned our efforts to the synthesis and chemistry of two-electron

mixed-valence complexes. Drawing a parallel to the one-electron

Sreactivity of M---M"*1 species, we surmised that oxidation

reduction transformations promoted at the individual metal
centers of two-electron mixed-valence bimetallic cores,
M+Lee. M1 or M™--M"2, present the opportunity to develop
novel multielectron chemistry.

A two-electron mixed-valence complex results when the
metals of a symmetric bimetallic core can be induced to
internally disproportionate. For t-M" bimetallic cores featur-
ing valence electrons in weakly coupled orbitals, this dispro-
portionation may be accomplished by exciting metal-to-metal
charge transfer (MMCT) transitions to give "M---M"-1
electronic excited states. Such is the case for quadruply bonded
metak-metal dimers. A lowest-energy electronic excited-state
structure of zwitterionic parentageéNl—M: ™) results from the
promotion of an electron in thegbrbital localized on one center
of the bimetallic core to the neighboringydrbital, localized
on the other metal centé#.2> As anticipated for the reactivity
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of two-electron mixed-valence cores, this MMCT excited state
promotes two-electron photoredox transformations involving
guadruply bonded metaimetal complexe3—31 When a photon
cannot be used to drive the formation of a two-electron mixed-
valence intermediate, a ground-staté&*f4--M" species must
be stabilized relative to its symmetric"¥t---M"*1 congener.
Yet the paucity of molecular compounds displaying two-electron
mixed-valence cores highlights the inability of common ligand
systems to preferentially promote this internal disproportion-
ation. Accordingly, the bis(difluorophosphino)methylamine (df-
pma) ligand, CHN(PR,),, is distinguished by its propensity to
drive the conversion of binuclear Rh-X),Rh' (X = ClI, Br or

) dimers to two-electron mixed-valence RH complexes?33

A high-resolution X-ray structure of the BH' complex,
Rhp(dfpma}Br,(PPh) provides insight into the means by which

Heyduk and Nocera

Depending on electron counting formalisms, these complexes
may be described as two-electron mixed-valence species in
which there is a dative M— M"" bond or, alternatively, as a
symmetric 17 & species connected by a'MM!" bond formed
from the pairing of electrons from each of the metal centers.
By introducing the same ad excited state within the
electronic structure of the LRRRHL, LRh®—Rh'X;, and %-
RKh'—Rh'X, cores*® we have been able to interconvert between
series members by the elimination of halogen in two-electron
steps. Our success in effecting a four-electron photoredox
chemistry among discrete molecular spetiésattests to the
benefits gained from designing an authentic two-electron mixed-
valence RP(dfpma)kX,L complex (X= ClI, Br and L= CO,
PRs, CNR), together with its reduced EH¥(dfpmajL, and
oxidized RR"!"(dfpma)X, partners. The mixed-valence com-

the dfpma ligand accommodates an internally disproportionatedpound is the linchpin that couples the two-electron-Xi

metal core®* A pronounced asymmetry in the dfpma framework

chemistry of the individual rhodium centers.

of the dirhodium complex suggests that the bridgehead N Because the high stabilities of metdlalide bonds prevent

predominantly donates its lone pair to the;Piended to R
in the absence of Rh— PR, m-back-bonding, the PFgroup
acts as a-donor to stabilize the high-valent Rimetal center.

turnover in photocatalytic HX splitting cyclé$;° the ability
to photoactivate M-X bonds from a two-electron mixed-valence
platform is provocative from the standpoint of energy conversion

Correspondingly, with the N lone pair electron density channeled considerations. To this end, we have become interested in

away from the neighboring BFroup, its strongr accepting
properties are maintained and hence® Rhstabilized. In this

manner, we believe that the dfpma ligand is able to accom-

modate the intramolecular disproportionation of RIRH to
RH—RA'",
The two-electron mixed valency of the Riifpma system is

defining the potential role of two-electron mixed-valence
complexes in HX photocatalysis, necessitating a systematic
understanding of the hydrido and hydridbalo chemistry of
this new class of compounds. The recent availability of t5fe'Ir
species, W(tfepmaCl, (tfepma= MeN[P(OCHCFs)2],),%0 in
consideration with the stability of third-row metahydride

unusual because it is not contingent on electron-counting bonds, provides a heretofore unavailable opportunity to sys-

formalisms. Octahedral Bhand trigonal bipyramidal Rh

tematically investigate the hydrido and hydrido-halo coordina-

centers compose a bimetallic core bridged by three dfpma tion chemistry of two-electron mixed-valence complexes. As

ligands. Pairing the odd electron in thg drbital of the two 17

e Rh? and RH centers leads to a formal metahetal bond
and a 36 € species. This formulation of two-electron mixed-
valency is differentiated from the common structural motif that
is exemplified by 34 e bimetallic compounds of cobalt,
rhodium, and iridiun®5-3° Here, single-atom, anionic ligands
such as chlorine, oxygen, or sulfur bridge I8aetahedral and
16 e square planar metal centers of a binuclear metal €ore.
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we now report, small molecule substrates, &I, and HCI
readily react at the #"" core to afford a set of structurally
characterized complexes, which reveal an extensive oxidation
reduction chemistry for two-electron mixed-valence compounds,
including the first example of reversibleldddition/elimination
across a single metametal bond.

Experimental Section

General Considerations.All synthetic manipulations were con-
ducted in the dry, anaerobic environment provided by a Schlenk-line
or by a nitrogen-filled glovebox. Solvents for synthesis were reagent
grade or better and were dried by following standard proceddres.
Compounds gave satisfactory analyses, which were performed at H.
Kolbe Mikroanalytisches Laboratorium.

Chlorine was delivered as the iodobenzene adduct, Rhidle
starting materials [Ir(cod)C](Strem), triethylsilane (Aldrich), triethy-
lamine (Alfa-Aesar), 2,2,2-trifluoroethanol (Aldrich), methyliodide
(Aldrich), trifluoromethanesulfonic acid (Alfa-Aesar),-ttifluo-
romethanesulfonic acid (Aldrich) and gaseous reactants(BOC

(41) Ling, S. S. M.; Jobe, I. R.; Manojloviee-Muir, J.; Muir, K. W.;
Puddephatt, R. JOrganometallics1985 4, 1198-1202.

(42) Ling, S. S. M.; Payne, N. C.; Puddephatt, RO¥ganometallics
1985 4, 1546-1550.

(43) Jiang, F. M.; Male, J. L.; Biradha, K.; Leong, W. K.; Pomeroy, R.
K.; Zaworotko, M. J.Organometallics1998 17, 5810-5819.

(44) Lagunas, M. C.; Gossage, R. A.; Spek, A. L.; van Koten, G.
Organometallics1998 17, 731-741.

(45) Odom, A. L.; Heyduk, A. F.; Nocera, D. Giorg. Chim. Acta200Q
297, 330-337.

(46) Kadis, J.; Shin, Y.-g. K.; Dulebohn, J. I.; Ward, D. L.; Nocera, D.
G. Inorg. Chem 1996 35, 811-817.

(47) Gray, H. B.; Maverick, A. WSciencel981 214, 1201-1205.

(48) Roundhill, D. M.; Gray, H. B.; Che, C.-MAcc. Chem. Red.989
22, 55-61.

(49) Smith, D. C.; Gray, H. BCoord. Chem. Re 1990 100, 169-181.

(50) Heyduk, A. F.; Nocera, D. @hem Commun1999 1519-1520.

(51) Armarego, W. L. F.; Perrin, D. DPurification of Laboratory
Chemicals 4th ed.; Butterworth-Heinmann: Oxford, 1996.



Hydrido—Halo Complexes of Diiridium Cores

Gases, UHP Grade 5), HCI,,pand DCI (Aldrich) were used as
received. The ligand precursor MeN(BaP>%3and I°—Ir'"" compounds
Iry(tfepma}Cl(CNBU) (2a) and In(tfepma)Cl(PEt) (2b)>° were
prepared by following published procedures.

General Methods. All NMR spectra were collected at the MIT
Department of Chemistry Instrumentation Facility on a Varian Inova-

J. Am. Chem. Soc., Vol. 122, No. 39, 28007

additional peak at 1.963 ppm, attributed to approximately one equivalent
of uncoordinated proteo MeCN.

Reaction of 1 with BwuNBr. A 0.7-mL CDs;CN solution of1 (100
mg, 0.052 mmol, 1 equiv) was treated with 23 mg ofyBBr (0.071
mmol, 1.4 equiv). As the BINBr dissolved, the solution color turned
from brown to orange'H and®'P NMR spectroscopy established the

Unity 500 Spectrometer unless otherwise noted. The NMR solvents quantitative conversion dfto [Irx(tfepma)BrCi] ~ (2c). *H NMR (CDs-

CsDs, *-THF and CRCN (Cambridge Isotope Laboratories) were either

CN) 6/ppm: 0.961 (t, 7.39 Hz, 12H), 1.352 (dg, 15.0 Hz, 7.38 Hz,

dried using appropriate agents and degassed by at least three-freeze 8H), 1.604 (m, 8H), 3.109 (m, 9H), 4:3.0 (m, 24H) 3P{*H} NMR

pump-thaw cycles, or used as received in glass ampitl¢NMR

(CDsCN) d/ppm: 35.015 (s, 1P), 41.074 (t, 303 Hz, 1P), 70.748 (,

spectra (500 MHz) were referenced to TMS using the residual proteo 70.6 Hz, 2P), 98.240 (dm, 308 Hz, 2P).

impurities of the given solven8'P{*H} NMR spectra (202.5 MHz)
were referenced to an external 85%P@, standard. All chemical shifts
are reported using the standardotation in parts-per-million; positive

chemical shifts are to a higher frequency from the given reference.

Rate constants for fluxional processes were calculated from VT NMR

Reaction of 1 with Triflic Acid. An NMR tube was charged with
1 (74 mg, 0.039 mmol, 1 equiv) in 0.7 mL of GDN. The solution
was treated with 34 of HOTf (OTf = OSQCF;) (0.39 mmol of
HOTTf, 10 equiv), delivered via autopipet. Upon mixing, the solution
turned pale yellow to quantitatively give [H(tfepma}Cl,(MeCN)]-

spectra using the Complete Bandshape Method; the correspondingOTf (4). Alternatively, treatment of a suspensionof192 mg, 0.100

activation parameters were calculated from Eyring plbtR spectra

mmol, 1 equiv) in 9 mL of CHCIl, with HOTf (20 mg, 0.13 mmol, 1.3

were recorded on a Nicolet Impact 410 spectrometer as either KBr equiv) in 1 mL of MeCN caused all solid to dissolve, giving a very

pellets or Fluorolube mulls.

Preparation of tfepma. Although tfepma has been prepared
previously%>56 we now describe a detailed synthesis of the bidentate
diphosphazane. Dropwise addition of {iH,OH (36.8 g, 368 mmol,
4.25 equiv) to a-80 °C solution of triethylamine (36.49, 360 mmol,
4.16 equiv) and MeN(P@gk (20.15 g, 86.56 mmol, 1 equiv) in 500
mL of diethyl ether results in a rapid and exothermic reaction, with
concomitant formation of the white [EH]CI salt. After warming to
room temperature, the mixture was stirred for 24 h. Filtration followed

pale yellow solution. Precipitation of an eggshell solid was aided by
the addition of 10 mL of pentane, affording 163 mg (77%)ofH
NMR (CDsCN) é/ppm: —12.669 (m, 1H), 1.964 (s, see text), 2.586
(d, 1 Hz, see text), 2.728 (t, 11.5 Hz, 3H), 2.865 (dd, 8.84 Hz, 7.53
Hz, 3H), 3.092 (t, 7.86 Hz, 3H), 4-15.3 (m, 24H).3'P{'H} NMR
(CDsCN) 6/ppm: 43.007 (dd, 744 Hz, 35.3 Hz, 1P), 48.383 (ddt, 716
Hz, 45.6 Hz, 17.9 Hz, 1P), 53.628 (dd, 147 Hz, 38.0 Hz, 1P), 66.898
(dd, 150 Hz, 39.3 Hz, 1P), 75.931 (ddt, 739 Hz, 148 Hz, 39.7 Hz, 1P),
84.947 (ddt, 722 Hz, 146 Hz, 34.9 Hz 1P). IR (Fluorolubg)./cm™:

by rotary evaporation to remove ether afforded impure product as a 2042.

clear, viscous liquid. Distillation under reduced pressure-8%°C,

Reaction of 1 with PhICI; to Ir 2"'" (tfepma)sCl4 (5). PhICL (20

0.5 Torr) was accompanied by some decomposition of the ligand, neces-mg, 0.073 mmol, 1.3 equiv) in 2 mL of Gi8l, was added to an 8-mL

sitating a second filtration to give 23.6 g (58% yield) of pure ligand.
IH NMR (300 MHz, GDe) d/ppm: 2.506 (td, 3.898 Hz, 0.600 Hz,
3H), 3.55 (dp, 17.12 Hz, 4.4 Hz, 8HIP{*H} NMR (121.4 MHz, GDg)
dlppm: 148.614 (s)°F NMR (282 MHz, GDg) 6/ppm: —76.90 (m).
Preparation of Ir 2" (tfepma)sCl, (1). The iridium complex
Iry(tfepma}Cl, (1),%° previously prepared in our laboratories, is more
conveniently synthesized as follows. Within the environs of a glovebox,
[Ir(cod)Cl]2 (2.06 g, 3.07 mmol, 1 equiv) was dissolved in 100 mL of
toluene contained in a 250-mL Schlenk flask. To this solution, tfepma
(4.63 g, 9.50 mmol, 3.1 equiv) in 10 mL of toluene was added dropwise,
prompting a color change from orange to red. The flask was fitted with

CH_CI; suspension of (105 mg, 0.055 mmol, 1 equiv). Akreacts,

the suspension is brought into solution, which turns bright yellow and
a yellow solid subsequently forms. To ensure complete reaction, stirring
was continued at room temperaturer f@ h after the onset of
precipitation. Addition of pentane followed by filtration gave 54 mg
(37% yield) of a bright yellow powder. Single crystals®ivere grown
from saturated solutions of the complex in &Hp, layered with heptane.
Anal. Calcd for Q7H33CI4F36Ir2N3012P6: C, 1632, H, 167, N, 211,

P, 9.35. Found: C, 16.37: H, 1.78; N, 2.09; P, 9.49.NMR (CDs

CN) 6/ppm: 2.71 (t, 8.40 Hz, 3H), 2.87 (t, 9.38 Hz, 3H), 2.93 (t, 7.78
Hz, 3H), 4.3-4.6 (m, 6H), 4.75.1 (m, 12H), 5.40 (ddqd, 179.6 Hz,

a reflux condenser and a nitrogen inlet, and then removed from the 12.14 Hz, 8.80 Hz, 2.93 Hz, 2H), 5.91 (ddq, 151.1 Hz, 12.20 Hz, 8.81
glovebox and attached to a Schlenk line. The mixture was heated to Hz, 2H). *P{*H} NMR (CDsCN) 6/ppm: 9.24 (dt, 80.50 Hz, 25.86

reflux for 1 h during which a dark solid formed. After cooling the

Hz, 1P), 13.14 (ddd, 900.7 Hz, 79.93 Hz, 31.16 Hz, 1P), 54.98 (dt,

mixture to room temperature, the toluene was removed by cannula 136.2 Hz, 29.08 Hz, 1P), 57.11 (dt, 125.6 Hz, 28.48 Hz, 1P), 66.46

filtration, and the solid was washed withx320 mL of pentane before
drying under reduced pressufie(4.5 g) was obtained in 77% yield as
a green powder. The NMR featuresl-in CDsCN at 25°C have been
previously reported; the data presented here are for solutiofigrof
dB-THF at—80°C.H NMR (dB-THF, —80°C) d/ppm: 2.61 (dd, 13.09
Hz, 10.59 Hz, 3H), 2.70 (s, 3H), 3.17 (s, 3H), 425 (m, 24H).3'P-
{*H) NMR (d;-THF, —80 °C) d/ppm: 25.68 (s, 1P), 71.73 (ddt, 325.3
Hz, 297.6 Hz, 18.18 Hz, 1P), 78.31 (dm, 138.1 Hz, 1P), 89.76 (dd,
171.6 Hz, 39.26 Hz, 1P), 104.10 (dtdd, 326.7 Hz, 253.0 Hz, 137.3 Hz,
29.24 Hz, 1P), 106.12 (dtd, 296.6 Hz, 258.4 Hz, 170.3 Hz, 1P).
Dark green crystals df are obtained by dissolving microcrystalline
samples of the compound in a minimal amount of MeCN, diluting the
resulting solution with CELCly, filtering and layering the filtrate with
an alkane solvent. Occasionally, a small crop of large yellow crystals
(3) would coprecipitate from solution. TheP NMR spectra of the
green-brown crystals of and the yellow crystals o8 dissolved in
CDsCN are identical; however, théd NMR spectrum of3 shows an

(52) Nixon, J. F.J. Chem. Soc. A968 2689-2692.
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London, 1982.
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(56) Balakrishna, M. S.; Prakasha, T. K.; Krishnamurthy, S. S.; Siri-
wardane, U.; Hosmane, N. 8. Organomet. Chenil99Q 390, 203-16.

(dt, 124.5 Hz, 30.50 Hz, 1P), 74.31 (ddd, 900.8 Hz, 136.6 Hz, 30.89
Hz, 1P).

Preparation of Ir ;"' (tfepma),Cls(MeCN); (6). A solution of1 (150
mg, 0.078 mmol, 1 equiv) and Phi150 mg, 0.50 mmol, 6 equiv)
in 10 mL CHCN was heated to reflux for 48 h. The solvent was
removed under reduced pressure, and the residue was taken up in 5
mL of CH,Cl,. The solution was filtered and then concentrated to 2
mL by vacuum distillation. Addition of a 10-mL aliquot of pentane
caused 100 mg (81% vyield) @& to precipitate as a yellow powder,
which was collected and dried in vacuo. Single crystaBwere grown
by layering saturated Gi€l, solutions of the complex with heptane.
Anal. Calcd for QzH28C|4F24||'2N408P4: C, 1670, H, 178, N, 3.54.
Found: C, 16.58: H, 1.88; N, 3.524 NMR (CDsCN) é/ppm: 2.80
(t, 8.13 Hz, 6H), 4.48 (q, 2.93 Hz, 4H), 48.8 (m, 4H), 4.955.15
(m, 6H), 5.46 (dqd, 12.31 Hz, 8.93 Hz, 3.62 Hz, 2FfR{'H} NMR
(CDsCN) 8/ppm: 54.97 (dd, 121.4 Hz, 42.41 Hz, 2P), 57.87 (dd, 121.4
Hz, 41.64 Hz, 2P).

Reaction of 1 with HCI to Ir y(tfepma)sHCl3 (7a and 7b). A
suspension of (120 mg, 0.063 mmol) in 10 mL of Ci&l, was purged
with HCI gas. Within 5 min, all solid had dissolved to give a yellow
solution. Immediate solvent removal gave 131 mg (97% yieldjaf
with an empirical formula k(tfepma}HCls. Anal. Calcd for GHas-
Cl3Fs6lro2NsO1Ps: C, 16.60; H, 1.75; N, 2.15; P, 9.52. Found: C,
16.57: H, 1.84; N, 2.08; P, 9.684 NMR (CD:CN) 6/ppm: —12.985
(m, 1H), 2.757 (t, 11.2 Hz, 3H), 2.916 (s, 6H), 45.9 (m, 24H)31P-
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{*H} NMR (CDsCN) é/ppm: 35.712 (ddd, 795 Hz, 44 Hz, 18.9 Hz,
1P), 47.878 (dd, 752 Hz, 49 Hz, 1P), 63.794 (dd, 147 Hz, 34 Hz, 1P),
66.339 (dd, 146 Hz, 35 Hz, 1P), 80.880 (dddd, 795 Hz, 146 Hz, 54
Hz, 29 Hz, 1P), 88.657 (dddd, 751 Hz, 147 Hz, 44 Hz, 29 Hz, 1P). IR
(KBr) vy—nlcm™: 2037.

When solvent was not immediately removed, and the solution was
stirred for 24 h at room temperature, a very pale yellow solid
precipitated from solution. NMR analysis of this solid in IN
revealed the formation of an isomer of(tfepma}HCls, 7b, in 68%
isolated yield. The preparation @b on a larger scale proceeds smoothly
by treating a suspension @f(1.153 g, 0.6016 mmol) in 150 mL of
CH.CI, with HCI gas for 10 min. The flask headspace was purged
with N, and the solution was stirred for 24 h. The volume of the
mixture was reduced te40 mL by distillation under reduced pressure.
Addition of 60 mL of pentane facilitated the precipitation of 640 mg
(54%) of analytically purerb, which was washed with pentane and
dried in vacuo. Single crystals of this complex are readily obtained by
layering a CHCI; solution of7b with heptane. Anal. Calcd for ZHzs-
ClsFz6lro2NsO1Ps: C, 16.60; H, 1.75; N, 2.15; P, 9.52. Found: C,
16.47: H, 1.74; N, 2.15; P, 9.584 NMR (CD3CN) 6/ppm: —10.261
(ddt, 178 Hz, 18.2 Hz, 12.2 Hz, 1H), 2.65 (t, 10.84 Hz, 3H), 2.77 (t,
7.49 Hz, 3H), 2.89 (t, 7.74 Hz, 3H), 45.1 (m, 21H), 5.3-5.5 (m,
1H), 5.7-6.1 (m, 2H)3'P{H} NMR (CDsCN) 8/ppm: 21.64 (tp, 34.17
Hz, 21.68 Hz, 1P), 26.61 (dtd, 761.5 Hz, 33.05 Hz, 10.27 Hz, 1P),
64.38 (dddd, 130.6 Hz, 35.66 Hz, 21.52 Hz, 10.06 Hz, 1P), 67.79 (ddd,
162.2 Hz, 36.45 Hz, 19.99 Hz, 1P), 82.15 (dddd, 760.1 Hz, 130.8 Hz,
22.02 Hz, 13.08 Hz, 1P), 86.40 (dm, 162.6 Hz, 1P). IR (KBP)n/
cm ' 2115.

Reaction of 1 with H, to Ir """ (tfepma)sH.Cl, (8). Dihydrogen
was bubbled slowly into a 10-mL GBI, suspension ofl (76 mg,
0.040 mmol). The solid dissolved immediately to give a yellow solution,
which returned to brown with concomitant formation of solid upon
purging with N. Treating with H regenerated the yellow solution. The
solution could be cycled reversibly between yellow and brown with
treatment of Hand N, respectively. The reaction proceeds with equal
facility in CDsCN. Integration of the'H NMR spectra obtained on
solutions before and afterstddition indicates a quantitative reaction.
A pale yellow solid is isolated when GBI, solutions were concentrated
under a stream of Ho a few mLs, followed by pentane addition and
cooling to —80 °C. An accurate yield and elemental analysis of the
compound could not be determined because the complex losis H
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refined as a rigid group before being allowed to refine freely in the
final refinement cycles. Hydrogen atoms were placed in calculated
positions using a standard riding model and they were refined
isotropically. The orientation of the uncoordinated MeCN solvent
molecule was assigned arbitrarily as the difference between the carbon
and nitrogen terminus could not be definitively established. The largest
peak and hole in the difference map were 0.754 aif470 eA?3,
respectively. The least squares refinement converged normally giving
residuals of R1= 0.0287, wR2= 0.0709, and GOF= 1.021. The
crystal data for @HagCloF36lr2NsO12Ps:  orthorhombic,P2,2,2;, Z =
4,a=13.078(6) Ab = 17.505(9) A,c = 27.837(14) AV = 6373(5)
A3, peaic = 2.083 g/crd, F(000) = 3832.

X-ray Structure of [Ir y(tfepma)sCla]2*CH.Cl, (5:CH.Cl5). A 0.32
mm x 0.10 mmx 0.08 mm yellow crystal of plate morphology was
obtained by layering a Ci€l, solution of5 with heptane. The crystal
was coated in Paratone N and mounted onto a glass fiber. A total of
51168 reflections were collected in therange of 1.24 to 23.25, of
which 18252 were uniqueR(,; = 0.0955). The structure was solved
by the Patterson heavy atom method in conjunction with standard
difference Fourier techniques. Fluorine atoms were placed in ideal
positions and subsequently allowed to refine freely. Hydrogen atoms
were placed in calculated positions using a standard riding model and
were refined isotropically. Two crystallographically unique but chemi-
cally identical iridium molecules were found in the asymmetric unit.
The largest peak and hole in the difference map were 1.456-aril6
eA-3, respectively. The least squares refinement converged normally
giving residuals of RE 0.0803, wR2= 0.1363, and GOF= 1.145.
The crystal data for & sdH34ClsFzelr2N3O12Ps: monoclinic, P2i/c, Z
=8,a=23.6253(3) Ab = 24.3565(4) Ac = 24.93500(10) Ap =
116.5400(10), V = 12836.3(3) A&, pcaic = 2.101 g/crd, F(000)= 7752.

X-ray Structure of [Ir y(tfepma),Cl4(MeCN);], (6). A 0.50 mmx
0.20 mmx 0.08 mm yellow crystal of plate morphology was obtained
by layering a CHCI, solution of6 with heptane. The crystal was coated
in Paratone N and mounted onto a glass fiber. A total of 20933
reflections were collected in thrange of 1.27 to 23.26, of which
14281 were uniqueRy = 0.0419). The structure was solved by the
Patterson heavy atom method in conjunction with standard difference
Fourier techniques. Fluorine atoms were placed in ideal positions and
subsequently allowed to refine freely. Hydrogen atoms, placed in
calculated positions using a standard riding model, were refined
isotropically. Again, as in5, two crystallographically unique but

an atmosphere devoid of dihydrogen. The reaction is so prevalent thatchemically identical iridium molecules were found in the asymmetric

it occurs even in the solid-state, thus requiring us to grow X-ray quality
single crystals of the complex from a @El, solution of 8 layered
with octane under a dihydrogen atmosphé&reNMR (CD3;CN) é/ppm:
—11.626 (dq, 188 Hz, 16.0 Hz, 1H);8.174 (d, 278 Hz, 1H), 2.81 (t,
6.72 Hz, 3H), 2.82 (t, 7.37 Hz, 6H), 4:5.7 (m, 24 H)3'P{*H} NMR
(CDsCN) 6/ppm: 17.85 (s, 1P), 45.26 (d, 746 Hz, 1P), 71.34 (d, 159
Hz, 1P), 86.84 (d, 155 Hz, 1P), 95.50 (dd, 752 Hz, 218 Hz, 1P), 99.40
(d, 222 Hz, 1P). IR (KBrw,—u/cmt: 2053, 2071.

General Details of X-ray Data Collection and Reduction X-ray
diffraction data were collected on a Siemens 3-circle platform diffrac-

unit. The largest peak and hole in the difference map were 1.484 and
—1.235 e&3, respectively. The least squares refinement converged
normally giving residuals of R+ 0.0749, wR2= 0.1598, and GOF
= 1.144. The crystal data for&sH29ClsF24lr2N4OgPy: triclinic, P1,
Z=4,a=16.5448(11) Ap = 16.5925(11) Ac = 19.2595(13) A
= 96.1220(10), f = 90.0930(10), y = 104.0800(10), V = 5096.9-
(6) A3, peac = 2.118 g/cr, F(000) = 3084.

X-ray Structure of Ir 5(tfepma)sHCl3:CH,Cl, (7b-CH,Cl,). A 0.75
mm x 0.75 mmx 0.50 mm yellow crystal of plate morphology was
obtained by layering a Ci€l, solution of 7b with heptane. The crystal

tometer equipped with a CCD detector. Measurements were carriedwas coated in Paratone N and mounted onto a glass fiber. A total of

out at—90 °C using Mo Ko (A = 0.71073 A) radiation, which was

24906 reflections were collected in therange of 1.40to 23.26, of

wavelength selected with a single-crystal graphite monochromator. Four which 8802 were uniqueR,; = 0.0414). The structure was solved by

sets of data were collected usimgscans and a0.3 scan width. All
calculations were performed on a Silicon Graphics Indigo 2 workstation.
The data frames were integratedhkl/intensity, and final unit cells
were calculated by using the SAINT program v4.050 from Siemens.
The structures were solved and refined with the SHELXTL v5.03 suite
of programs developed by G. M. Sheldrick and Siemens Industrial
Automation, Inc, 1995.

X-ray Structure of [Ir y(tfepma)sCl(MeCN)]-MeCN (3-MeCN).
A 0.24 mmx 0.32 mmx 0.32 mm fragment of a yellow crystal was
excised from a larger crystal, which was obtained by vapor diffusing
pentane into a CKCl,/MeCN solution ofl. The crystal was coated in

the Patterson heavy atom method in conjunction with standard
difference Fourier techniques. The iridium-coordinated hydrogen was
located in the difference Fourier map after all non-hydrogen atoms were
located; the hydride was subsequently refined using a fixedIr
distance of 1.4 A. All other hydrogen atoms were placed in calculated
positions using a standard riding model and were refined isotropically.
The largest peak and hole in the difference map were 1.286-@r@R7
eA-3, respectively. The least squares refinement converged normally
giving residuals of RE 0.0297, wR2= 0.0711, and GOF= 1.102.

The crystal data for gHzeClsF36lr2N3O12Ps: monoclinic, P2i/n, Z =
4,a=12.8111(2) Ab = 17.0106(2) A,c = 28.46680(10) AB =

Paratone N and mounted onto a glass fiber. A total of 25467 reflections 99.2430(10), V = 6123.06(12) &, pcac= 2.211 g/cr, F(000)= 3896.

were collected in th@ range of 2.43to 23.3F, of which 9155 were

X-ray Structure of Ir y(tfepma)sH.Cl,:CH.Cl, (8:CH.Cl,). A 0.50

unique Rnt = 0.0313). The structure was solved by the Patterson heavy mm x 0.50 mmx 0.25 mm crystal fragment was taken from a larger

atom method in conjunction with standard difference Fourier techniques.

Fluorine atoms of the-CF; groups were placed in ideal positions and

yellow crystal of plate morphology, obtained by layering a.CH
solution of 8 with heptane under anjhtmosphere. The crystal was
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coated in Paratone N and mounted onto a glass fiber. A total of 19041 Scheme 1
reflections were collected in thrange of 1.24 to 23.27, of which

8475 were uniqueRj = 0.0721). The structure was solved by the \ N

. : X i . N—P  Cl CI P [
Patterson heavy atom method in conjunction with standard difference |1, N [, ,L.Cl
Fourier techniques. The'icoordinated hydrogen was located in the P—lo— I L—hh ;«F“h_c'
difference Fourier map after assignment of all non-hydrogen atoms; it p\P\/P/i’ p\P\/\ P
was subsequently refined using a fixee-H distance of 1.4 A. The ,N N;,g “,‘ N\

Ir'"-coordinated hydrogen was placed in a vacant coordination site of

the 1" center, with an k-H bond distance of 1.4 A. All other hydrogen " . .
atoms were placed in calculated positions using a standard riding model_T2Y crystallography. Notably, the'kcoordinated phosphites

and were refined isotropically. The largest peak and hole in the OI 2a, 2b, and2c give rise to sharp triplet signals in thép-
difference map were 1.862 anell.708 eA, respectively. The least ~ {*H} NMR spectrum (Supporting Information, Figure S1) at
squares refinement converged normally giving residuals of=R1  72.5, 66.0, and 70.7 ppm, respectively. The absence of fluxional

0.0539, wR2=0.1299, and GOFE 1.210. The crystal data for,8Hs7 behavior is also in evidence from the sharp high frequency
ClaFs6lr2NsO12Ps: monoclinic, P2i/n, Z = 4, a = 10.9265(3) Ab = doublet resonances of thePcoordinated phosphites of the
24.1981(7) A.c = 22.6237(7) A,f = 97.1060(10), V = 5935.8(3) bridging ligands. Whereas tl#éP resonances of the equatorial
A3, peac = 2.242 glcri, F(000) = 3832. phosphites coordinated to th& trenter inl and2 are virtually

Extended Huckel Calculations. Electronic structure calculations  jgentical. the3!P resonance of the axial phosphite of the
were performed on a Silicon Graphics Indy workstation using the o PR ;
YAeHMOP software, v2.67 The molecular structure of complek chelatmg_dlphpsphazane shifts in accordance with the stru_ctural
perturbations induced by the presence of a donor ligand in the

was approximated as the idealized moleculgPls)sCla. Iridium— . L . | . .
ligand bond lengths and angles for the complex were taken from the axial coordination site of . The observed increase in thé-r

crystal structure ofl. The input files are available as Supporting Paxbond distanced(Ir®—Pa) = 2.238(6) A in2avs d(Ir’—Px)
Information. Graphic representations of the metal-based HOMO and = 2.206(4) A in 1) upon coordination of the donor ligand
LUMO for each molecule were generated from the Viewkel output of decreases Ir— Py -back-bonding, thus accounting for the
the YAeMOP calculation and subsequently modified with the ray- pronounced high-frequency shift of the axial phosphite reso-

tracing program Rayshade. nance. A sizabléJp, —PEt, coupling (e.g., 207 Hz foeb), and
its absence irl, follows logically from the coordination of a
Results phosphorus donor ligand along the metaletal bond.

Simple Addition Reactions to the Ir,%!'Cl, Core. The two- When the two-electron donor ligand is onIy_ wegkly coordi-
electron mixed-valencefH' core was unknown previous to the nating, the arrangement of the donor and halide ligands of the
coordination chemistry of tfepma (tfepma MeN[P(OCH- octahedral It changes |n_the manner shown by thfe X-_ray crystal
CF3)2]2). The bidentate diphosphazane ligand is prepared by theStructure _of the acetonitrile _adducS)(presented in Figure 1.
addition of CRCH,OH to cold EtO solutions of MeN(PG), Table 1 lists selec_ted _metrlcal parameters for. the structure.
and NEg. We have recently communicated the reaction of Although the coordination mode of the tfepma ligands3iis
tfepma with [Ir(cod)Cl} to produce 152(tfepma)Cl, (1) in unaltered from that observed B) the coordination positions

moderate to good yield®.As summarized in Scheme 1 (only of a halide aljd t_he axial donor ligand are interchanged. The
the PNP backbones of the ligands are depicted), the coordinationVeakly coordinating MeCN ligand readily undergoes solvent
sphere of the ' tiepma complex is distinguished from its exchang.e as revealed by the appearance qf a resonance for
Rh!! dfpma counterpart by the preference of one bidentate Uncoordinated proteo MeCN at 1.93 ppm in thHe NMR
ligand to chelate rather than bridge the bimetallic core. With SPectrum oBin CDsCN. All other resonances in tHél NMR

the phosphorus of the chelating diphosphazane axially ligating spectrum of3 are identical to those observed in the spectrum
Ir9, the terminal donor ligand of the rhodium complex is not . .

required. In turn, the absence of a third phosphorus ligand in  The solvent exchange processloias examined in CECN

the equatorial plane of Irdemands the equatorial coordination and d-THF by variable temperaturé and 3P NMR spec-

of two halides to the It center, leaving its axial coordination ~ roscopy. Figure 2 presentsl and3'P NMR spectra for the
site vacant. stopped-exchange and near-fast exchange limits in THF; similar

results are obtained in GBN solution. At room temperature,
the NMR spectra ofl and 3 are consistent with the X-ray
structure of the former. Namely, a methyl resonance at 2.62
ppm, assigned to the chelating ligand, and a broad resonance
at 2.91 ppm, assigned to the bridging ligands, are present at
the expected 1:2 ratio. Upon cooling below25 °C, NMR
spectra of both complexes are identical and consonant with the
asymmetric coordination environment displayed in the X-ray
crystal structure o8. The broad resonance at 2.91 ppm splits
into two singlets, indicative of different environments for the
{oridging tfepma ligands. The 24 protons attributed to the

The coordinative unsaturation bfs the basis for an extensive
reaction chemistry. Two-electron donor ligands sucheas
butylisonitrile a), triethylphosphineZb) and bromide Zc) are
readily received at the vacant' laxial site of1, conferring the
octahedral coordination geometry that is preferred bymetal
center. As is apparent in the ORTEP of the CNBamplex
(2a) shown in Figure 1, the #!" mixed-valence core is
preserved upon axial ligation. Apart from changes along the
Pax—Ir0—Ir'"—L o axis, the X-ray crystal structure @fis largely
undistinguished from that df.° In agreement with the solid-

state results, the integration ratios for the proton resonances o vl f the diphosph ,
Lay to those of tiepma establish that only one donor ligand is Methylene resonances of the diphosphazane’s OE¢yroups

incorporated into the diiridium coordination sphere. Moreover, (Notshown in Figure 2) are not well resolved at any temperature.

room-temperature NMR spectra2d—cin CDsCN reveal static A similar trend is observed in théP NMR spectra ot and

solution structures that are also consistent with the results of 3 Be_low the coalescence- temperature, spectrh afid 3 are
identical and congruent with the solid-state structur8.cfhe
(57) Landrum, G. A.; YAeHMOP: Yet Another extended"tkel two low-frequency resonances at 25.7 and 71.7 ppm are assigned

Molecular Orbital Package. YAeHMOP is freely available at http:// ; i i ; ;
overlap.chem.cornell.edu: 8080/yaehmop.html. to the chelating tfepma ligand, with the axial phosphite

(58) Kolb, C.; Bogart, R.; Rayshade, v. 4.0; Rayshade is available at @Ppearing at lowest frequency. The remaining resonances are
http://aperture.stanford.eduéek/rayshade/rayshade.html. due to the bridging tfepma ligands. Two overlapping high-
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Figure 1. Reaction chemistry of }ttfepma}Cl; (1) with two-electron donor ligands. Thermal ellipsoid plots of the crystal structures are drawn at
the 50% probability level and the numbering scheme is shown. Solvent moleculesGiieCF; groups are omitted for clarity.

Table 1. Selected Crystallographic Bond Distances (A) and Angles 31p NMR 1H NMR
(deg) for the Complexe% and 3#

(a)
bond lengths/A
1 3
Ir(1)—Ir(2) 2.7871(8) 2.7963(11)
Ir(1)—P(1) 2.236(4) 2.217(2)
Ir(1)—P(3) 2.268(4) 2.225(2) e S’ NS N -~ -

Ir(1)—P(5) 2.272(4) 2.272(2)
Ir(1)—P(6) 2.206(4) 2.227(2)
Ir(2)—ClI(1) 2.375(4) 2.427(2) ()
Ir(2)—ClI(2) 2.363(4) 2.513(2)
Ir(2)—P(2) 2.192(4) 2.186(2)
Ir(2)—P(4) 2.189(4) 2.176(2)
Ir(2)—N(4) N/A 2.120(7) — -
bond angles/deg 110 100 90 80 70 60 50 40 30 20 3.0 25
1 3 8/ ppm 8/ ppm
Figure 2. H (partial) and®P{*H} NMR spectra ofl in d®-THF at (a)
P(l)—lr(l)—P(3) 1068(2) 11706(8) 20 °C and (b)—80 °C.
P(L)-Ir(1)—P(5) 136.8(2) 128.93(9)
E’g)):::%:g?l)) 1?2:5(%) 1%:?2% Information, Figure S3); activation parameters measured for this
P(2)—Ir(2)—CI(2) 88.2(2) 99.31(7) solvent system arAH* = 25 + 4 kcal mot! andAS* = 38 +
Ir(2)—Ir(1)—P(6) 164.02(12) 165.26(7) 5 cal molt K=1. The positive activation entropies in both
Ir(1)—1r(2)—CI(2) 104.52(11) 174.72(5) solvent systems comply with a dissociative proc8sss AH*
P(2)~Ir(2)—N(4) 89.46(18)

for a dissociative process is reflective of the metajand bond

2 The data forl are taken from the previously published strucfitre.  Strengthf® the higher observed activation enthalpy for MeCN

exchange follows directly from the greater tenacity of aceto-
) nitrile (as compared to THF) for late transition metals.

frequency resonances (16010 ppm) arise from the % Protons as well as Lewis bases also add to the two-electron
coordinated phosphites and the resonances at 78.3 and 89.8 ppihixed-valence core ofl. Addition of neat triflic acid to
arise from the phosphites coordinated to thé denter. As  syspensions df in CH,Cl, yields no appreciable reaction, even
temperature is increased, solvent exchange permutes the phosafter 24 h; however, if the triflic acid is added as a solution in
phite signals of the bridging tfepma ligands. Thé-bound  MeCN, rapid dissolution of the solid occurs to give a pale
phosphites exhibit the more pronounced coalescence behavioryelow, almost colorless solution from which a pale yellow solid
consistent with solvent exchange occurring at thecenter. may be isolated. The presence of a hydride ligand is revealed

Rate constants for the exchange process were determined byyy the appearance of a+H stretching mode at 2042 crhin
monitoring the'H methyl resonances of the bridging tfepma of  the infrared spectrum of the isolated product as well as a single
1 or 3 in d®THF over the temperature range 6f70 to +30 low-frequency hydride resonance -afl2.67 ppm (Figure 3a)
°C. Analysis of the Eyring plot, provided as Figure S3 in iy the 1H NMR spectrum of the compound in GON. The
Supporting Information, yields activation parametersAti*
= 134 1 kcal mot! andASF = 6.6+ 2 cal molt K—1. CDs- (59) Sola, E.; Navarro, J.; lpez, J. A.; Lahoz, F. J.; Oro, L. A.; Werner,

o o H. Organometallics1999 18, 3534-3546.
CN affords a narrower temperature range5(°C to 30 °C) (60) Jordan, R. BReaction Mechanisms of Inorganic and Organometallic

over which an Eyring plot may be constructed (Supporting Systems2nd ed.; Oxford University Press: New York, 1998.
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Figure 3. The low-frequency region of théH NMR spectra that
displays the complexis 2Jp—4 coupling pattern for iridium hydride
complexes (a¥ and (b)7a

absence of a largdp_4 coupling in the low frequency resonance
suggests onlycis H,P interaction$}! requiring protonation to
occur at the axial coordination site of either thedr Ir'! center.
For either case, HOTf formally oxidizes the complex by two
electrons. We postulate that"Hadds to the axial position of
the electron-rich frcenter to give the ' complex [Hip(tfepma)-
Clx(MeCN)]OTf, 4, where the chelating ligand is forced into
the equatorial coordination plane.
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Our proposal for the protonation reaction is based on the
following H and3P NMR data (Supporting Information, Figure
S2): (1) The’'P NMR resonances dfat 53.63 and 66.90 ppm
are in the range for phosphites at thé enter of structurally
characterized complexés and 7b (55—57 and 64-68 ppm,
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Ir' metal center. Consistent with this result, thé methyl
resonances of the two bridging ligands exhibit chemical shifts
of 2.73 and 2.86, differing little from those @fand3, whereas
that of the chelating ligand is shifted to higher frequency.

Akin to 3, the MeCN of4 undergoes solvent exchange. The
disappearance of the coordinated MeCN signal is complemented
by the appearance of a signal for uncoordinated MeCN at 1.96
ppm. The exchange process is sufficiently slow such that the
loss in intensity of the'H resonance of the 'lr-coordinated
MeCN may be easily monitored over the course of a day. A
plot of In | vst is linear (2 = 0.9984), yielding a first-order
decay rate constant ¢&f; = 1.25 x 107 s™1. As compared to
3, the significantly smaller exchange rate constant is consistent
with the 36 € count of4 and the inertness of its octahedral
Ir'" center. Interestingly, the MeCN exchange process is
significantly accelerated = 1.90x 10~*sec?, R? = 0.9985)
when1 is deuterated by DOTf. The measured inverse kinetic
isotope effect of 0.66 is notable inasmuch as it indicates a
strengthening of the '-H bond (as opposed to'#tH bond
cleavage) along the reaction pathway for MeCN exch&fge.
As indicated by a comparison 0¥ Lo bond distances in the
crystal structures ol vs 2a and 3, the axial ligand is more
strongly coordinated when there is no other ligand along the
metal-metal axis. On this basis, loss of the coordinated MeCN
ligand followed by a rearrangement to square pyramidal
geometry should lead to a strongerH/D bond, thus account-
ing for the inverse secondary isotope effect.

Oxidation Chemistry of the Ir ;>!'Cl, Core. The oxidation-
reduction chemistry of with chlorine, hydrogen chloride, and
hydrogen is summarized in Figure 4. Thermal ellipsoid plots
are presented for selected products and accompanying metrical
data are listed in Tables—3.

Chlorine, in the form of its iodobenzene adduct, readily adds
to 1 to give the Ig"""" two-electron mixed-valence complex-r
(tfepma)Cl (5). X-ray crystallographic analysis &freveals that
halogen addition occurs across the metaktal bond, which
is characterized by an-Hr distance of 2.7765(8) A (Table 2).
Simple electron counting arguments are consistent with the
formulation of an IF— Ir'" dative bond in which both metals
assume an octahedral coordination geometry. An average value
of 32° for the twist angle of kg—Ir'—Ir'—L¢4 is close to the
sterically preferred twist angle of 45for the octahedral

respectively). The difference in the two chemical shifts suggests coordination spheres of two metals juxtaposed by a single

that the phosphites are opposite to different ligands with the

bond® The If!"—ClI bond distances fos, listed in Table 2, are

lower-frequency signal arising from the phosphite situated acrosspoticeably longer than the correspondin~Cl bonds of1

from the ligand with the weaketrans influence®? A singlet
resonance in th&H NMR spectrum at 2.59 ppm identifies this
ligand as MeCN, which is coordinated to th# IrAccordingly,
the 53.63-ppm resonance is assigned to the phosihits to

and 3. This result is peculiar in light of the anticipated
contraction of the iridium radius upon oxidation of tio Ir''.
Iridium—phosphorus bond distances for the bridging ligands of
5 are unchanged from precurshrhowever, the P distances

MeC_N apd the_ phogphite opposite the stronger coordinating 55sgciated with the chelating ligand elongate~y.1 A.
chloride ligand is assigned to the 66.90-ppm resonance. (2) Two  \uvR spectra of 5 are consistent with the octahedral

other sets ofP resonances for phosphites coordinated o Ir

flank the I phosphite resonances to higher (75.93 and 84.95

ppm) and lower (43.01 and 48.38 ppm) frequencies. Similar
trends are observed in thBP NMR spectra of other J¥'"
compoundsb5, 7b and 8. The low-frequency resonance is

coordination geometry of the oxidized metal core. The distinct
environments of a chelating and two bridging ligands are
signified by ligand methyl resonances in #t&NMR spectrum

at 2.71 ppm and 2.88 and 2.93 ppm, respectively. SFRg'H}
NMR spectrum of5 (Supporting Information, Figure S2)

assigned to the chelating phosphite and the high-frequency .,ngists of six separate resonances, one for each of the unique
resonance is assigned to the bridging phosphite (vide infra). (3)phosphites. P(3) and P(5) & are expected to be strongly

The large?Je—p coupling constants (739 and 722 Hz and 744

coupled owing to theitransarrangement. In this context, signals

and 716 Hz for the phosphite resonances of the bridging and 5+ 13 14 and 74.31 ppm are ascribed to P(5) and P(3)

chelating ligands, respectively) of these signals confitnaas
disposition of phosphite ligands in the equatorial plane of the

(61) Kaesz, H. D.; Saillant, R. BChem Rev. 1972 72, 231-281.
(62) Crabtree, R. HThe Organometallic Chemistry of the Transition
Metals Wiley: New York, 1994.

(63) Lowry, T. H.; Schueller-Richardson, Klechanism and Theory in
Organic Chemistry3rd ed.; Harper & Row: New York, 1987; pp 232
237.

(64) Albright, T. A.; Burdett, J. K.; Whangbo, M.-HDrbital Interactions
in Chemistry Wiley-Interscience: New York, 1985.
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Figure 4. Oxidative-addition chemistry of J(tfepma}Cl, (1). Thermal ellipsoid plots of the crystal structures are drawn at the 50% probability
level and the numbering scheme is shown. Solvent molecules-@CF; groups are omitted for clarity. In the case&nd®6, only one of the
two crystallographically unique molecules is presented.

respectively, based on?d-_p coupling constant of 901 Hz. As  that are related to each other by a’3Wist angle about the
in Ir,%" complexesl—3, the low-frequency resonance at 9.24 internuclear axis. A metal-metal bond distance of 2.7525(9) A
ppm is attributed to the P(6) phosphitansto the Ir—Ir bond. signifies a formal bonding interaction that is characteristic of a
On the basis of théP COSY spectrum o5, the 66.46-ppm binuclear (d), complext>-%7 One chloride ligand is locatetcans
resonance is ascribed to thé-thound P(1) phosphite of the to the I—Ir bond and another is located in the equatorial plane.
bridging ligand, while the signals at 54.98 and 57.11 ppm are Acetonitrile completes the octahedral coordination spheres of
assigned to I¥-bound P(2) and P(4) phosphites of the bridging the metal centers. The-HP bond distances are in the expected
ligands, respectively. range, as are the-+HCl bond distances, which are slightly shorter
Treatment o6 with PhICk in refluxing MeCN results in the along the metatmetal bond axis. Other metrical parameters
loss of the chelating tfepma ligand, which is subsequently for 6 can be found in Table 3. The formation @fs in accord
oxidized, preventing its incorporation back into the coordination With our studies of dirhodium dfpma and tfepma comple’é8.
sphere of the binuclear core. A bright yellow soli@),( In these systems, as observed here, valence symmetric cores
possessing relatively simple NMR spectra, is obtained.Fhe  are obtained when two diphosphazane ligands span the core;
NMR spectrum comprises a single methyl resonance at 2.80the explicit stabilization of a two-electron mixed-valence core
ppm and four methylene resonances between 4.48 and 5.46 ppnfiequires the presence of three diphosphazane ligands.
for the diphosphazane ligands. TH& NMR signal of CHCN The lability of the acetonitrile ligands suggested to us that
is that of free ligand indicating that the bound solvent molecule their displacement by a tfepma ligand would provide access to
is exchanged immediately upon dissolution of solid samples of a symmetric I§''Cl, complex spanned by three bridging
the compound. The’P NMR spectrum ,Of6 exhlblts two (65) Jenkins, J. A.; Ennett, J. P.; Cowie, MIrganometallics1988 7,
resonances at 54.97 and 57.87 ppm with a simpleéB&BA 1845-1853.
coupling pattern. These NMR results point toward a symmetric ~ (66) Cotton, F. A.; Eagle, C. T.; Price, A. Gorg. Chem.1988 27,
complex, which is verified by X-ray diffraction studies on single 43‘(55;)43%&“’ F. A: Dunbar, K. R.: Verbruggen, M. G. Am. Chem.
crystals of6. Two bridgingcis-diphosphazane ligands span a goc.1987 109, 5498-5506.
Ir'"!"—Cl,4 core, supporting octahedral coordination geometries  (68) Heyduk, A. F.; Odom, A. L.; Nocera, D. G., to be published.
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Table 2. Selected Crystallographic Bond Distances (A) and Angles
(deg) for the Complexes, 7a, and8

bond distances/A

5P 7b° gd
Ir(1)—Ir(2) 2.7765(8) 2.7775(11) 2.7561(7)
Ir(1)—X(1) 2.435(4)
Ir(2)—CI(2) 2.405(4) 2.450(2) 2.465(3)
Ir(2)—X(3) 2.428(4) 2.418(2)
Ir(2)—ClI(4) 2.504(4) 2.487(2) 2.511(3)
Ir(1)—P(1) 2.223(4) 2.314(2) 2.300(3)
Ir(1)—P(3) 2.282(4) 2.241(2) 2.259(3)
Ir(1)—P(5) 2.375(4) 2.322(2) 2.271(3)
Ir(1)—P(6) 2.350(4) 2.269(2) 2.278(3)
Ir(2)—P(2) 2.198(4) 2.188(2) 2.160(3)
Ir(2)—P(4) 2.191(4) 2.175(2) 2.277(3)
bond and torsion angles/deg
50 The 8d
P(1)—Ir(1)—X(1) 173.3(2)
P(1)—Ir(1)—P(3) 93.4(2) 100.60(8) 96.70(11)
P(1)-Ir(1)—P(5) 99.9(2) 103.61(7) 93.99(11)
P2)y-Ir(2)—P(4) 96.0(2) 94.05(8) 103.61(12)
P(2-1r(2)—CI(2) 170.7(2) 175.14(7)  169.33(12)
P(2)—Ir(2)—X(3) 86.2(2) 89.13(8)
P(6)—Ir(1)—Ir(2) 165.20(11)  167.41(6)  158.45(10)
Cl(@)—Ir(2)—Ir(1) 178.07(10) 171.62(5) 176.34(8)
bond and torsion angles/deg
5 7b gl
X(1)—Ir(1)—Ir(2)—Cl(2) 39.4 19.2 7.2
X(1)—Ir(1)—Ir(2)—CI(2) 39.4 19.2 7.2
P(1)—Ir(1)—Ir(2)—P(2) 24.4 15.2 18.5
P@R)—Ir(1)—Ir(2)—P(4) 27.0 21.9 115
P(5)—Ir(1)—Ir(2)—X(3) 37.9 0.7 1.6

aExcept where noted, X Cl. The values tabulated fd are the
average values for the two crystallographically different but chemically
identical molecules in the asymmetric ufitX(1) = X(3) = Cl for 5.
¢X(1) = H and X(3)= Cl for 7b. 4X(1) = X(3) = H for 8.

Table 3. Selected Crystallographic Bond Distances (A) and Angles
(deg) for6?

bond distances/A

bond and torsion angles/deg

If(L)—Ir(2)  2.7525(9) P(BrIr(1)—P(3) 94.6(2)
I(1)—CI(1) 2.434(5) P(LrIr(1)—N(4) 94.4(4)
I(1)—CI(3)  2.486(4) P(LrIr(1)—Cl(1) 177.3(2)
I(1)—P(1)  2.205(5) P(2}Ir(2)—P(4) 94.5(2)
I(1)—P(3)  2.210(5) P(2}Ir(2)—Cl(2) 87.3(2)
I(1)—N(3)  2.093(17) P(2XIr(2)—N(3) 173.3(5)
((2)—CI(2) 2.432(4) CI(3FIr)—Ir(2) 174.22(13)
I((2)—CI(4) 2.468(4)  CI(4)rIr(2)—Ir(1) 176.15(12)
((2)—P(2)  2.214(5)
I((2)—P(4)  2.198(5)  CI(LrIr(1)—Ir(2)—N(@) 32.2
(2)-N(4)  2.06(2)  P@I(L)~Ir(2—P2) 275
PE-IN1)—Ir(2)—P(4)  27.3
N@)—Ir(1)—Ir(2)—Ci(2)  34.6
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Figure 5. The low-frequency region excised from thé NMR spectra
(CD4CN) of iridium hydride complexes (ajb and (b)8. The location
of a hydride ligandransto a phosphorus atom is easily distinguished
by the strong?Je—n coupling pattern.

situatedtrans to a phosphité! Figure 5a displays the single
hydride resonance observed in thé NMR spectrum of7b.

The large 178-HZJp_y coupling constant for this signal at
—10.24 ppm provides further support fotrans H,P arrange-
ment. A signal in théP NMR spectrum (Figure S2, Supporting
Information) at 86.40 ppm was identified §yP—H HMQC
experiments to correspond to theghosphite coordinatetians

to the hydride. The high-frequency shift of this resonance is
consistent with the strortgansinfluence of the hydride ligang?.

The conspicuously vacant site in the X-ray crystal structure of
7b (Figure 4) confirms the location of the hydride in the
equatorial plane of the 'lcenter. Moreover, after the location
of all non-hydrogen atoms, the Fourier difference map showed
a single peak in the vacant iridium coordination site of
appropriate intensity for a hydride ligand, though the proximity
of the hydride to a heavy nucleus precludes the determination
of an accurate kH distance. The strongansinfluence of the
hydride ligand is apparent from a Ir(zP(1) bond distance in
7b that is 0.091(3) A longer than that Ir@(1) bond distance

of chloride analogué (d(Ir(1)—P(1)) = 2.314(2) A in7b vs
2.223(4) Ain5). Excluding Ir(1)-P(1), all other metatligand
bond distances ofb are similar to those observed &n(Table

2). The Ir-Ir bond distance of 2.7775(11) A is in the standard
range. The 1%average twist angle about the metatetal axis
poises the iridium complex in a nearly eclipsed conformation.
The three different tfepma ligand environments displayed in the
crystal structure ofb are distinguished in théd NMR spectrum

by unigue methyl resonances at 2.65, 2.77, and 2.89 ppm. Two
resonances at 64.38 and 67.79 ppm in #H&{'H} NMR
spectrum are assigned td"Irphosphites, whereas the low

2 The tabulated values are averages for the two crystallographically frequency singlet at 21.64 ppm is assigned to the axially

different but chemically identical molecules in the asymmetric unit.

ligands, similar to that observed for Rtifpma chemistry345
Addition of one equivalent of tfepma to solutions®in CHy-
Cl,, however, leads to nearly quantitative P0%) conversion
to the I complex, 5, as determined wit#P{*H} NMR
spectroscopy. The prevalencesat noteworthy. In the absence
of a scavenger (e.g., Philof free tfepma,5 is recovered
quantitatively from refluxing acetonitrile with no evidence for
the formation of6.

The reaction ofl with HCI produces a W' product analyzing
as Ip(tfepma}HCl; (7b). An Ir—H stretch in the IR spectrum
at 2115 cm! is consistent with a terminal hydride ligand

coordinated phosphite of the chelating ligand. A§jia strong
2Jp_p of 761 Hz for resonances at 26.61 and 82.15 ppm is in
accordance with &ans arrangement of kcoordinated phos-
phites from the chelating and bridging ligands, respectively.
The formation of7b is preceded by a compound that can be
isolated as a solid of the same empirical formula during the
early stages of the reaction between HCI d@ndndeed, as
implied in the reaction pathway of Figure 4, this precursor
complex converts t@b upon stirring in CHCl,. Examination
of the Ir-stretching region of the IR spectrum gives a single
stretch at 2037 cri, and the'H NMR spectrum shows a single
hydride resonance at13.0 ppm, exhibiting onlycis 2Jp—y
couplings. As shown in Figure 3, the similarity of the NMR
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signatures of this hydride product to thatddeads us to propose
isomer7a (Figure 4), possessing the hydride in the axial position
of Ir' and the chelating phosphite rotated into the equatorial
plane. In support of this contention, tA# NMR spectrum of
7ais also nearly identical to that @f Signals of the chelating
phosphite at 35.71 and 47.88 ppm show strélagp couplings
of 795 and 752 Hz. Moreover, the chemical shifts of the bridging
phosphites of the 1(88.80 and 88.66 ppm) and'I(63.79 and
66.34 ppm) centers are consistent with those observéd in
Reversible Addition of H, to 1. Brown CHCl,-solutions
of 1 rapidly turn pale yellow upon bubbling with hydrogen gas
at room temperature and then back to brown withpNrging.
Two iridium—hydride resonances in the low-frequency region
of theH NMR spectrum at-11.51 and-8.32 ppm attend the

Heyduk and Nocera

internally disproportionate; the'(r-X).Ir' core, which typifies
diirdium chemistry’® is observed only as a transient along the
reaction pathway td. Moreover, the tfepma ligand provides
the additional flexibility of tuning the ligand’s electronic and
steric properties with R substitution on the phosphite, factors
crucial to the two-electron mixed-valence chemistry of iridium.
Along these lines, the dfpma ligand does not provide access to
the mixed-valence diirdium cores reported here. Unlike the
trifluorethoxy substituents of tfepma, the fluorines of dfpma are
too small to protect the diridium core from oligomerization, thus
subverting the isolation of moleculardt' compounds.

The constraints imposed by the bulky trifluoroethoxy groups
are readily apparent in the crystal structurd.dbufficient steric
clashing of the trifluoroethoxy groups forms a sculpted pocket

appearance of the yellow solution. As shown in Figure 5b, large at the 16 e coordinatively unsaturated'lrcenter into which
2Jp—n coupling constants distinguish these resonances. The 172+two-electron donor ligands are readily received, as exemplified

Hz coupling constant of the lower frequency peak is com-

by 2a—c. Perfunctory steric considerations also appear to explain

mensurate with the 178-Hz coupling constant observed for the the peculiar asymmetric coordination of thelt core by one

Ir' hydride in7b. An even largeJs—y coupling constant of
270 Hz for the—8.32 ppm resonance points towartt@ansH,P
arrangement at the "Ir center; the contracted radius of the
oxidized metal center accounts for this large coupling con§tant.
Oxidative-addition of hydrogen across the diirdium bond to give
a HIr—Ir'""CI,H core is confirmed by the X-ray crystal structure
of the dihydride product8) shown in Figure 4; selected bond

chelating and two bridging tfepma ligands, a structural departure
from Rh, dfpma chemistry. Yet three diphosphzane ligands span
the smaller RE"" core of Rh(tfepma}Cls,*> suggesting that
there is enough room to bridge three diphosphazanes about an
Ir,%"" bimetallic center. Our inability to simply substitute the
CHsCN ligands of6, exclusive of rearrangement 5o suggests

a thermodynamic persistence for the chelating tfepma ligand.

distances and angles are presented in Table 2. Although the Reducible substrates effectively add across the metatal

Ir'"'-coordinated hydride could not reliably be located (only the

bond of 1 to produce I5"' addition products. Coordinative

Ir'-coordinated hydride could be located in the difference Fourier unsaturation at the 'lrcenter is paramount to the reactivity of
map), two large void spaces in the octahedral ligand spheresl as supported by the inertness2af—c to the same substrates.
establish the location of each hydride. Furthermore, a substantialFor example, whereas PhiGmmediately reacts with to give

increase in Ir(1)P(1) and Ir(2)-P(4) bond distances relative
to 5is in accord with the location of the P(1) and P(4) phosphites
transto the terminal hydride ligands. The average twist angle
about the Ir-Ir bond axis is only 18, the H(1)-Ir(1)—Ir(2)—
H(2) dihedral angle in the solid state is°8& he diiridium bond
distance is significantly shorter than in'ff complexes and

5, the conversion oRa—c to of 5 proceeds to only 10% after
24 h. This arrested reactivity @ suggests that ligand dissocia-
tion, which is slow for coordinatively saturated 36 @mplexes,
must precede oxidative addition. Similarly, the"!t addition
products of Figure 4 are averse to further oxidation, a result of
their 36 € count and the coordinative saturation attendant with

7b, and in fact is more comparable to the bond distance observedthe octahedral ligand spheres of both metal centers. The

in the IR complex, 6 (d (Ir(1)—Ir(2)) = 2.7525(9) A as
compared to 2.7561(7) A i8). Other metrical parameters 8f
are largely unchanged from those of comple&esmnd 7b.

The 31P{1H} NMR spectrum of8 shows a six resonance
pattern similar to those observed for compleseand 7b. The

aforementioned stability 06 to PhIChL is the most striking
example of this retarded reactivity of the ! core, and is
entirely in accordance with the chemistry of square planar M
(square planaryM'" (octahedral) (M= Rh and Ir) complexes.
As revealed in Halpern’s meticulous kinetics studieshe

chelating ligand resonances appear shifted to low frequency asformation of a robust and unreactive RH mixed-valence
a doublet-of-triplets at 17.85 ppm and a strongly coupled doublet complex poisons Wilkinson’s catalytic cycle. Only when the

at 45.26 ppm?¥Jp_p = 750 Hz). This 750 Hz coupling constant

36 e dative M—M" bond is exposed to the incoming

is also observed in a resonance at 95.50 ppm, easily identifyingelectrophile, as in the open boat structure of'®hpyrazolate

this resonance as an-phosphite from a bridging tfepma ligand.
31p—1H HMQC experiments allowed for the correlation of the
31P NMR resonances at 86.84 and 99.40 ppm to thenid 1" -
coordinated hydrides, respectively. A peak at 71.34 ppm is
assigned to an 'l phosphite, locatettansto a chloride ligand.

Discussion

The stabilization of an " core with bidentate diphosp-

hazanes concurs with lessons learned from the structural

chemistry of Rh dfpma complexes. Tolman’s steric and
electronic correlation for phosphirfégstablishes P(ORj}o be
of comparablez-acidity to PR. The framework of bidentate

complexes?3”does oxidative addition become a viable reactiv-
ity pathway.

Molecular orbital calculations are consistent with the reaction
chemistry displayed in Figure 4. Extendeddhal calculations
of the frontier molecular orbitals for the idealized(FPHs)sCl>
complex are shown in Figure 6. Bearing a striking resemblance
to the frontier orbital set of the previously reported-d® mixed-
valence rhodium complexé$,a LUMO of principally a*
parentage is energetically proximate to a HOMO of mixed d
do character. The low-energy placement of the LUMO results

from the absence of an axial ligand coordinating tHecknter.

This unoccupied, energetically accessible, orbital is ideally suited

diphosphazanes therefore preserves the crucial feature of arfo receive two-electron donor ligands. Destabilization of the

electron lone pair on a bridgehead atom juxtaposed-tx-

LUMO provides the energetic recompensation for the formation

cepting orbitals of atoms bonded directly to the metal. As we the two-electron Ik—La bond in the reaction of to 2. The

observe in Rhdfpma chemistry, a ligand architecture possessing

(70) Serpone, N.; Jamieson, M. A. l@omprehengie Coordination

such stereoelectronic properties predisposes bimetallic cores taChemistry Wilkinson, G., Gillard, R. D., McCleverty, J. A., Eds;

(69) Tolman, C. A.Chem. Re. 1977, 77, 313-348.

Permagon: Oxford, 1987; Vol. 4, pp 1097178.
(71) Halpern, Jlnorg. Chim Acta 1982 62, 31—37.
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LUMO

‘

HOMO

Figure 6. Pictorial representation of the HOMO and LUMO of
Iro(PHs)sCl as calculated by the extendeddhel program YAeHMOP.
Bond lengths and angles taken from the crystal structuré were
used to define the metal coordination environment.

LUMO also governs the oxidation-addition chemistry of the
Ir,2!" core. Oxidative addition of small molecule substrates to
1 leads to occupation of the vacant axial site. Again, significant
destabilization of the LUMO attends the formation of the ligand-
centered bonding orbitals.

The ability of the tfepma ligand to be sufficiently flexible to

J. Am. Chem. Soc., Vol. 122, No. 39, 204P5

hydride. In the absence of a coordinating ligand, proton transfer
does not occur and thet! product is not observed, suggesting
that either ligand coordination precedes protonation or that a
concerted addition mechanism is operative. In the case of HCI,
Cl~ is the coordinating ligand that drives proton addition to the
Ir 9" core.

Two-electron mixed-valence hydrides are also produced by
the direct reaction oflL with hydrogen. As in7b, vacant
octahedral coordination sites in the X-ray crystal structur@ of
and large€’Je—4 coupling constants are signatures of the hydride
ligands. The reversible addition of,Ho 1 and its elimination
from 8 is an unusual and intriguing result because there are
relatively few examples of reversibleldddition across metal
metal bonds, and to our knowledée/8in no case, has such a
reaction been observed to occur reversibly across a preserved
metal-metal single bond? Initial attempts to use para hydrogen
to probe the addition mechani&have been unfruitful, a likely
result of slow H exchange between the complex and para-
enriched hydrogen. However, the results of the variable tem-
perature NMR studies of the solvent exchange process involving
1 and3 provide some insights into thextddition mechanism.
The equivalence of the'lscoordinated phosphites in the fast

support the variant coordination geometries and correspondeniexchange regime requires a common intermediate through which
electronic structures of the two-electron mixed-valence coresthe two phosphites may permute. An exchange process,

is crucial to the reactivity of Figure 4. In one-electron mixed-

consistent with both NMR and X-ray crystallographic results,

valence compounds, a single electron change can be accomis as follows.

modated with an inflexible coordination sphere. However, this

is unlikely to be the case for two-electron mixed-valence species.

Significant changes in the reorganization of the primary
coordination environment must typically accompany the addition
or removal of more than one electron from a metal center. As
Bosnich postulates in his studies of-8 binucleating com-
plexes’273this ligand reorganization or “mechanical coupling”
between metal centers is likely the origin for the arrested
multielectron redox reactivity of mixed-valence complexes. In

1, adverse energetics associated with mechanical coupling are

circumvented by the flexible coordination environment offered

by the tfepma ligands. The three atom PNP backbone can

support twist angles from 0 to 45thus permitting the preferred
trigonal bipyramidal and octahedral coordination geometries of
d® and d metal centers, respectively, to be adopted with facility
upon oxidative-addition to the " bimetallic core.

The proclivity of the two-electron mixed-valence diirdium
platform to support hydrides, formed along simple adidse
or oxidative-addition reaction pathways, is a particularly intrigu-
ing result of Figure 4. For reactions with acid, the hydride is
accommodated at the electron rich, low-valent iridium center.
The facility at which proton transfer occurs is striking when
compared to the reactivity of symmetrighrcores, which are
seldom protonated by HCE75 The reactivity ofl is undoubt-
edly a result of the greater basicity of the ¢enter of a mixed-
valence bimetallic core as compared to that of a symmetric Ir
binuclear center. The formation ofa and its subsequent
isomerization to7b suggests that the proton initially transfers
to the axial position of frcenterfransto the metat-metal bond.
Further confirmation for initial proton transfer to the axial site
of Ir® comes from the reaction dfwith the protons of weakly
coordinating anions such as HOTf to produteA suitable

N\ N A

N—P  Cl Solv N—P Cl CI N—P Soly Cl
[ \H ~Sov | | \: -sov | | \
p—Ir° Nr—cl —= p—IP° e —= PP Nr—al
/P / +Solv /P / +Solv /P
P~_P P P~_P P PP P
\N/N_/ \N/N/ \N/N/
/ “ { % 1 2
3 1 3

Solv = CD5CN or dB-thf

With the understanding that weak 2 donor ligands occupy
an equatorial site of the'licoordination sphere, this metal center
provides a logical site for Hactivation. Conversion to the
dihydride may occur according to the following reaction
sequence.

H
N--P cl NP uT “N—P H
R L B T
P—ir"—_-Ir — pP—Ir—_—=Ir—Cl = P—Ir %/|r—C|
/E'P |L /-:i:’ P rin P“NI/P |
. Vi :
PSV SN AN,
I S t N
|
1 8

Single-site addition to the binuclear c&tefollowed by
hydride migration to produce the 1,2-dihydridenas been
observed previously by Poilblanc and Cow#e®® The alterna-
tive concerted 1,2 addition of +hcross a metalmetal bond is
forbidden by orbital symmetry considerations, as is the reverse,

(76) Green, M. L. H.; Mountford, FChem. Commuril989 732-734.

(77) Qian, F.; Ferrer, M.; Green, M. L. H.; Mountford, P.; Mtetwa, V.
S. B.; Prout, K.J. Chem. So¢Dalton Trans.1991 1397-1406.

(78) Safarowic, F. J.; Bierdeman, D. J.; Keister, JJBAm. Chem. Soc.
1996 118 11805-11812.

(79) Hydrogen reversibly adds across the metaétal bond of dirhodium
porphyrins, but the RARh bond is cleaved. See for example: Zhang, X.

coordinating ligand such as MeCN is needed to stabilize the X.; Wayland, B. B.J. Am. Chem. Sod.994 116, 7897-7898.

(72) McCollum, D. G.; Bosnich, Blnorg. Chim. Actal998 270, 13—
19.

(73) Bosnich, B.norg. Chem.1999 38, 2554-2562.

(74) Heinekey, D. M.; Fine, D. A.; Barnhart, @rganometallicsL997,
16, 2530-2538.

(75) McDonald, R.; Sutherland, B. R.; Cowie, Morg. Chem.1987,
26, 3333-3339.

(80) Eisenberg, RAcc. Chem. Red.991, 24, 110-116.

(81) Hampton, C.; Cullen, W. R.; James, B. R.; Charland, J-RAm.
Chem. Soc1988 110, 6918-6919.

(82) Branchadell, V.; Dedieu, ANew J. Chem1988 12, 443-453.

(83) Poilblanc, RInorg. Chim. Actal982 62, 75—86.

(84) Guilmet, E.; Maisonnat, A.; Poilblanc, Rrganometallics1983
2, 1123-1127.

(85) Vaartstra, B. A.; Cowie, Minorg. Chem 1989 28, 3138-3147.
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reductive eliminatior¥® Pre-coordination of dihydrogen at'lr chemistry depicted in Figure 4 is the facility at which 4
is further supported by the empirical observation that the rate eliminated from a two-electron mixed-valence core. In typical
of Hy addition to8 decreases with donor ability of the solvent, HX energy conversion schemes, the photon is usually consumed
that is, CHCl, > THF > MeCN. Presumably, C¥Cl, cannot in H, productiof®°2 even though this reduction is the least
compete with H as a sufficient donor ligand, whereas THF energetically demanding component of the overall HX splitting
and MeCN show progressively higher Ir-solvent bond dissocia- cycle. It is, instead, Xelimination that is of greater thermo-
tion energies, slowing the addition of;kb 1. dynamic pertinence owing to the high stabilities of the metal
Accepting that H addition proceeds via a single metal center, halide bond. Indeed, the HX photochemistry of earlier inves-
its reversible addition and elimination demands the formation tigations has been stoichiometric because the cycle to regenerate

of a two-electron mixed-valence species. the initial photoreagent terminates with the formation of the
metal dihalide*’~4° For these reasons, we believe it imperative

H, *,* '[‘ "* to develop a photoreagent from which production is facile,
M —M —= H-M"2—M" —= M™'—M™ leaving the photon to effect the more thermodynamically

. . . ) challenging task of X elimination. The weaker strength of

If the dihydride remains on one metal center, reversible H Rh—H bonds compared to that of their<H counterparts
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elimination may be observed”*® However, exclusive of the  presages an even more active élimination chemistry from
chemistry reported here, elimination is not reversible upon 1,2- Rh,2!! cores, an especially enticing prospect when considered
dihydride rearrangement. In these cases, with the inability of j, connection with our recent success in inducing the efficient
most ligand systems to adequately support the formation of two- hhgioelimination of X% via excitation of the metal localized
electron mixed-valence dihydrides, the overall process repre- qycited states of RA! complexes. Current studies are aimed

sented by eq 4 is disfavored. _Conversely, in cases where a ligand;; driving thermal H and photochemical Xelimination from
system such as tfepma sustains two-electron mixed-valency, they single RE! platform.

reversible addition and elimination okihay proceed smoothly

through the dihydride as depicted in eq 4. Accordingly, in _Acknowledgment. We thank Dr. Aaron Odom for helpful
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substrates in homogeneous solution. An important result of the
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