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Abstract: Cationic trihydride complexes of the formyHCsRs)Ir(L)H3]BF4 (R = H, Me; L = various phosphines)

have been studied. TH&l NMR spectra of these complexes at low temperature display line patterns in the hydride
region consistent with ABX or A,BX spin systems (%= 31P). The values for the J+—-Hg coupling constantXg)

derived by computer simulation of the observed spectra are large, ranging fre88Q0Hz. In generalJag is

inversely proportional to the basicity of the ligand L and strongly temperature dependent. These unusual coupling
constants have been attributed to quantum mechanical exchange coupling of the hydride ligands. All of the complexes
have been partially deuterated and tritiated at the hydride sites and studied Byatd®H NMR spectroscopy.

In contrast talag, the values oflyr andJrr are independent of temperature. The observed valuelifdrave been

used to ascertain the contribution of the magnetieHcoupling toJag. The contributions of the exchange coupling

to Jag have been derived and the corresponding temperature dependency accurately modeled. Significant isotope
effects on the values dfg and the hydride chemical shifts were observed upon tritium and deuterium substitution.
The barriers for thermally activated hydride site exchange have also been determined. No appreciable kinetic isotope
effects on the thermally activated rearrangement process were observed upon substitution of D and T into the hydride
sites. These results are interpreted in terms of a new two-dimensional model for qguantum mechanical exchange

coupling of the hydrides in these cationic complexes.

Introduction

Transition-metal hydride complexes have been the focus of

considerable research because of their prominent role in many

catalytic hydrogenation processedn 1984, conclusive evi-
dence of the first intact Himolecule bound to a metal center
was reported. Subsequently a number of dihydrogen complexes
have been reported, including several polyhydrides believe
to contain both dihydrogen and hydride ligafdsSome
dihydrogen complexes also exist in equilibrium with their
dihydride isomers. In recent years yet another class of

transition-metal hydrogen complexes has been defined, those™

which are structurally characterized as hydrides, but in which

the hydride ligands undergo quantum mechanical exchange

coupling. While a number of such complexes have now been
reported’~18 only a preliminary understanding of the corre-
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sponding quantum mechanical exchange coupling interactions
has been attained to date.

Transition-metal hydride complexes represent the first ex-
ample of a quantum mechanical exchange interaction between
massive particles at high temperatures. In contrast, thorough
studies have been made of quantum mechanical exchange

4 coupling in solid helium which gives rise to anomalies in the

solid state®He NMR spectrd® A surface integral expression
to describe quantum mechanical exchange coupling in the
SHefHe system has been develogédin 1973, Landesman
odified the surface integral for helium to describe any pair of
particles undergoing ground state, quantum mechanical exchange
coupling?® In 1990, Zilm and Heinekey reported an adaptation
of the Landesman results, which quantitatively models the
guantum mechanical exchange coupling observed in certain
transition-metal hydrides®

Quantum mechanical exchange coupling has been proposed
to explain large, temperature dependentitcouplings apparent
in the proton tH) NMR spectra of various transition-metal
hydrides’® The magnitude of these temperature dependent
couplings is highly variable, ranging from tens to thousands
of hertz. The magnitudes seem to depend on both the identity
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and charge of the metal center, and they are inversely Here we will expand upon the data we have previously
proportional to the basiciy of the coligands in the complexes. reported and relate our studies of the pentamethylcyclopenta-
We have proposed that the principal cause of this quantum dienyl (Cp*) analogs of these cations. Tritium substitution and
interaction is a soft vibrational potential allowing substantial tritium (®H) NMR studies have allowed determination of the
delocalization of the hydrides in the moleculésThere is now separate contributions of the magnetic coupling and the ex-
more extensive evidence to strongly support this model for quan- change coupling to the observed-H couplings. We will also

tum mechanical exchange coupling in transition-metal hydrides. describe how the experimental data lends itself to a two-

A different approach based on computational studies has beerflimensional model of quantum mechanical exchange coupling
recently reported by Lledos and co-workétsFor the model in these systems.
compound [Cplr(PB)Hz]™, ab initio calculations were used to
build up a three-dimensional potential energy surface with
particular emphasis on the consequences of hydride ligand General Methods. All syntheses and chemical manipulations were
motions. A transition state with a short-HH distance was conducted under a nitrogen or argon atmosphere by standard Schlenk,
found to be involved in the hydride permutation process, but drybox, or vacuum line techniques, gnless_ otherwisg stated._ Elemental
no intermediate was found. Quantum mechanical exchange wasanalyses were performeq by Canadian Microanalytical Service'Htd.
treated in terms of a one-dimensional tunneling model. A NMR spectra were obtained on Bruker AC-200, AF-300, and WM-
nonzero coupling in the ground state was calculated, and the00 MHz spectrometers. Chemical shifts are recorded in parts per
temperature dependence of the coupling was modeled bym|II|0n (ppm) relative to residual protio solvent or tetramethylsilane

includi ibrati | itati As di d bel h (TMS) 6 = 0.00 ppm, as noted®H NMR spectra were obtained on a
Including vibrational excitation. AS dIScusse elow, tese g ker WM-500 spectrometer at 533 MHz with a Cryomagnetics tritium

results are qualitatively in good agreement with experimental hrone 34 chemical shifts were referenced to a fixed reference obtained
data, byt thgre are some discrepancies when a quantitativeirom 14 NMR spectra of the same sample.
comparison is made. Variable-temperature (VTfH and 3H NMR experiments were
Eisenstein and co-workers have proposed a slightly different performed with a Bruker B-VT1000 controller with a copper/constantan
description for quantum mechanical exchange coupling in thermocouple and nitrogen gas run through a copper coil immersed in
hydride complexe3® Ab initio calculations on complexes of  liquid nitrogen to cool the sample chamber. All temperatures were
the form OsHX(PHa) (X = Cl or 1) lead to a model involving calibrated by usingH chem_lcal shlft_s of pure methad®hnd a copper/
simultaneous vibrational and correlated rotational motions of constantan thermocouple inserted into the NMR probe sample chamber.

. - . . . The 'H NMR probe was designed by Cryomagnetics specifically for
the hydride ligands which mediate the exchange coupling. low temperature studies. Simulations of NMR spectra were obtained

An alternative explanation for these large, temperature on a Macintosh Quadra 900 using the Dynamac program.
dependent couplings has been proposed by Limbach, Chaudret, Unless otherwise stated, all solvents and reagents were obtained
and co-workers. In this model, an equilibrium is postulated commerically and used without further purification. Diethyl ether,
between a ground state hydride complex and a thermally heptane, and toluene were purified by distillation from alkali metal-
accessible dihydrogen complex, in which rotational tunneling Penzophenone under nitrogen. Methylene chloride was distilled from

gives rise to the anomalous behavior detectedyNMR P,Os. Deuterated solvents were purchased from Cambridge Isotope
spectroscopy* Laboratories. Benzends- was dried over benzophenone ketyl, and

. . ) . . ) methylene chloridel, was dried over calcium hydride. Deuterated

This model is plausible, since formation of a dihydrogen greon 21 (CDFG) and Freon 22 (CDfEl) were prepared according
complex is generally favored by less electron density at the metalto the reported procedifeand purified by distillation at an ambient
center. The magnitudes of the temperature dependerti H  temperature of #C. Absolute methanol was freezpump-thaw
couplings increase with decreasing electron density at the degassed prior to use. Distilled water and glacial acetic acid were
hydride sites. Observed trends show that the couplings increasepurged with argon before use. Liquid phosphines were degassed and
in going from neutral to cationic complexes, from third row to  stored in vessels equipped with Teflon high-vacuum stopcocks. Solid
second row metals and as the basicity of the coligands phosphines were used without further purification, except tricyclo-
decrease$:1® Threse trends are consistent with enhanced popu- E\exylphosphine which was sublimed onto a W_ater-cooled prob_e at 82
lation of a dihydrogen species leading to exchange coupling. - [(’7'C57M95)"C|2]2 was prepared according to the published
In this paper we have attempted to distinguish between the procedure

- f Synthesis of Compounds. Compounds of the form f-CsHs)Ir-
various explanations for large, temperature dependefitiH (L)H3]BF4 were synthesized according to the published procédure

couplings within some transition-metal hydride complexes. | oo = PP, (13), PCy; (14), PMe; (15), PPh (16), and AsPh
We have previously reported a study of quantum mechanical (17).

exchange coupling within a series of iridium cations of the form  (y-CsMes)Ir(PPr3)Cl, (1). A 250-mL Schlenk tube was charged

[(3-CsHs)Ir(L)H 3]BF4.78 These complexes are best described with 200 mg (0.503 mmol Ir) of j{-CsMes)IrCl],, 88 mg (0.553 mmol)

structurally in terms of a capped pseudo square pyramidal of PPr; and 20 mL of CHCl,. The resulting orange solution was stirred

geometry, Wlth the Cyc'opentad|eny| ||gand Capp|ng, as Shown for 20 hours. The volume was redl:lced to 5 mL, and he.ptane was
below. added to crystallize out at 0°C as a fine orange powder. Yield 269

mg, 96%. H NMR at 298 K, 300 MHz (CDG): 6 1.58 (s, 15 H,
CsMey), 2.75 (m, 3 H, PEIMe,), 1.34 (dd, 18 H, PCMley, 3Jpy =

Experimental Section

.2 Hz,3Juy = 6.7 Hz). Anal. Calcd for GHsPIrClL: C, 40.85; H,
15.2 Hz,3] 6.7 Hz). Anal. Calcd for @HsePIrClL: C, 40.85; H
6.50. Found C, 40.94; H, 6.38. A similar procedure was used to
|l o prepare compounds? 3,2 and4.2” Spectroscopic data were consistent
L/ {\ HHb with those reported in the literature.
a (24) Limbach, H. H.; Scherer, G.; Maurer, M.; Chaudret, Aigew
b Chem, Int. 1992 31, 1369-1372.
(25) Van Geet, A. LAnal. Chem 197Q 42, 679-680.

(21) For definition of basicity used see: Tolman, C.Ghem Rev. 1977, (26) Siegel, J. S.; Anet, F. A. L1. Org. Chem 1988 53, 2629-2630.
77, 313-348. (27) Kang, J. W.; Moseley, K.; Maitlis, P. M. Am Chem Soc 1969

(22) Jarid, A.; Moreno, M.; Lledos, A.; Lluch, J. M.; Bertran,JJAm 91, 5970-5977.
Chem Soc 1995 117, 1069-1075. (28) Freedman, D. A.; Mann, K. Rnorg. Chem 1991, 30, 836-840.
(23) Clot, E.; Leforestier, C.; Eisenstein, O.; Pelissier,JVAm Chem (29) Isobe, K.; Bailey, P. M.; Maitlis, P. Ml. Chem Soc, Dalton Trans

Soc 1995 117, 1797-1799. 1981, 2003-2008.
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(y-CsMes)Ir(P 'Pra)H, (5). A 250-mL Schlenk flask was charged  Table 1. 'H NMR Data and Analyses fd®—12
with 200 mg (0.36 mmol) ofl and 15 mL of absolute MeOH. Zinc

dust (0.5 g) and glacial acetic acid (1.3 mL) were added to this orange calcd found
slurry. The resulting mixture was stirred for 20 hours giving a pale L protons d°ppm  coupling§ C H C H
yellow solution. A saturated aqueous NaCl and NaOH solution (10 9 ppr; CsMes 2.3 (s) 39.52 6.81 39.74 6.91
mL) was added. After 3« 20 mL toluene extractions, the toluene PCHMe 2.11 (m)
extracts were combined, and the solvent was removed in vacuo. The PCCH 1.17(dd) 3Jnw=6.45
resulting produch was a colorless oil, which crystallized upon extensive 8Jpn=15.7
evacuation (48 h). Yield 158 mg, 90%H NMR at 298 K, 500 MHz IrtH3 —139(d) pu=11.1
(CDCly): 6 2.1 (s, 15 H, @Mes), 2.11 (m, 3 H, PEIMe,), 1.15 (dd, 10 PCy; CsMes 2.28(s) 48.20 7.37 48.31 7.35
18 H, PCHMey, 3Jpy = 15 Hz, 334y = 6.5 Hz),—18.7 (d, 2 H, IH,, PGHu1  1.2-2(m)
2Joy=31.3 Hz). Anal. Calcd for GHsgPIr: C, 46.60; H, 7.82. Found IrHs ~ —14.05(d) Xpu=11.2
C, 46.67; H, 7.61. Compounds-8 were prepared in a similar manner. 1 PMey! CsMes 2.3 (d) zJPH =16
For 6 *H NMR at 298 K, 300 MHz (GDs): & 2.16 (s, 15 H, @Vles), T P
12-2(m, 33 H, PGH1), ~18.75 (d, 2 H, M2, Jpu =316 H2). Anal. 1 oo L8 04'(d() )zt
Calcd for GgHsoPIr: C, 55.14; H, 8.26. Found C, 55.46; H, 8.03. For PSCGH: 73-7.5 (m) S
7?0 a_nd 8% spectroscopic data were consistent with those reported in IrH3 —12.7(d) 2Jpn=8.9
the literature.
[(7-CsMes)Ir(P Pra)H3l[BF 4 (9). A 50-mL Schlenk tube was a Spectra of the cationic trihydridesyCsMes)Ir(L)H3]BF, 9—12

charged with 100 mg (0.20 mmol) &fand 10 mL of CHCl,. Next were obtained in CDGF at ambient temperature, 500 MHzZChemical

: ; - shifts are referenced to TMSCoupling constants are reported in Hz.
50 ”I.' of HBFA'EtZO was added dropwise with stirring. Afte_r the 411 has been previously reportepd ?ef 312 has beenppreviously
solution stirred for 20 min, the volume was reduced to approximately reported, ref 32 ’
2 mL, and 10 mL of BO was added. After immediate precipitation ' '
of the white solidd occurred, it was washed with:3 5 mL cold EtO.

The remaining solvent was removed in vacuo: yield 93 mg, 95%. The charcoal at 77 K for storage and reuse. The NMR tubes were flame-
cations10—12 were prepared by the same method. See Table 1 for sealed under vacuum. Incorporation of T appeared to be expedited by

analytical and room temperatutid NMR data for9—12. *H NMR of self-radiolysis within the sample and occurred approximately three times
hydride region only, at 163 K, 500 MHz (CDSE): Fo.r9 5 —13.78 faster than the exchange of D, from,under similar pressures and
(dt, 1 H, IHa(Hs)2 Z’JPH — 46 O Hz,20as = 21.0 Hz) _1’3 97 (dd 2 conditions. Total sample activity did not exceed 10 mCi/sample by

H, IrtHa(Hg)2, e = F19.7 Hz,2Jas = 21.0 Hz). Forl0, 5 —13.91 assay.
(dd, 2 H, IrHa)zHs, 2Jpn = F19.8 Hz,2Jp = 20.1 Hz),—14.04 (dt,

1 H, |r(HA)2HB, ZJPH =46.0 HZ,ZJAB =20.1 HZ) FOI’.I.2,32 0 —12.13 ReSUItS
(m, 1 H, |THA(HB)2, ZJPH =412.2 HZ,2JAB =512 HZ),—lSOO (m, 2

H, IrHa(Hg)z, 2 = F19.5 Hz,2Jas = 51.2 Hz). Forll the low Synthesis. The dichloride compoundsy{CsMes)Ir(L)Cl>,

temperature spectroscopic data were consistent with those reported ir- = PiPi (1), PCy; (2), PMe; (3), and PPh(4), were prepared

the literature’! by a slight variation of the method of Maitlis and co-workéfs.
Deuterium Incorporation. Compound®—17, in 10.0 mg quanti- Compounds2,28 3,29 and4?” are known compounds, bathas

ties, were placed in NMR tubes equipped with Kontes high vacuum not been previously reported. Reduction bf4 gives the
stopcocks. Approximately 1.2 mL of CD{ was vacuum transferred  corresponding dihydride complexés; 8, following the method
into each tube. The samples were freepamp-thaw degassed three  of Moss and Grahar®? The dihydrides5—8, are mildly air
times each an.d charged w_ith 810 Torr deuterium gas ({D_he samples sensitive, colorless solids. Compouﬁﬂ%and828'32have been
exchanged with Pat ambient temperature for a specified amount of 0216 pefore by alternate methods, whefeasd 6 have
time, depending on the particular experiment, with no agitation. They not been previously reported. Protonat’ion (HEEBO) of the

were then degassed an additional three times, and the tubes were flame- ! .
sealed undergvacuum. neutral dihydrides affords the saltsy{CsMes)Ir(L)H3]BFa,

Tritium Incorporation. A tritium incorporation apparatus was 912, in fair yields. These complexes are colorless and very
developed, consisting of a stainless steel vacuum manifold with in- air sensitive both in solution and as solids. Of these compounds,
line diffusion and vacuum pumps. The apparatus is equipped with both 1131 and 122 have been reported previously. Analytical and
a pressure and a vacuum gauge. One end of the manifold has antH NMR data for9—12 are given in Table 1, while appropriate

external Nupro sealed-bellows valve allowing for input of B, or data for1, 5, and6 can be found in the Experimental Section
an inert gas. The opposite end of the vacuum manifold consists of a ghgve.

permanent Cajon connector for attachment of an NMR tube. Attached Proton NMR Observations. The hydride ligands i®—17

directly to the manifold by a Nupro valve is a hollow, stainless steel d th I tivated t dering th
cylinder filled with activated coconut charcoal. The charcoal was undergo a thermally activated rearrangement, rendering them

initially activated by heating to 588C, under vacuum for 12 h. Tritium equivalent on the NMR. time scale at temperatures above 220
gas (%) was adsorbed on the activated coconut charcoal at 77 K and K- Thus all three hydride ligands give rise to oft¢ NMR
stored at ambient temperature. signal at an averaged chemical shift arourt3 ppm. At low
Compound®—17, in 1.0 mg quantities, were placed in NMR tubes  temperature the signal decoalesces into two resonances, often

equipped with Rotoflo, low volume, high vacuum stopcocks. Ap- split into complex patterns consistent with either an,XBr
proximately 1.2 mL of CBXCl, was vacuum transferred into each tube. an ABX spin system. Chemical shifts and coupling constants
The samples were freezpump-thaw degassed three times each and  for 9—17 were determined by computer simulation of these low
attachgd to the tritium incorporation apparatus. Thevas released, temperature spectra. This data are reporteddfet? in the
]?rgi‘g‘bf;fjttg:%‘?zgﬁ*£E’1t;‘e$ﬁ:da\fggceeOfr:;‘st'r'\gz;%’fefver aExperimental Section above. Line shape analysis of!the

. gep NMR spectra fo®—17 at various temperatures yielded rate data,

each sample was 200 Torr. The thawed samples exchanged with T hich . di Evri lot f h d
for 6—8 hours, on average, depending on the rate of incorporation which which was incorporated into an Eyring plot for éach compound.

was determined through deuterium exchange studies. The samples werd N€ corresponding enthalpies, entropies, and free energies of
then thoroughly degassed, with the remaining gas readsorbed onto theactivation for the rearrangement of the hydrides witBinl7
were derived. The activation barriers for rearrangement ob-

39%9)3%&2%”“2' A. H.; Bergman, R. G. Am Chem Soc 1983 105 served for9—12 are higher than those fot3—17. The
(31) Gilbert, T. M.: Bergman, R. GL Am Chem Soc 1985 107, 3502 calculated activation parameters fbr17 are reported in Table
3507. 2.
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Table 2. Activation Parameters for the Thermally Activated observed. These tritium isotope shifts follow the same pattern
Rearrangement of the Hydride Ligands fbr17 as, but are slightly larger than, the deuterium isotope shifts
AG+ 0.6 AH*+0.4 AS+1.1 shown in Figure 1. The tritium isotope shifts were identical
L kcal/moF kcal/mol eu for hydride resonances in thtH NMR spectra and tritide
9 PPr3 11.2 11.8 1.1 resonances in théH NMR spectra.
10 PC)éb 114 12.0 1.0 The isotopomers Ir(HY and IrH(T), each have two positional
5 E'\P"r? 18? 1(1)-2 8-; isomers. Thus resonances for these tritiated specigsiiTF,
13 P‘Prg 9..6 10:1 0..8 Ir(H B)ZTA1 |I'HA(TB)2, |I'HBTATB, and |I'TA(TB)2 are all detectable
14 PCys 9.9 10.3 06 in the low temperaturéH NMR spectra oP—17. A represen-
15 PMe; 9.4 9.6 0.4 tative 3H NMR spectrum, hydride region only, is shown in
16 PPh 9.3 9.5 0.3 Figure 2 for14. In contrast to théH NMR spectra, which
17 AsPh 8.7 9.2 0.9 often exhibit second order line patterns for the hydride
a AG* calculated at 298 K Activation parameters fatlhave been  resonances, th# NMR spectra are first order. Observed in
reported previously, ref 31. the3H NMR spectra fo©—17 are temperature independentH

coupling constants)(jr). The values foldyr are smaller than
Low temperaturéH NMR spectra were obtained from 220  the values forag observed in théH NMR spectra, while the
K down to 125 K for9—17. At all temperatures the resonances aA—B chemical shift difference is the same, giving rise to first
for the hydride sites A and B were distinguishable. The order line patterns. The temperature independent valuds:of
magnitude of the observediHHg coupling constanthe) Was  were used to ascertain the values for the magnetie- s
very sensitive to temperature, Increasing as temperature |n'Coup|ing constant xnag) for 9—17, based on the ratio of
creased. Values falxg have not previously been available over magnetogyric ratios for the isotop&syt/yy = 1.07. Results
such a large range of temperatures. The valuedfont each  of the3H NMR studies of the partially tritiated cations are given
temperature vary widely fo®—17 and appear to be very in Table 5. For9, 13, 14, 16, and17 Jrr was also observed

sensitive to the basicity of the coligands. Fband 10 Jag ranging from 19.3 to 31.1 Hz and temperature independent.

changes less than 1 Hz from 170 to 125 K. Variable- A representativeH NMR spectrum of the hydrides for

temperaturéH NMR data for9—17 is tabulated in Table 3. parially tritiated14 s also shown in Figure 2. The isotopomers
NMR Analyses of Partially Deuterated Trihydride Cat- Ir(H)3 and Ir(H)T both give rise to resonances in this spectrum.

ions. Complexes9—17 incorporate D into the hydride sites  The ohservedias for the Ir(H)s isotopomer is 85 Hz, while
readily upon exposure in solution taD*H NMR spectra were Jag for IrHgHATs is 91 Hz. H NMR spectra for compounds

obtained over a 100 K range of temperatures for partially 13 and 16 also allowed this comparison, and thgs for
deuterated samples 8f-17. The observed isotopomers will |11, To was larger at all temperatures observed.

be representled by the notation below in which Ir is the Line shape analysis of the hydride regiontefand®H NMR
organometallic fragment, j¢CsRs)Ir(L)]BF4 (R = H, Me). spectra for partially tritiate®—17 was performed. The line
Resonances were apparent for the three detectable isotopomers:ih of the IH NMR resonances seemed unaffected by the
g.(f?)g’ Ir(E)éDaanq IrH(D)- dBeIow EIIZO.K, rgshonbalmces(;‘qr the g pstitution of tritons, indicating the absence of significant
Ifterent hydri esr[e.sAan. B are Istinguishable, and ISOtope i atic isotope effects on the thermally activated rearrangement
effects on the chemical shifts corresponding to each site werep, ., o5 -~ Also no differential line broadening was observed in

obsgrved. 'Ic;hlese upfield ﬁotope”shlftsbare ter_npere;ture InOIe'comparison of the resonances for the hydrides and tritides in
pendent and large enough to allow observation of separate,q Ir(H)s and Ir(T); isotopomers.

resonances for each isotopomer, as exemplifie® fompictorial
format, in Figure 1. The Ir(H]D isotopomer has two positional
isomers, with D in site A or in one of the B sites, which we
will designate as Ir(ld).Da and IrHsHADg, respectively. The Synthesis. Previously the conversion of the metal halides
former isomer exhibits one resonance in the hydride region of (7-CsMes)Ir(L)Cl, to hydrides has been achieved with a variety
a'H NMR spectrum, while the latter gives an eight-line pattern of borohydride or aluminum hydride reageft€® We have
typical of an ABX spin system. Similar considerations apply found that reduction by a modification of the zinc/acetic acid/
to the IrH(D), isotopomer where each of the two possible methanol procedure of Moss and Gral¥&m more convenient
positional isomers gives rise to one resonance in the hydrideand gives slightly better yields. The resulting products are

Discussion

region of a'H NMR spectrum. crystalline and require little purification.

Within the 'TH NMR spectra for partially deuterated-17 Tritium Incorporation. The most common method for
there are two observableaHHg coupling constants]ag for tritium incorporation into compounds is by exposing the
Ir(H)z and Jag for IrHgHADg. The Jag values, derived by  compound to HTG# Since many transition-metal hydrides,
computer simulation of theH NMR spectra, for IrldHADg are including 9—17, are air and moisture sensitive, this was not a
4—8% larger than théag values derived for the Ir(H)species, suitable method for our purposes. An incorporation method

for 13—17. However for 9—12, there appears to be no was sought to allow for safe, efficient processing of many
difference in these two coupling constants. Small unresolved samples while minimizing unwanted side reactions. The cations
H—D couplings caused tHé1 NMR resonances of the hydrides 9—17 exchange readily with Jat ambient temperatures, in

in the deuterated isotopomers to be slightly broader than thosesolution. A tritium incorporation apparatus was developed for

corresponding to Ir(H) for 9—17. Results of the!H NMR storage and handling o Tconsisting of a stainless steel vacuum
studies of the partially deuterated cations are given in Table 4. manifold with in-line diffusion and vacuum pumps. One end
NMR Analyses of Partially Tritiated Trihydride Cations. of the vacuum manifold consists of a permanent Cajon connector

Complexes9—17 were exposed to lto form mixtures of the for attachment of an NMR tube. Attached directly to the
isotopomers: Ir(H, Ir(H).T, IrtH(T),, and Ir(Ty. Both3H and G2 Ped FRE Ty o197 12 30643063

1 i i HY edersen, A.; Tilset, rganometallic s .

H _NMR spectra were obtained for parually tnnatéd—_l? gt (33) Moss, J. R Graham, W. A. @org, Chem 1977 16, 7579,
various temperatures. Temperature independent, upfield isotope  (34) Evans, E. ATritium and Its Compounds2nd ed.; Wiley: New
effects on the chemical shifts upon tritium substitution were York, 1974; pp 272-290.
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Table 3. Temperature and Ligand Dependencelgfé—¢

J. Am. Chem. Soc., Vol. 118, No. 23, 19967

L 125K 135K 144 K 154 K 163 K 173K 182K 191K 201K

9 PPr; 20.0 20.0 20.0 20.3 21.0 21.9 22.3 22.8 23.9

10 PCys 20.1 20.1 20.1 20.1 20.1 20.1 20.3 20.9 23.4

11 PMe; 30.5 31.2 32.3 33.6 35.8 38.3 42.4 48.8 59.0
12 PPh 36.8 40.1 43.0 46.5 51.2 56.0 66.8 79.3 99
13 PPrs 47.4 48.6 52.7 54.6 57.4 66.2 73.4 82 94
14 PCy 435 48.3 50.2 54.0 57.9 63.8 70.4 80.1 95
15 PMe; 717 75.8 80.7 84 93 106 123 140 168
16 PPh 160 174 188 216 247 292 348 422 533
17 AsPh 218 237 262 304 353 428 524 642 828

a All spectra were obtained in CDgH, 500 MHz.? Coupling constants are reported in HZ here are some discrepancies between the previous

and current NMR data fot3—17, which we believe are due to a systematic temperature calibration error.

Hg
Ir Hy
Hg
2 ppb 2 ppb
HB HB
Ir H, 57ppb Ir Dy
Dy Hg
2 ppb
Dg Dg
Ir H, 114 ppb Ir D,
Dy Hg U
2 ppb
Figure 1. Isotope effects on the chemical shifts of the various

isotopomers of partially deuterat®d Shifts are reported in parts per
billion (ppb) and are upfield from the chemical shift of the pure protio

species.
Table 4. 'H NMR Data for Deuterium Substitution Studies
(Hydride Region) o0—172
Jas? for Jagb for site Aave site B ave
L Ir(H)3 Ir(H).D AO/DS AO/DS
9 PPr; 22.3 22.3 57 2
10 PCy 20.3 20.3 60 4
11 PMe; 42.4 42.4 70 6
12 PPh 66.8 66.8 66 4
13 PP 73.4 76.3 66 32
14 PCy 70.4 73.2 70 35
15 PMe; 123 129 72 36
16 PPh 347 368 74 38
17  AsPh 524 560 76 46

aAll spectra were obtained in CDgH, at 182 K, 500 MHz.
b Coupling constants are reported in HLhemical shift differences
are reported in ppb.

.

T
-14.5

manifold by a sealed bellows valve is a hollow, stainless steel
cylinder filled with activated coconut charcoal., Was adsorbed

on the Charpoal at 77 K a”‘?' stored at .amblent te",merature‘Figure 2. ExperimentalH NMR (top) and®H NMR (bottom) spectra
Further details are described in the Experimental Section above.q partially tritiated14, hydride region only, (CECl,, 195 K, 500 MHz

By taking advantage of its reversible adsorption on activated and 533 MHz respectively). Coupling constants &= 85 Hz for
charcoal, the Tcan be controlled and reused numerous times. Ir(H)s, Jas = 91 Hz for IrHgHATs, Jur = 24.7,Jp1y, = £6 Hz, Jpp, =
The use of T at pressures below 760 Torr increases the safety F17 Hz (top);Jrr = 26.4 Hz,Jur = 24.7 Hz,Jp1, = £6.4 HZ,Jpt, =
of the incorporation process. F18 Hz (bottom).

By substituting T into the hydride sites 817 we have
introduced another useful NMR handle into these metal hydride
systems. 3H NMR spectra were obtained on a 500 MHz
spectrometer with 8H probe at 533 MHz.®H NMR affords
better spectral dispersion and is more sensitive thaiNMR
spectroscopy. The chemical shifts of detected tritons are
virtually the same as those of the corresponding protons.

1 T T
-13.0 -13.5 -14.0

Coupling constants for interaction of T with other spin active
nuclei can be retlated to the corresponding H coupling constants
by the ratié® y+/yn = 1.07. This method is frequently used in
deriving such information for protons in organic molecuies.

3H NMR is particularly useful becauskr is 1.07 times larger

(35) Fuller, G. H.J. Phys Chem, Ref Data 1976 5, 835.
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Table 5. 3H NMR Data for Tritium Substitution Studies (Hydride
Region) for9—17

calcddna®  site Aave  site B ave

L JuT for Ha—Hg AO/Td AO/IT

9 PPr3 191 17.9 113 3.8
10 PCy 20.7 19.5 107 3.8
11 PMe; 22.7 21.3 113 3.8
12 PPh 24.8 23.2 116 3.8
13 PPr3 24.3 22.8 90 5.6
14  PCy 24.7 23.2 86 5.6
15 PMe 27.3 25.6 96 5.6
16 PPh 29.4 27.6 101 5.6
17 AsPh 287 26.9 104 5.6

a All spectra were obtained in GBI, at 200 K, 533 MHzP Jyy =
Ju1/1.06667 based on the magnetogyric ratios of H anéidoupling
constants are reported in HzChemical shift differences are reported
in ppb.

thanJyy and thus easily observed. Howevgp is 6.54 times
smaller thanJyy and is often difficult to detect. The values of
Jur observed for9—17 were in fact much smaller than the
corresponding values dfag and they were temperature inde-
pendent. This was expected becaudg arises from a
combination of a magnetic coupling and an exchange coupling

interaction. Quantum mechanical exchange coupling should be

guenched by T substitution B+-17.78 ThusJyr is presumably
magnetic in origin, due principally to the Fermi contact
mechanism. We were then able to derive the valued.g§
for 9—17 which have been reported for very few metal hydride
complexes.

Thermally Activated Hydride Rearrangements. In addi-

Heinekey et al.

in that known isotope effects on dihydrogen reductive elimina-
tion/oxidative addition are not very large. Thus it seems that
formation and rotation of a dihydrogen ligand cannot be ruled
out as a mechanism for hydride rearrangemer8-i7.
Elucidation of Jag. A brief introduction to quantum me-
chanical exchange coupling as it relate®tel7 is appropriate
here. For two hydride ligands bonded to a metal center, if each
H atom is strongly localized in its respective potential energy
well, then the vibrational motion of each can be treated
independently. However, if the H atoms are close enough to
each other, with appropriate harmonic oscillator frequencies,
then their orbital wave functions may overfaprhe vibrational
motion of the two H atoms can no longer be treated indepen-
dently; instead the two-particle system must be considered as a
whole. This finite overlap gives rise to both a symmetric and
an antisymmetric combination of the two single-particle wave
functions? which differ in energy by an amoungig. The term
Jex here represents the quantum mechanical exchange coupling
between two adjacent hydrides in metal hydride systems. It
has been generally accepted that quantum mechanical exchange
coupling is manifest in théH NMR spectra of various metal
hydride complexes according to the following expres%ion

1)

where Jnag is the portion ofJag due to the Fermi contact
interaction. The sign adnagis not predicted by eq 1 and may
vary from compound to compound. However according to the
proposed model for quantum mechanical exchange coupling,
Jex is inherently negative. As mentioned above, we have now

Jag = Jmag— 2J

ex

tion to quantum mechanical exchange coupling, there is also abeen able to derivémag from the observed values dfyr for

facile, thermally activated rearrangement process occurring in
9—17. The stiffness of the t+H bonds and the corresponding

9-17.
There are very few values for-HH coupling constants for

vibrational frequencies would presumably affect this process transition-metal hydride complexes reported in the literature.
in some manner, as it affects the quantum mechanical exchangelypically these complexes are very dynamic, with the hydride
coupling process. Thus a comparison of the activation barriers ligands rearranging rapidly at ambient temperature. Thus it is
for the thermally activated rearrangement with the magnitude necessary to obtain low temperatdté NMR spectra for the

of the exchange coupling could be insightful. Qualitatively a complexes in order to detect-HH coupling. Even then, the
correlation is apparent within each syst®&m12 and 13—17, barriers to thermal rearrangement for some complexes are low
where the magnitude of the exchange coupling increases as thenough that théH NMR resonances for the hydrides do not
barrier to the thermally activated rearrangement decreases. Aglecoalesce at accessible temperatures. Those values-tdr H
seen in Table 2 the activation barriers for rearrangement within couplings which have been reported for transition-metal hydride

9—12are higher than those faB8—17. This was predicted since

systems vary from 218 Hz37 It may be their cationic nature

the same factors causing less quantum mechanical exchangavhich leads to values of 288 Hz for9—17. However, since

coupling interaction iM@—12 should have some influence on
the difficulty of the thermal rearrangement as well.

Line shape analysis 8H NMR spectra for sample containing
Ir(H)3, Ir(H)2D, and IrH(D) yielded no apparent isotope effect

the existing database for such information is small, no firm
conclusions can be made.

The determined values oJnag for 9—17 were used to
calculate the values of the correspondiagat each temperature

on the rate of the thermally activated rearrangement. Slight according to eq 1. The results are shown in Table 6. The
differences in signal line widths, between the deuterated quantum mechanical exchange coupling model desciihes
isotopomers and the perprotio species, were determined to be
unresolvable splittings due to+HD couplings. From computer
simulation of the hydride resonances in théldeNMR spectra
the values fordyp were derived to be 24 Hz, depending on
the complex. These values falyp agree well with the
experimental values obtained fdgr, which should be seven
times larger than those fdrp. Line shape'a.malylsis of spectra R, S Boraw, 3, EOrganometalicaloBs 5, 72-075] Jut = 815 He
generated by botfH and®H NMR' Of_the tr_|t|um |sotopo_mers for cié,trans—[lryl-t(-endog—JS—norbornen—Z—ol)—(I’DEah]BH. fCr;t:'tree, R. H.;
as compared to the perprotio species, yielded no evidence ofpavis, M. W.OrganometallicsL983 2, 681-682.] Juy = 5.6 Hz for (G-

(37) Some representative two-bond;-H couplings reported for various
transition-metal hydride complexes are referenced hésg:= 2.2 Hz and
5.5 Hz for the fac isomer of [Hr(NH(SiMe,CH,PPh),)] and Juy = 5.0
Hz for the mer isomerJyy = 5.1 Hz for the mer-cis isomer of [#N-
(SiMe;CH,PPh),(PMe;3)] and Jun = 4.0 Hz for the fac-cis isometduy =
4.4 Hz for the mer-cis isomer of fN(SiMe,CH.PPhR),(CO)]. [Fryzuk,
M. D.; MacNeil, P. A.Organometallicsl983 2, 682-684]. Juny = 4 Hz
for (CsMes)2NbHs. [Bell, R. A.; Cohen, S. A.; Doherty, N. M.; Threlkel,

differential line broadening.
There seems to be no appreciable kinetic isotope effgtt,
ko or ku/kr, on the thermally activated hydride rearrangement

MeS)”(SiM63)H3; Jun = 6.5 Hz for (C‘5Me5)lr(SnMe;)H3, Jun = 8.1 Hz
for (CsMes)Ir(SnPh)Hs. [Gilbert, T. M.; Hollander, F. J.; Bergman, R. G.
J. Am Chem Soc 1985 107, 3508-3516.] Jun = 8.9 Hz for (GMes)-
Os(CO)H. [Hoyano, J. K.; Graham, W. A. GI. Am Chem Soc 1982

process. Interpretation of this result is somewhat ambiguous 104 3722-3723.] Juu = —14 Hz for bRU[P(OMe}]s. [Meakin, P.;

(36) Evans, E. A.; Warrell, D. C.; Elvidge, J. A.; Jones, JHandbook
of Tritium Nuclear Magnetic Resonance Spectroscopy and Applications
Wiley: New York, 1985.

Muetterties, E. L.; Jesson, J. B.Am Chem Soc 1973 95, 75-90.] Jun

= 18.2 Hz fortransFeH,-(meso-tetraphos-1). [Bautista, M. T.; Earl, K.
A.; Maltby, P. A.; Morris, R. H.J. Am Chem Soc 1988 110 4056-
4057.]
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Table 6. Temperature and Ligand Dependencelgf®

L 125K 135K 144K 154 K 163 K 173K 182 K 191K 201K

9 PPr; -11 -11 -11 —-1.2 —-16 —-2.0 —2.2 —25 —-3.0
10 PCy -0.3 -0.3 -0.3 -0.3 -0.3 -0.3 —-0.4 —-0.7 —2.0
11 PMe; —4.6 —4.7 —5.2 —-5.9 —7.0 —8.2 —10.3 —13.5 —18.9
12 PPh —6.8 —8.5 —-9.9 —11.7 —14.0 —16.4 —21.8 —28.1 —38
13 PPr; —12.6 —14.7 —15.6 —-17.0 —21.4 —25.0 —29.3 —35 —44
14 PCy —10.2 —-12.6 —13.5 —15.4 —-17.4 —20.3 —23.6 —28.5 —36
15 PMe; —23.2 —25.2 —27.7 —29 —34 —41 —49 —57 —71
16 PPh —67 —73 —80 —94 —110 —132 —160 —197 —253
17 AsPh —95 —105 —118 —139 —163 —201 —249 —308 —401

a All results were calculated according to eq°Loupling constants are reported in Hz.

being inherently negative.Taking this into consideration, we  tions formed from linear combinations of localized Gaussian

attempted to computer fit the twil« versus temperature data wave functions correlated by a step correlation function ap-

sets arising from havindmag be both positive and negative. propriate for hard spheres approximately describe the lowest
There was no obtainable fit for the data resulting frémybeing lying excited states of the hydrogen atoms in the double well

negative which would be physically reasonable. It would appear potential. These wave functions are used in the two-dimensional
that the sign oflnagis opposite to that adex for 9—17, whereas analog of Landesman’s surface integral expression for the
for (17-CsHs),NbH3z which was reported previoush,the sign calculation of ground state exchange.

of Jnagappears to be the same as thalgQf In support of this, Temperature dependence is included in the model by assum-
Jas was not observed to decrease to a value of 0 Hz and thening that the potential binding the hydrides is temperature
increase again with decreasing temperatur®fet7. However independent and that the observed temperature dependence of
such behavior was observed fgrCsHs),NbHs, indicating that the exchange interaction is a consequence of the thermal
Jmag@ndJex canceled each other out at some temperaflifais population of excited vibrational states of the hydrides. It is

would arise fromJmag and Jex having the same sign when further assumed that the exchange process can be calculated
combined as in eq 1. There is some precedence for variationseparately in each vibrational state and therefore that the
of the sign of two-bond, HH coupling constants. In fact, the exchange interaction at temperatiirean be written as the sum
geminal H-H coupling constants in organic compounds vary over all vibrational states of the exchange interaction in each
from —23 to +42 Hz depending on ligand substitution at the state. This sum is in turn proportional to the sum over ground
a-carbon3® Thus it is reasonable that the cationic iridium and excited vibrational states of the overlap of the localized
trihydrides have positive values &fagand the neutral niobium  wave functions weighted by the appropriate Boltzmann factor.

trihydride has a negative value Gfag This total overlap function is approximated by giving the ground
Quantum Mechanical Exchange Coupling. In our initial state wave function a temperature dependent width equal to the
reports forl3—17, we had collected NMR data over a-280 root mean square displacement of a two-dimensional harmonic

K range. The use of an NMR probe specially designed for oscillator at temperatur€ A more detailed discussion of this
spectroscopy at low temperatures has now allowed collection method and justification of the approximations involved can
of data over a 100 K range, including lower temperatures than be found in our previous papér.The derivation of the
previously accessible. With these larger data sets it becameexpression for ground state exchange of two hard sphere
apparent that the previously reported three-dimensional modelfermions in two dimensions is presented in a separate Faper.
for quantum mechanical exchange coupling does not correctly The result of the derivation of two-dimensional exchange as

describe the temperature dependencée.pfor 9—17. While outlined above givesey in units of Hertz as

the three-dimensional model appeared to fit the previous&ata,

it could not fit the new lower temperature data now available. _| —ha —(@+ 19

However a@wo-dimensionabescription of quantum mechanical ex 2MA o2 252 @)

exchange coupling does accurately describe the curkgnt

versus temperature data. The three-dimensional model origi-and

nally reported was based on work done for thide/He system

in which atomic motion is governed by the solid lattice. In 6% = _h cot v

solid helium each He atom has only He neighbors surrounding 4’y 2kT

it; therefore atomic motion and quantum mechanical exchange

coupling are equally probable in all three dimensions. whered? is the mean square displacement of an ensemble of
In contrast to solid helium, in the metal trihydride complexes two dimensional harmonic oscillators at temperaflira is the

studied here neutron diffraction data indicate that the potential internuclear distancenis particle mass, andlis the hard sphere

describing bond stretches is much stiffer than the potential radius of the particles. The expression 5t describes the

describing motions perpendicular to bond stretchehe ensemble-mean delocalization of the hydrides. Increasing

hydrogen atoms are in effect confined by this potential to move temperature result_s in thermal population of excited vibrational

on a two-dimensional surface. In this case it is appropriate to States of the hydrides leading to a larger observed exchange

apply the Landesman model of exchange in two rather than threecoupling. A purely Gaussian description of quantum exchange

dimensions. An expression for the ground state exchangehas the hydrides passing through each other at the high energy

calculation of Landesman in three dimensions. The hydrides Probability that the exchange interaction will occur when the

are modeled as hard Sphere fermions bound in a Symmetric twohydndes are too close to each other. Essentla”y I‘epu|Sive terms

dimensional double-well potential. Heitletondon wave func-  in the exchange interaction limit the amount of mixing of the
spatial wave functions which will occur. By fitting théy

(38) Ginther, H.INMR SpectroscopyViley: New York, 1980; pp 106
106. (39) Close, J. personal communication.
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Table 7. Results from Fittinglex versus Temperature Data to the
Two-Dimensional Quantum Mechanical Exchange Coupling Model,
Eq 2, for9—17

L A, A a, A v, cmt

9 PPr; 1.1 1.70 494
10 PCy 1.1 1.70 497
11 PMe; 1.1 1.73 458
12 PPh 1.1 1.72 452
13 PPr; 0.9 1.70 502
14 PCy; 0.9 1.70 503
15 PMe? 0.9 1.69 499
16 PPh 0.9 1.72 463
17 AsPh 0.9 1.74 456

aFor 15, a has been reported previously from neutron diffraction
data to be 1.686 A.

Heinekey et al.
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versus temperature data to eq 2, it was hoped that uniqueFigure 3. Comparison of the calculated fits to the experimedtal

combinations of, 4, andv, which were physically reasonable,
could be determined f®—17.

Computer fitting of the experimental data in this manner gives
an apparenf. of 1.1 A for 9—12 and 0.9 A for13—17. In
molecular mechanics calculations for organic speciess

versus temperature data fot and15. Calculated fits were extrapolated
from 125 to O K.

process and was not preset according to the known experimental
value. Based on the neutron diffraction study 1 it was

assigned a value of 1.37 A for H attached to aliphatic carbons Structurally characterized as a capped square pyramitie

andl = 1 A for H attached to N, O, or & These values for

hydride distances from the neutron structure ¥éragree with

) are based on experimental gas viscosity data for small hydride distances determined fa6 by solid state'H NMR
molecules. Nonbonding, attractive interactions between the SPectroscop§. The complexesd—17 are believed to have
molecules are replaced by repulsive interactions when the €ssentially the same structures. Thus it was expected that there

molecules reach an intermolecular distance of closest apptbach. Would be little variation in the W—Hs internuclear distances

A larger value fori corresponds to greater electron density on

the hydrogen atom within these molecules. Thus the larger

value of A for 9—12 arises because Cp* is a strong electron

for these complexes.
The derived values fok vary 20% and the derived values
for v vary from 8-10% between the two hydride syste@s12

donor, creating greater electron density at the metal center and@nd13—17. However the values fax do not vary appreciably

within the M—H bonds. The results obtained by fitting the

between the two systems. Thus the variation in the magnitude

experimental data to the two-dimensional quantum mechanical ©f €xchange coupling fro—12to 13—17is apparently caused

exchange coupling model are shown in Table 7.

The calculated frequencies)( expressed as wave numbers
in Table 7, are believed to describe the-Hr—Hg vibrational
wag mode which allows movement along thg+Hg inter-
nuclear vector. The values ferdecrease as the basicity of L
decreases, leading to an increasddn Presumably a lower
corresponds to less stiff MH bonds, allowing greater delo-

calization and overlap for quantum mechanical exchange Mechanical exchange coupling.

coupling. The values of for 9—12 are smaller than those for
13-17. It was expected that the valuesofor 9—12 would
in fact be larger since the corresponding values Jgrare
smaller than those fat3—17. However if1 = 1.1 A, and the
values ofv for 9—12 were larger than those fdr3—17, the
corresponding values akyx for 9—12 would be too small to
detect. While the exchange coupling interactio®+1.2 would
not necessarily be quenched, the small changedgnwith
temperature would be difficult to observe By NMR spec-
troscopy. Therefore it appears that the variation in the
magnitudes ofex are not due solely to the differencesiifrom

complex to complex. Rather the effect of the electron density

by differences il andv, which are attributed to the differences
in Cp* versus Cp. Within each famil9g—12 and13—17, the
variation in the magnitude afs« is caused by differences in
anda which vary 2-3% depending on the ligand L.

After fitting the Jex versus temperature data, the corresponding
fits were extrapolatedtO K to simulate a situation where zero
point motion would be the only contribution to quantum
In all cases the values deter-
mined forJex at 0 K were nonzero ranging from 6-56 Hz.
Computer fit extrapolations of thé&y versus temperature data
for 11and15are shown in Figure 3. Since the valueslgfat
0 K for 9—17 do not converge, the variability of the magnitude
of exchange coupling appears to be a ground state effect. A
variation in the fundamental vibrational frequencies, describing
the potential energy wells for sites A and B in each complex
would account for this. The magnitudes fiy; at 0 K suggest
that quantum mechanical exchange coupling is a sizable
interaction in the ground state. This agrees with the observations
for quantum mechanical exchange couplingré/He at 4 K20
The large zero point vibrational amplitude #ie atoms about

at the metal center on exchange coupling must be modeled withtheir lattice sites corresponds to significant delocalization of their

two adjustable parameterd, and v, to accurately fit the
experimental data.

The parametea for 15 has been reported to be 1.686 A based
on neutron diffraction dath. The values ofa obtained by
computer fitting thelex versus temperature data f@+17 are
comparable. The value of 1.69 A obtained in this manner for
15 was calculated independently during the computer fitting

(40) Weiner, S. J.; Kollman, P. A,; Case, D. A.; Singh, U. C.; Ghio, C.;
Alagona, G.; Profeta, S., Jr.; Weiner,’Am Chem Soc 1984 106, 765—
784.

(41) Levine, I. N.Physical Chemistry3rd ed.; McGraw-Hill: New York,
1988; pp 807854.

spatial wave functions. This delocalization gives rise to very
large quantum mechanical exchange coupling interactions.

If the exchange couplings iB—17 were due to rotational
tunneling in a thermally accessible dihydrogen complex, the
value of Jex at 0 K should be zero in all casés.At 0 K the
equilibrium postulated earlier would completely favor the
hydride, as the ground state structure. Therefore no rotational
tunneling would occur, and any quantum mechanical exchange
interaction would be quenched.

Isotope Effects on Quantum Mechanical Exchange Cou-
pling. As seen in Table 4, the observégs for the Ir(H:D
isotopomer is larger than thiag for the Ir(H); isotopomer for
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13—17. This difference represents an increasddof 4—8% cal basis for quantum mechanical exchange, then we should
for the deuterated isotopomers. While the magnitude of this consider in detail all possible outcomes of isotopic substitution
increase inJex varies forl3—17, the source of the increase has to form IrH,D or IrH,T. The heavy isotope can concentrate in
been identified by computer fitting th& versus temperature  the terminal hydride ligand, not affecting rotational tunneling
data for the deuterated species. BE8+17 a decrease im of within the dihydrogen ligand. Thus the exchange couplings
approximately 1 cm! leads to the increase ifix seen at all would also be largely unaffected. It has been shown that the
temperatures for the deuterated isotopomers. The increases ifmeavy isotope prefers the terminal hydride bond in iridium
Jex varying from 4-8% for 13—17 are easily detectable g complexes of the form [Tplr(PM&H2)HIBF4 (Tp = hydri-
observed byH NMR studies. However foB—12 a decrease  dotris(pyrazolyl)borate)® Alternatively, the heavy isotope can

in v of 1 cnT! would correspond to increases Jg and thus concentrate in the dihydrogen ligand, considerably diminishing
Jag varying from only 0.05-2.0% which could not be accurately  the rotational tunneling process. The exchange coupling effect
detected by current NMR methods. Thus there was no apparentshould then be quenched. If there is no site preference for the

increase inJag for the deuterated isotopomers 612 heavy isotope, then statistical distribution of the isotope would
Apparently one I+-H bond being replaced by an-+D bond lower the number of dihydrogen ligands able to participate in
within a molecule slightly affects the adjacentH bond. Thus appreciable rotational tunneling. Thus the exchange coupling
a change occurs in the frequency of the-l+—H wag mode, effect should decrease. Therefore it is difficult to explain the

which is believed to contribute significantly to quantum increasein exchange coupling experimentally observed upon
mechanical exchange coupling. We have no knowledge of isotopic substitution ir®—17, based on a thermally accessible
reported vibrational spectroscopy studies aimed at determiningrotational tunneling model.

the secondary effect on-HM—H wag modes of substituting D It should however be pointed out that these small perturba-
at an adjacent MH site. However extensive IR and Raman tions of the observed coupling are compatible with the com-
studies have been reported for 8, (M = Mo, W) in which putational work of Lledos and co-workéfsand the model of

substitution of D to form CgMHD caused a shift in the observed  Eisenstein and co-workef3. In both of these approaches to
frequency of the M-H deformation mode® This is a primary the problem, the ab initio potential surfaces calculated for the
isotope effect since D is participating in the-M—H vibrational hydride motions would be slightly perturbed by the presence
modes. Also substitution of D to forry{CsDs)MH, changed of an adjacent heavy isotope of hydrogen. These models allow
the observed MH deformation frequencies, which is a second- the approximate calculation of the temperature dependence of
ary isotope effect® In light of these reports, the secondary the observed exchange coupling, but the simpler model pre-
deuterium isotope effects observedliB—17 seem reasonable.  sented here leads to very good agreement with experimental
Similar isotope effects were observed in theNMR spectra observations.
of partially tritiated samples df3, 14, and16. Computer fitting

of the Jex versus temperature data for these samples hasCOﬂC|US-IOI‘-1$
determined that the magnitude of the observed increadgsin The similar systems f£CsHs)Ir(L)H3]BF4 and [(7-CsMes)-
corresponds to a decreaseirof 2 cnr? in going from the  I"(L)H3]BF4 (L = various phosphines) have been compared in

Ir(H)s species to the corresponding Irgff)isotopomer This  regard to quantum mechanical exchange coupling of the hydride
decrease i for 13, 14, and16 correlates with an increase in  ligands. Considerable experimental evidence seems to support

Jex ranging from 6.5-9%. A similar decrease in for 9—12, the two-dimensional quantum mechanical exchange coupling
15, and17 would lead to an increase i3 and thuslag ranging model now proposed for these and similar transition-metal

from 4—11%, which should be detectable By NMR spec- hydride systems. In particular the prediction, based on experi-
troscopy. However, the amount of tritium incorporation needed mental data, of nonzero values for the exchange couplings at 0
to observe the signals corresponding to IgfHyvithin 1H NMR K'in these systems, seems to preclude rotational tunneling in a

spectra of these compounds is a significant radiation hazard.thermally accessible dihydrogen species as the means of
Therefore an extensive study has not been undertaken due tauantum mechanical exchange coupling. The data obtained
safety considerations. Itis presumed that substitution of-afi Ir  make it seem likely that the quantum mechanical exchange
bond will affect the adjacent ++H bonds in a manner similar  coupling interaction in these systems is mediated by a vibrational

to the effect of an k=D bond, as examined above fér-17. motion. In addition, no evidence has been seen for a dihydro-
Thus it is expected that such a substitution of anTirbond gen-like transition state for the thermally activation hydride
will cause a consistent decreaseviaf 2 cnt! for the H-Ir—H rearrangement which is detected #y NMR above 220 K.

wag mode in each comple®;-17. Presumably the difference
in magnitude of the secondary isotope effect in going from D
to T is due to the difference in mass of the isotopes, as observe
for isotope effects on stretching frequencies in many organic
and organometallic compounds.

If we postulate a trihydride complex in equilibrium with a
thermally accessible dihydrogen/hydride complex as the chemi- jags2142¢

(42) Girling, R. B.; Grebenik, P.; Perutz, R. Morg. Chem 198§ 25, (43) Heinekey, D. M.; Oldham, W. J., JI. Am Chem Soc 1994 116,
31-36. 3137-3138.
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