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Abstract: Recent synthesis and NMR spectroscopy of neutral Ir(V) complexes hydridotris(3,5-dimethylpyrazol-
1-yl)borato tetrahydride (T{rH4) and hydridotris(pyrazol-1-yl)borato tetrahydride (TpjyfHave been interpreted

as supporting face-capped octahedral structugg (vith each of three kH bonds trans to an +N bond

and the fourth hydride capping the kHace. Here, density functional geometry optimizations and coupled
cluster calculations on hydridotris(pyrazol-1-yl)borato iridium tetrahydrogen find th&t edge-bridged
octahedral tetrahydride structure an@asn?-dihydrogen, dihydride structure are local minima and find that

the Cg, structure is a local maximum (second-order saddle point). Several low energy transition states connecting
the local minima have been located, and these minima can be used to simulate the experimental NMR spectra.
A comparison of the experimental infrared spectrum oflifb, and the harmonic frequency calculations on

the Cs, Cy, andCsg, structures also supports the assignment ofG@handC; structures as the observed ones.

Introduction observations for the relevant Ir tetrahydrogen and deuterium
— . . substituted Dy, n = 1—4) species, on the IR spectrum of
The determination of the structure of fluxional transition metal TP IrH, an((jht)?] I'Ehe structl}repof the analogousptriethylsilyl
pplyhyqlride cor.nplexes.has bgen an intricate challenge. NGUtrontrihydride complex, where the triethylsilyl group caps the
diffraction studies prowd_e reliable structures Wh_en applicable, trihydride octahedral face. In tHel NMR of Tp'IrH,, the four
but most structural studies rely on spectroscopic observables,“hydrides" remain equivalent on the NMR time scale down to
. ; ; :
ls\lul\jg asI H I\I_MR.chemlce;Il .srfnfts,dHD coupllngh conﬁt?‘”éfs! —70 °C. However, the hydride peak is shifted substantially in
relaxation times, and infrared spectra; with such indirect partially deuterated complexes. This “isotopic perturbation of
probes of structure, multiple interpretations may arise. Quantum rosonance” (IPR)effect is indicative of a structure in which
mechanical calculatlor_ls_have proven extrem_ely valuable in -0 ore at least two inequivalent hydride positidr&his
structural and mechanistic studies of polyhydride compléxes, contrasts with the analogous M4 complext for which
particularly when experimental methods have been less thantheoreticeﬁ studies of CplrH support a pseud6s, “piano stool”
adequate. However, the reliability of even the best of calcula- geometry® The rhodium analogue, TRhHs, has aCy 72

tions may be ur]certain, especially when the potential ENeray gihydrogen, dihydride equilibrium geomethjut the observa-
surface is complicated and there are several structures of similar; J o o relatively longTy(min) in Tp'IrH, weighs against an

energy. Theory and experiment must then work in concert to analogous structure

resolve these structures. o ) In this paper, a theoretical study of the Tpirdystem is
Recently, neutral Ir(V) complexes hydridotris(3,5-dimethyl- - gescribed. The potential energy surface for Tplistpredicted
pyrazol-1-yhborato tetrahydride (TpHJ) and hydridotris- 5 involve several low-energy structures, including two compet-
(pyrazol-1-yl)borato tetrahydride (TplgHwere proposed to be
face-capped octahedral structur€s,j with each of three H 80%) (?8)85:&?;55 MM Kiﬁzys MMB- F?mw%lerg- 501519'7&23, 3311;1
bonds trans to an #N bond and the fourth hydride capping - om. Soc1977 99, 8072-8073. Calvert, R. B. Shapley, J. R. Am.
the IrH; face? This proposal was based 8H and?H NMR Chem. Soc1978 100, 7726-7727. (c)The Organometallic Chemistry of
the Transition Metals2nd ed.; Crabtree, R. H., Ed.; John Wiley and Sons:
T Texas A&M University. New York, 1994; pp 256258. For more recent examples see ref 12 and
* The Hong Kong University of Science and Technology. the following: (d) Perrin, C. L.; Kim, Y. JJ. Phys. Org. Chen200Q 13,
(1) (a) Lin, Z. Y.; Hall, M. B.Coord. Chem. Re 1994 135 845-879. 752-756. (e) Heinekey, D. M.; van Roon, M. Am. Chem. Sod.996
(b) Bayse, C. A.; Couty, M.; Hall, M. BJ. Am. Chem. Sod 996 118 118 12134-12140. (f) Kuhlman, R.; Streib, W. E.; Huffman, J. C.; Caulton,
8916-8919. (c) Abugideiri, F.; Fettinger, J. C.; Pleune, B.; Poli, R.; Bayse, K. G.J. Am. Chem. S0d.996 118 6934-6945.
C. A.; Hall, M. B. Organometallics1997 16, 1179-1185. (d) Bayse, C. (4) Gilbert, T. M.; Bergman, R. GOrganometallics1983 2, 1458-
A.; Hall, M. B. Inorg. Chim. Actal997, 259, 179-184. (e) Bayse, C. A,; 1460.
Hall, M. B.; Pleune, B.; Poli, ROrganometallics1998 17, 4309-4315. (5) Lin, Z. Y.; Hall, M. B. Organometallics1992 11, 3801-3804.
(f) Bayse, C. A,; Hall, M. B.J. Am. Chem. S0d.999 121, 1348-1358. (6) A theoretical study of the analogous CpRh#lso found a piano-
(g) Maseras, F.; Lledos, A.; Clot, E.; Eisenstein,Ghem. Re. 200Q 100, stool tetrahydride structure to be lowest in energy. See: Gelabert, R.;
601-636. Moreno, M.; Lluch, J. M.; Lleds, A. Organometallics1997, 16, 3805~
(2) (a) Gutierez-Puebla, E.; Monge, A.; Paneque, M.; Poveda, M. L.; 3814.
Taboada, S.; Trujillo, M.; Carmona, B. Am. Chem. S04999 121, 346— (7) Clot, E.; Eckert, JJ. Am. Chem. So4999 121, 8855-8863. Eckert,
354. (b) Paneque, M.; Poveda, M. L.; Taboadal.im. Chem. S04994 J.; Albinati, A.; Bucher, U. E.; Venanzi, L. Minorg. Chem.1996 35,
116, 4519-4520. 1292-1294.
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ing minima. These predictions are tested against the experi- Cs MIN
0.0 kcal mot™

mental NMR observations in a novel manner, by using the
theoretical calculations to predict the equilibrium isotope effects
involved in the IPR phenomenon. The comparison of NMR and
IR predictions with experiment supports the calculational results

and their revised view of the structure of these complexes. Cr TS e
+0.30 kcal mol
@p O

Results and Discussion

Calculated Structures and Energies. The calculations
described here find two minima for TplgHFigure 1). The first
is a Cs; edge-bridged octahedrorCd MIN) with the fourth
hydrogen on an Ir(H)edge in a pseudoplane with the two other
hydrides and two nitrogens of the Tp ligand (a distorted
pentagonal bipyramid). The second isGa 5?-dihydrogen,
dihydride structure@; MIN) with a canted H ligand (see Figure
1). The path for exchange of the inequivalent hydrides of the
C; structure involves the central, edge-bridged hydride simul-
taneously shifting with one of its two equatorial neighbors to
form theC; MIN #2-dihydrogen, dihydride structure through a
C; transition state@; TS). Two equivalenC; MIN structures
are connected by two low energy transition states, dach
symmetric,n2-dihydrogen, dihydride structures. The first struc-
ture (Cs TSE) has they2-dihydrogen parallel to the plane created
by the three N atoms of the Tp ligand bound the metal center,
and the second structureC{ TSR) has thezn?-dihydrogen
perpendicular to the plane of the N atoms. Note that lith
TSE andCs TSR connect two equivaler@; »2-dihydrogen,
dihydride local minima, whileC; TS connects aCs MIN
tetrahydride local minimum with &, MIN local minimum (see
Figure 1). Rotation of thg2-dihydrogen through eitheZs TSE
or Cs TSR exchanges the relative position of the two hydrogens
in C; MIN. The C; MIN structure could then reforr@s MIN,
again throughC, TS. This path thereby exchanges two hydride
positions ofCs MIN; that is, one of the equatorial hydrogens
becomes the edge-bridged hydride and vice versa. Gf)e
tetrahydride Ir(V) structure (with the fourth hydride capping
the IrH; face) is a second-order saddle point (SOSP) character-
ized by two imaginary frequencies (see Figure 1). TaMIN
structure can be reached by one of the downhill directions from
the Cz, SOSP, while the other leads to tli TSR structure.

The relative energies of the key species are collected in Table
1. B3LYP favorsCs MIN (a tetrahydride) oveC; MIN (a r?-
dihydrogen, dihydride) by only 0.30 kcal mdlwithout zero
point energies (ZPEs). On the other hand, at the B3LYP level
with ZPE, theCs MIN and theC; MIN structures are equivalent
in energy, while, at the CCSD (with geometries and ZPE from
B3LYP) level, theCs MIN structure is favored by 0.64 kcal
mol~1. All methods that include electron correlation find that
the Cs TSE structure is slightly less stable th@aaMIN without
ZPE and remains close in energy @ MIN with ZPE.
Similarly, without ZPE, theC; TS structure is abov€s MIN
and is at approximately the same energyGasMIN, but it
appears to be Iowe'f In energy than both minima with ZPE, Figure 1. B3LYP calculated structures and non-ZPE relative energies
because the harmonic approximation overestimates the ZPE forqf the tris(pyrazol-1-yl)borate iridium complexes. Below each structure
the local minima (see Theoretical Details). The B3LYP/B3LYP s the view down the kB axis with the pyrazolylborate framework
energies (relative t&€s MIN) of the two transition states that  removed for clarity.
connect mirror imageC; MIN structures are 0.30 kcal midl
for Cs TSE and 2.00 kcal mol for Cs TSR; the less stable  energy. For the previously propos€g, tetrahydride structure,
TSR has more dihydrogen character. Inclusion of ZPE for these all methods clearly show that this structure is highest in energy,
transition states lowers their relative differences to 0.0 and 1.24 at least 2.4 kcal molt above Cs MIN by all methods. Both
kcal molt, for Cs TSE andCs TSR, respectively, compared to B3LYP and BP86 frequencies authenticate @gstructure as
Cs MIN. The CCSD//B3LYP single point energy of tiia TSE a second-order saddle point (SOSP), that is, a local maximum
with ZPE from B3LYP is 0.65 kcal mol above theCs MIN of the potential energy surface (PES).
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Table 1. Comparison of Relative Energfes of which is a dihydrogen complex. The calculations would
C.MIN® C;MIN¢ C.TSE' Cs, SOSP suggest that the experiment can be interpreted on the basis of
B3LYP/B3LYP (AE) 00 1030 1032 1371 a series of trlple-welled. potentials with the most.stameMIN
MP2//MP2 AE)? 0.0 4067 +353 structure coupled to chirad; MIN structures on either side. In
BP86//BP86 AE)" 0.0 +0.71 +3.33 the next section, the experimental NMR and IR spectra are
HF//B3LYP (AE) 0.0 —-3.95 —4.08 +4.76 examined in detail using calculated structures and vibrational
MP2//B3LYP (AE) 0.0 +3.76  +3.90  +3.90 frequencies to reinterpret the experimental observations. The
MP3//B3LYP (AE) 0.0 +0.58 4059 +4.77 relative energies and the calculated vibrational frequencies of
MP4D//BSLYP (AF) 0.0 t224 4231 +4.22 the structures are used to produce simuldtécind?H NMR
MP4DQ//B3LYP (AE) 0.0 +2.09 +2.16 +4.12 . P .
MP4SDQ//B3LYP AE) 0.0 4163 4169 +4.11 spectra, which are compared to the experimental spectra. The
CCSD//B3LYP QAE,) 0.0 +0.64 +0.65  +3.45 calculated vibrational frequencies of tBg MIN, C; MIN, and
B3LYP//B3LYP (AE)' 0.0 +0.01 +0.00 +2.78 Cs, SOSP are compared to the reported vibrational frequencies.
MP2/IMP2 (AE,)® 0.0 +0.35  +2.60 NMR Spectra. The key NMR observations for TpH,4
BP86//BP86 AE)" 0.0 +0.46  +2.37

follow. (1) There are large downfield shifts in thid signal for
2Values are in kcal mot. The relative energies without zero-point  the hydride ligands in partially deuterated complexes (Figure
energy (ZPE) areAE, and those with ZPE araE,. AE, values for 4c), proposed to result from an “isotopic perturbation of

CCSD and MP2 use ZPE from B3LYP frequency calculatiohi; " : P
values for BP86//BP86 have ZPE from BP86 frequency calculations. resonance” (IPR) effect. The chemical shift difference between

Similarly, B3LYP//B3LYP have ZPE from B3LYP frequency calcula- Cqmplexes was Strongly.temperature-d'epenqen.t 'and decr.eased
tions.® Local minimum: an edge-bridged octahedral (distorted pen- With increasing deuteration. (2) There is a significant upfield
tagonal bipyrimid), tetrahydride structureSecond local minimum: a shift, by ~0.4 ppm, of the?H resonance for thel; complex

Cy, 7%-dihydrogen, dihydride structuré Transition state for hydrogen compared to théH resonance of thep complex. This is much

exchange: aCs, n?-dihydrogen, dihydride structuréSecond-order P
saddle point: &y, tetrahydride structuré At B3LYP/B3LYP: for larger than expected from antrinsic isotope effect on the

the C; TS structure AE is 0.30 kcal mot® and AE, is —0.50 kcal chemical shift, and théH spectrum of a mixture of partially
mol~! (a value which reflects an error in the harmonic approximation deuterated complexes exhibits a pattern of separate peaks similar
for calculating the zero-point energy); for tlie TSR structureAE is to the *H spectrum. (3) There are apparentH coupling

2.00 kcal mot! andAE, is 1.24 kcal mott. 9 At MP2//MP2: the H-H : - s . f
distance inCs TSE is 1.375 A. Using BP86 ZPE results in 0.42 and constants of 2.53.3 Hz, increasing with increasing deuteration.

2.56 kcal mot! for Cs TSE andCs, SOSP, respectiveI)V.At BP86// (4) There is él'l(min) of ~400 ms. The current goal isto explore

BP86: for theCs TSR structure AE is 2.84 kcal mot! and AE, is whether the calculational prediction of low-enei@yMIN and
2.18 kcal mof™. At BP86//BP86, the HH distance is 1.296 A iiCs C1 MIN can specifically account for these observations. The
TSE and 1.123 A iCs TSR. approach is to first calculate isomer and isotopic equilibria for

The BP86 PES contains ti@& MIN, Cs TSE, Cs TSR, and the CJ/C; equilibrium. The calculated equilibria are then used

Cs, SOSP structures, but not structures analogous to either theto simulate NMR spectra for comparison with the experimental

C; MIN or the C; TS as found on the B3LYP surface. The fact ;pectra, QV?fying frgely thg chemical shifts (.)f the protons
that aC, 5?-dihydrogen, dihydride was not found on the BP86 involved? Finally, it is examined whethe_r any single structure
PES is not an issue of the quality of the basis set on the "gated(NCQ'F\quN’dg MIN, or Cs, SOSP) can by itself account for the
hydrogens. Separate geometry optimizations in an improved INdINgs. . . e
basis set (BS2) still did not find &, structure. The BP86 . The IPR effects In NMR result from non.unlty' equmbrlu'm
optimized structures are qualitatively similar to the B3LYP isotope effects affecting Isotopomer pop_ulatlor_\s n the partlally
structures, but irCs TSE (0.5 kcal mat! aboveCs MIN) and deute_rated comple_xes. The cr|t_|cal starting point in the analysis
C. TSR (2.2 kcal mot® aboveCs MIN), the bond distances here is the calculation of these isotope effects. Recent work has
between the hydrogens of thg-dihydrogen are longer than shown that heavy atom and secondéhykineticisotope effects

those found with B3LYP, owing to the slight preference of BP86 can usu_ally be pre_dicted quite accurately from DFT or ab initio
for a higher oxidation s’tate Furthermore, in agreement with calculations, provided that the calculated transition structures

experiment for the analogous "RhH; systeny, BP86 does find ~ 2r€ themselves accurdfeEquilibrium isotope effects, which
aC1 MIN structure that is of a dihydrogen ’dihydride natére.  are not complicated by tunneling or the limitations of transition
ThéCl MIN was not examined on the MP’2 PES. because t'he state theory, should be more accurately calculable. However,

Cs TSE structure found on the MP2 surface is formally ah Ir the intrinsically high flexibility of metal polyhydride MH

tetrahydride. Even more than BP86, MP2 favors the higher bending vibrations and the anharmonicity ofH stretching

oxidation state, and for this Ir system, the dihydrogen species in metal dihydrogen complexBsmade the accuracy of isotope

do not exist on the MP2 PES. Again, this phenomenon is not (%) An aitempt was made to calculate the NNR chemical shifts of
. . . . ese various complexes using e auge-independen omic roital
an issue of the basis set quality on the metal and/or ligated ,;,ci04 (Wolinski, K.; Hinton, J. . Pulay, B. Am. Chem. Sod99Q

hydrogens. Separate geometry optimizations in a larger basisi12 8251-8260. Ditchfield, R.Mol. Phys.1974 27, 789-807.), but
set (BS3) at the MP2 level consistently found oxidative addition reasonable chemical shifts were not obtained. Even the calculated chemical
; ; ; shifts for model complex TplrkH(PHs)™, which is known to be a
tetrahydrlde structures to the exclgsmn of dlhqugen ones. dihydrogen hydride, did not compare well with the experimental observa-
Ste.”C effects of me.th)" SUbSUtUt'Qn on 'Fhe"‘ﬂpgand were tions in reference 12 for TpIrPRs)BF,; the calculated chemical shifts
examined by performing B3LYP optimizations on the 5-meth- were actually in the reverse order of the experiment.

i (10) (a) Singleton, D. A.; Merrigan, S. R.; Liu, J.; Houk, K. Bl. Am.
ylated Tp tetrahydrogen complex. The results (which are not Chem, Soc1967 119 33853386, (b) DelMonte. A. J.: Haller, J.: Houk,
presented) were closely analogous to those on the Tp complexic '\ : sharpless, K. B.; Singleton, D. A.; Strassner, T.; Thomas, ALA.
the Cg, structure is a SOSP, and the minima are the s@ne  Am. Chem. Sod997 119, 9907-9908. (c) Keating, A. E.; Merrigan, S.
and C; structures. R.; Singleton, D. A.; Houk, K. NJ. Am. Chem. Sod.999 121, 3933~

: : . 3938. (d) Meyer, M. P.; DelMonte, A. J.; Singleton, D. A. Am. Chem.
_Although the experimental observ_atlons appeared cgnsstentSOC_1999 121, 10865-10874. (e) Singleton, D. A.: Hang, & Am. Chem.
with the Cs, structure, the calculational results consistently soc.1999 121, 11885-11893. (f) Beno, B. R.; Houk, K. N.; Singleton, D.
disfavor this structure and favor two low energy structures, one A. J. Am. Chem. Sod996 118 9984-9985.
(11) Law, J. K.; Mellows, H.; Heinekey, D. MIl. Am. Chem. So@001,
(8) Webster, C. E.; Hall, M. B. Unpublished results. 123 2085-2086.
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N N EBOn structure
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Figure 2. Representation of the possible isotopomers for TghH 10 " 12 13
(PHe)* and TpIrHD(PH,)* and their calculated relative populations  rejative population
at 240 K. 132 129 1.02 1.00
effects calculated from harmonic frequencies uncertain. There- Cay structure
fore, to test the prediction of isotope effects in such systems, NN N NN N
the simpler and more-understood TpiARs)" complexe&? |\/ I\/
were studied. 5 /F\H = H/r*-.H\H
As Poveda et al. found for TppH4, Heinekey and co-workers Al Bpg o B
found that TplrH(PRs)BF; complexes (R= Me or Ph) exhibit 14 15
temperature-dependent downfield shifts in tHesignal for the ] )
hydride ligands in partially deuterated complex@4 variety ’e'ah;‘;g"p‘”a"m 100

of observations pointed to a dihydrogen/hydride ground-state
structure, and théH spectrum for TplrH-,D(PR:)BF; was
consistent with an IPR effect. From the observed shifts and

Figure 3. Representation of the possible isomers and isotopomers for
TplrHsD and their calculated relative populations atZa

coupling constants, it was possible to determine approximately mental error of the values found at 240 K for TpihDn-
the component chemical shifts for the dihydrogen and hydride (PMes)BF4.12 Using the calculated isotope effects, a simulation
positions. Deuterium was found to favor occupying the hydride of the H NMR spectrum of TplrH-,Dn(PMes)BF, had
over a dihydrogen position. optimized component chemical shifts 6%7.88 and—15.36 for

In an effort to calibrate our calculations with experimental the dihydrogen and hydride positions, respectively, and a
observations, the structure of simplified model complex dihydrogen H-D coupling constant of 24.6 Hz. These values
TpIrHs(PHs)™ (where trimethylphosphine has been replaced with are very close to those determined by Heinekelhe resulting
simple phosphine) has been calculated. The isotopic substitutionsspectrum reproduces the reported chemical shifts for BphDi-
predicted from the calculated frequencies were compared to the(PMez)BF4 within 0.002 ppm and the HD coupling constants
observed experimental preference, and the simulated NMRin TplrH,D(PMes)BF, and TplrHDy(PMes)BF, within 0.1 Hz.
spectra derived from the calculations were compared to the Overall, these results support the accuracy of isotope effect
experimental spectra. In keeping with Heinekey’s observations, calculations for metal polyhydridés.

the minimum energy structure calculated for the model complex
is ann?-dihydrogen, hydride structure [TplsH(PHs)™]. For a

Turning to the TpIrH and TpIrH,4 systems, there are many
more structures to consider (for example, six isotopomers for

mixture of partially deuterated complexes, the three isotopomersthed, C, complex alone). Figure 3 shows the calculated relative

1, 2, and3 will contribute to the time-averaged signal for the
di complex and the isotopomeds 5, and6 will contribute to
the signal for thel, complex (Figure 2). The equilibrium isotope

isotopomer populations for théy Cs MIN, C; MIN, and Cg,
SOSP complexes after allowing for symmetry numbers. (A
complete set of the relevant calculated isotope effects is given

effects determining the relative populations of these isotopomersin the Supporting Information.) Deuterium favors being in

were calculated by the method of Bigeleisen and M&feom

the scaled theoretical harmonic vibrational frequeriieal-
culated for the TplrkH(PHg)™ structure. The results, as shown
in Figure 2, accurately predict the preference for deuterium to

isolated positions for which the +H bending vibrations are
strong, for example, the axial position of tg MIN structure
(cf., 7 versus9). Deuterium also prefers classical hydride
positions to dihydrogen. Thug0 and11 are favored ovel2

occupy the classical hydride position. The average energeticand13. The d, complex, compared to they complex, would

preferences for Tplr()D(PHs)* over Tplr(HD)H(PH)™ and
Tplr(HD)D(PHs)* over Tplr(D,)H(PHz)™ are 107 and 86 cal
mol™2, respectively. These calculated values are within experi-

(12) (a) Oldham, W. J., Jr.; Hinkle, A. S.; Heinekey, D. MAm. Chem.
Soc.1997 119 11028-11036. (b) Heinekey, D. M.; Oldham, W. J.,dIr.
Am. Chem. Sod994 116, 3137-3138.

(13) (a) Bigeleisen, J.; Mayer, M. G. Chem. Phys1947, 15, 261—
267. (b) Wolfsberg, MAcc. Chem. Red.972 5, 225-233.

(14) The calculations used the program QUIVER (Saunders, M.; Laidig,
K. E.; Wolfsberg, M.J. Am. Chem. Sod989 111, 8989-8994.) with
B3LYP frequencies scaled by 0.9614 (Scott, A. P.; Radom].LPhys.
Chem.1996 100, 16502-16513.).

favor the all-classicaCs MIN structure relative to th€; MIN
structure by a factor of 1.11. As anticipated by Poveda and co-
workers? deuterium would favor the three “B” sites over the
lone apical site in th€s, structure by a predicted factor of 1.26
per sitet®

Allowing for the CCSD energy difference of 0.64 kcal mbl
and an entropy of mixing for the chir&; MIN complex, the

(15) High-energy vibrational frequencies contribute much more to isotope
effects than low-energy modes do. This likely aids the accuracy of the
isotope effect calculations, because the low-energy modes are most affected
by anharmonicity and are most difficult to calculate accurately.
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ratio of Cs MIN and C; MIN complexes at 25C would be

1.47:1. From this number and the isotope effects, the relative

amounts of each isotopomer in an equilibriumGfMIN and
C; MIN complexes were calculated. A predicted NMR spectrum

then requires only some assumptions of coupling constants and

chemical shifts for the individual hydride positions in the
complexes. From the formulay = 1.44— 0.0168(04p),” the
Juo for the dihydrogen positions & 1.035 A) in theC; MIN
complex would be 24.1 Hz. All other couplings are expected

to be small. If all of these couplings are set at 1.5 Hz, the

predicted average HD coupling constants faih-, do-, andds-
TplrH4 would be 2.8, 3.0, and 3.1 Hz, respectively, exactly
matching the couplings from one of the experimental spéctra.

The component chemical shifts for the hydride positions in

the complexes are more difficult to ascertain. Chemical shifts

in similar complexes vary over a wide range (frer@ to —45
ppmt), with a clear tendency for dihydrogen to favor the
downfield end of this range. If all of the classical hydride
positions are assigned chemical shift®)gfm —18, and a shift
of dppm —4 is assigned to the dihydrogen positions of Ge
MIN structure, the spectrum of Figure 4a results for a mixture

of partially deuterated complexes. In this spectrum, there is a

downfield shift of the hydride peaks with partial deuteration,

with the shift difference decreasing with increasing deuteration.

The2H resonance for thd, complex would be shifted upfield
by 0.17 ppm relative to th&H resonance of thdy complex. In

short, all of the qualitative features of the experimental spectrum

are reproduced. This is, in fact, trueary model that (1) uses

the calculated isotope effects, (2) involves significant amounts

of both Cs MIN and C; MIN complexes, (3) places the
contributing shift of the dihydrogen ligand downfield from the

classical hydrides, and (4) involves a large dihydrogen coupling

constant with all other couplings small.

By adjusting the chemical shifts for the individual hydride
positions, the experiment&dH NMR spectrum may be quanti-

tatively reproduced easily. In fact, diverse sets of assumptions

lead to equivalent specttéthe result of having seven param-

eters (the component chemical shifts) to model the shift of only

four peaks. However, it is much more difficult to simultaneously
account for the four peaks of tRel spectrum. The upfield shift
of 0.4 ppm of the?H resonance for thd, complex compared
to the'H resonance of they complex may result from either
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(16) Because this prediction is based on a second-order saddle point, itFigure 4. (a) SimulatedH NMR spectrum for a mixture of partially
does not take into account two frequencies that would be present if indeed deuterated isomers of TplgHbased on the calculated isotope effects,
the Cs, structure were a ground state. However, the imaginary frequencies the calculated energy difference betwe€ MIN and C; MIN

in the calculatedCs, structure would likely translate into low-energy modes
in a “ground-state’Cs, structure. Because low-energy frequencies contribute
relatively little to isotope effects, a “ground-staitgs, structure would likely
exhibit a qualitatively similar isotope effect.

(17) Luther, T. A.; Heinekey, D. Minorg. Chem.1998 37, 127-132.

(18) For example NMR spectra of iridium hydrides, see: Kanzelberger,
M.; Singh, B.; Czerw, M.; Krogh-Jespersen, K.; Goldman, AJSAm.
Chem. Soc200Q 122 1101711018. Wiley, J. S.; Oldham, W. J., Jr.;
Heinekey, D. M.Organometallic200Q 19, 1670-1676. McLoughlin, M.
A.; Keder, N. L.; Harrison, W. T. A.; Flesher, R. J.; Mayer, H. A.; Kaska,
W. C. Inorg. Chem.1999 38, 3223-3227. Sjwall, S.; Johansson, M.;
Andersson, C.Organometallics1999 18, 2198-2205. Cooper, A. C.;
Eisenstein, O.; Caulton, K. ?lew J. Chem1998 307—309. Cooper, A.
C.; Huffman, J. C.; Caulton, K. GDrganometallicsl997, 16, 1974-1978.
Lindner, E.; Gierling, K.; Keppeler, B.; Mayer, H. Rrganometallicsl 997,

16, 3531-3535. Heinekey, D. M.; Hinkle, A. S.; Close, J. D.Am. Chem.
Soc.1996 118 5353-5361. Park, S.; Lough, A. J.; Morris, R. khorg.
Chem.1996 35, 3001-3006.

(19) For example, shifts 0f15.80,—11.83,—11.83, and—26.18 ppm
for the edge-bridged, equatorial, and axial positions of2h&lIN complex,
along with shifts of—21.42,-20.30,—4.00, and—5.13 ppm for the two
classical hydride and two dihydrogen positions of @eMIN structure,
respectively, reproduce within 1 ppb the experimeHtathifts. However,
so do shifts 0f~15.83,—12.54,—12.54,—20.55,—24.50,—22.03,—4.00,
and —6.47 for the same positions, respectively.

complexes, assumed shiftsdfn —18 for all classical hydride positions
anddpem —4 for dihydrogen positions, and assumee Bl dihydrogen
coupling of 24.1 and 1.5 Hz couplings in all other positions. Lorentzian
peaks with half-widths of 0.5 Hz are assumed. (b) Simulated spectrum
as in (a), using shifts 0f10.00,—18.13,—18.13, and—30.83 for the
edge-bridged, equatorial, and axial positionsCoMIN complex and
shifts of —16.96, —16.76, —0.10, and—0.20 for the two classical
hydride and two dihydrogen positions of ti@ MIN structure,
respectively, and an intrinsic isotope effect on the shift-8f7.5 ppb

per deuterium. (c) Experimental spectrum (see ref 2).

an intrinsic isotope effeét or the presence of two structures
with an equilibrium affected by the isotopic substitution (or a
combination of the two). Intrinsic deuterium isotope effects in

(20) We use “intrinsic isotope effect” to refer to any change in chemical
shifts on isotopic substitution due to the changes in average nuclear positions
(such as bond lengths) within a single structure (i.e., near a single minimum
on the potential energy surface). Isotopic substitution may have an intrinsic
effect on the chemical shift of both the position being substituted and other
positions in the molecule. In our modeling, we arbitrarily assume that all
such effects are similar.
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similar complexes have ranged from 0 to 76 ppb per deute-
rium 2t making it unlikely that an intrinsic effect alone accounts
for the 0.4 pprdy/d, shift. However, modeling the spectra well
without any intrinsic isotope effect on the shift requires a
chemical shift of—38.85 for the axial position of th€s MIN
structure and-0.34 and+1.49 for the dihydrogen positions of
the C; MIN structure. Assumption of some intrinsic shift allows
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preference for th€s MIN structure were somewhat higher. If
the Cs MIN structure were favored by 0.94 kcal mélinstead

of the calculated 0.64 kcal midl (within the error of the
calculation), then a given hydrogen would spend only 9% of
its time in a dihydrogen position. In this case, a rate constant
for decay in a dihydrogen position of 28'smuch more typical

of dihydrogen complexes, would account for the observed

more moderate component chemical shifts to simulate the Ti(min).

spectrum. For example, with an intrinsic shift ef37.5 ppb
per deuterium, optimized shifts od,pm —10.00, —18.13,
—18.13, and-30.83 for the edge-bridged, equatorial, and axial
positions ofCs MIN complex and shifts 08p,m —16.96,—16.76,
—0.10, and—0.20 for the two classical hydride and two
dihydrogen positions of th€; MIN structure, respectively, were
obtained. From these shifts, the simulateldNMR (Figure 4b)
reproduces within 1 ppb the experimental shifts and the
simulatec?H spectrum reproduces within 0.02 ppm fheshifts.
These best-fit component shifts should not be taken too
seriously, as they would vary with varying assumptions (an error
in the calculatedCJ/C; equilibrium or the calculated isotope
effects, or an error in the experimenthfd, shift difference).
We are also modeling eight chemical shifts with eight adjustable
parameters (the seven component shifts and the intrinsic %hift).
Overall, however, it is clear that the IPR effects in theand

H spectra are consistent withG/C, equilibrium.

Because dihydrogen complexes typically exhibit sfigfmnin)
values, the relatively longi(min) of ~400 ms at 212 K and
500 MHz for T@IrH,4 appears to limit the contribution of the
Ci MIN structure to aCJC; equilibrium. However, this

Can a single complex account for the observed spectra? This
would require an unusually large intrinsic isotope effect on the
chemical shift (averagingz—100 ppb per deuterium to model
the observed 0.4 ppmy/d, shift). It is reasonable to suppose
that a high degree of anharmonicity could produce a large
intrinsic isotope effect’ If the C; MIN structure were not truly
a local minimum, but merely an extreme of a vibrational motion
of the edge-bridged hydrogen in th®& MIN structure, the
potential energy well for the edge-bridged hydrogen would not
be triple-welled, but rather a highly anharmonic surface. Then,
the intrinsic isotope effect on the chemical shift for the edge-
bridged hydrogen could be substantial. With an assumed average
intrinsic isotope effect of~100 ppb, theCs MIN complex
accounts reasonably for the observed spectra (within 1 ppb on
IH and within 0.03 ppm orfH) using component shifts of
—5.74,—8.88, and—39.31 ppm for the equatorial, edge-bridged,
and axial positions, respectively. Although the lofigmin)
appears inconsistent with an exclusi@g complex,C; MIN
can also lead to a good fit of modeled and experimental
spectre®

Using the calculated isotope effects, tg, structure does

limitation is not severe, as the rate of decay would be a weighted not lead to an acceptable simulation of the observed chemical
average of the decay rates for the various positions within the shifts, providing at best errors 6f20 ppb in the'H spectrum

two complexe$? For a calculatedCy/C; equilibrium constant
of 1.8 at 212 K (favoringCs MIN), a given hydrogen would
spend only 15% of its time in a dihydrogen position. Assuming
fast internal “rotation” of the klligand?* an H-H distance of
1.035 A corresponds to a rate of 15:8.8° If the rate constant
for decay in a dihydrogen position were 18'gwell within
the observed range for dihydrogen complé%é% and decay
in all other positions was negligible, then tiig(min) value
would be 411 ms. This analysis shows that the predi€gd;
equilibrium constant is plausibly consistent wiffy(min).
However, the analysis here would be more comfortable if the
(21) Heinekey, D. M.; Hinkle, A. S.; Close, J. 3. Am. Chem. Soc.
1996 118 5353-5361. Bautista, M. T.; Cappellani, E. P.; Drouin, S. D;
Morris, R. H.; Schweitzer, C. T.; Sella, A.; Zubkowski, J. Am. Chem.
Soc.1991, 113 4876-4887. Heinekey, D. M.; Millar, J. M.; Koetzle, T.

F.; Payne, N. G.; Zilm, K. WJ. Am. Chem. Sod99Q 112 909-919.
Chinn, M. S.; Heinekey, D. MJ. Am. Chem. S0d.99Q 112 5166-5175.

and >0.1 ppm in the?H spectrum. Even if the deuterium
preference for the B sites is varied uniformly from the calculated
isotope effects, a good fit does not result. However, as described
by the previous workersthe H chemical shifts can be fit well

if the isotopic fractionation factors are allowed to vary inde-
pendently with the degree of deuteration of the complex.
Although such violations of the general proscription against
“isotope effects on isotope effects” are possiithey are rarely
significant for equilibrium isotope effects. The experimental
precedent given for variation of the isotopic fractionation factors
was the observations of Heinekey with TpiHH{PR;)BF4. The
calculations above with Tplr#H(PHs)™" predict the observed
change in fractionation factors welAAE predicted, 21 cal
mol~1; observed for Tplrgd-,Dn(PMe3)BF,4, 22 cal mot?). In
TpIrHH(PHs)™, this appears because of a nonadditivity of
changes in the tH, symmetric and asymmetric stretching

(22) The number of adjustable parameters does not affect the fundamentalfrequencies on adding one deuterium versus a setohidere

argument, because our goal is simply to show that the spectrum is consistenﬁ

with the theoretical prediction. However, this understates the significance

s no such effect in theCs, structure of TplrH, and the

of our observations; while there are eight adjustable parameters, they doCalculated preferences for B-site deuteration vary<v§.1%
not have an orthogonal impact on the predicted spectrum. It is in no way with increasing deuteration.

possible to simulate an arbitrary spectrum. The fact that the experimental
spectrum can be simulated with reasonable input parameters is not without

significance.

(23) Hamilton, D. G.; Crabtree, R. Hl. Am. Chem. Sod988 110
4126-4133.

(24) Aside from rotation vi&s TSR, effective rotation of the hydrogens
of the dihydrogen can occur with very little barrier by interconversion
between chiraC; MIN structures (through &s MIN structure), an exchange
resulting “in a motion that is indistinguishable from spinning of the H
ligand” .25

(25) Bautista, M. T.; Earl, K. A.; Maltby, P. A.; Morris, R. H.;
Schweitzer, C. T.; Sella, Al. Am. Chem. S0d.98§ 110, 7031-7036.

(26) For some relatively long@1(min)s in dihydrogen complexes, see:
Abdur-Rashid, K.; Gusev, D. G.; Lough, A. J.; Morris, R. Brgano-
metallics200Q 19, 1652-1660. Maltby, P. A.; Schlaf, M.; Steinbeck, M.;
Lough, A. J.; Morris, R. H.; Klooster, W. T.; Koetzle, T. F.; Srivastava, R.
C.J. Am. Chem. So&996 118 5396-5407. Earl, K. A,; Jia, G. C.; Maltby,
P. A.; Morris, R. H.J. Am. Chem. Sod.991, 113 3027-3039.

(27) The effect of anharmonicity on chemical shifts supports the intuitive
expectation that anharmonicity could lead to significant intrinsic isotope
shifts, though, as pointed out by one of the referees, anharmonicity certainly
does not always do so. See: Ruud, K.; Astrand;®.; Taylor, P. R.J.

Am. Chem. SoQ001 123 4826-4833.

(28) Even though th€s TSE structure (which resembles a four-legged
piano stool structure) is a transition state, an attempt was also made to
simulate the NMR spectra solely wi@ TSE; these simulation results were
unacceptable.

(29) Hamilton, D. G.; Luo, X-L.; Crabtree, R. Hinorg. Chem1989
28, 3198-3203.

(30) Interestingly, theC; MIN [TplrH 2(Hz)] and TSE [theCs TplrHz-

(Hy) transition state for hydrogen exchange] are similar to those of BpkH
(PHg)* in that, in each case, the isotope effect for adding a second deuterium
to a dihydrogen position is significantly less than expected from adding
the first deuterium. No such effect is predicted for any of the complexes
when a deuterium is put into a classical hydride position.
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Finally, for either theCs, SOSP o1Cs MIN classical hydride successfully simulated, but attempts to simulate the NMR spectra
structures to explain the observed-B coupling constants of  with the frequencies of th€s, structure were not successful.
2.5-3.3 Hz and their increase with increasing deuteration, some A comparison of the experimental infrared spectrum of the
unusually large?Jyp couplings must be present. For example, hydridotris(3,5-dimethylpyrazol-1-yl)borato iridium tetrahydro-

a possibility previously suggested for tl, structure was a  gen complex and harmonic frequency calculations on TplirH
2Jup between A and B sites of 4.7 Hz along witRJap between with the Cs, C4, andCg, structures also supports the assignment
two B sites of 1 Hz. However, using the previously suggested of the minimum energy structures @ andC; to the exclusion
isotopic fractionation factors of 1.15 for TipH3D and 1.13 for of the Cs, structure.

Tp'IrHD3, the difference in coupling constants between the two

complexes would be only 0.12 Hz. Simulation of the observed Theoretical Details

Increase in Jup of 0.3-0.8 .HZZb between THrHsD and The density functional calculations were performed with B3LYP
Tp'IrHD3 requires a greater difference between the larg@8A  [gecke three-parameter exchange functional #B#)d the Lee-Yang—

and small B-B couplings, pushing the AB coupling further  parr correlation functional (LYP3 and BP86 [Becke one-parameter
above precedented values. As described above, the theoreticallgxchange functional (B and the correlation functional of Perdew et

predicted mixture o2 MIN and C; MIN structures economi- al. (P86¥4 density functional theo#d} as implemented in Gaussian ¥8.
cally accounts for the observed coupling constants. Frozen core Mber—Plesset perturbation theory calculations @R
In summary, it is difficult to reconcile many of the NMR = 2, 3, and 4¥ and coupled cluster calculations involving single and

double excitations (CCSB)were also performed with Gaussian 98 in

observations with a single classical hydride structure. The selected cases. The basis set for iridium is the modified LanE26Z

ca}lclulatllonal predlct.u.)n.of low-energgs M.lN and .Cl MIN Couty and Hall [where the two outermopt functions have been
minima in raplt_j equilibrium appears conSISte_nt with all Qf the replaced by a (41) split of the optimized iridiunp unctiorf9) as well
NMR observations for these complexes, while the previously a5t polarization functions on the . Sphericaid functions were used
postulatedCs, structure is not. for iridium; that is, there are five primitive basis functions pmbr
Infrared Spectra. Additional evidence for our proposeci function. The effective core potentials (ECP) of Hay and Wadt were
MIN/C; MIN structures comes from the infrared spectroscopy used for iridium?* The standard D95 basis s&tsvere used for all
of the complex. The kH stretches in the experimental IR  Peripheral nitrogen, carbon, boron, and hydrogen atoms. For all metal
spectrum of the tetrahydrogen complex “are identified as a !l9ated atoms, polarization functions were added to the ligated) N(
relatively broad absorption centered at 2163 &h? Analytical and Hp) atoms (D95).% This basis set will be referred to as BS1.
frequency calculations of th€s, SOSP structure reveal two Additional calculations were performed on selected structures with

band ising f h f . b foll d improved basis sets as defined here: BS2 replaces the basis set of the
ands arising from three frequencies (wavenumbers followe ligated hydrogens in BS1 with a tripieplus double polarization basis

by relative intensities and symmetry in parentheses): one bandse; (cc-pvTz) BS3 expands BS2 by uncontracting the Couty and
consisting of 2266 cmt (97, E) and 2278 cmt (63, A;) and Hall modified Hay and Wadt basis set to triptdn the valence space
the second band consisting of 2440 ©m(60, A;). These supplemented by a set bpolarization functions for Ir. All structures
calculated frequencies for i@, structure, two bands separated were optimized with and without symmetry at the B3LYP and the BP86
by ~160 cntl, are not in accord with the experimental levels, while selected structures were optimized at the MP2 level.
observation of a single absorption band. Analytical frequency calculations were performed on all B3LYP and

The four calculated HH frequencies for theCs MIN BP86 structures to ensure a local minimumndr order saddle point

- . . . was achieved, while an MP2 analytical frequency calculation was onl
minimum energy structure are in agreement with experiment: y q y y

b d broad band . fh f B 226ierformed on the MP2 derive@s TSE structure. All ZPE energies
one observed broad band, consisting of three frequencies, se the zero point energy (ZPE) from B3LYP frequency calculations,
cm1 (111, A), 2292 cnT? (56, A"), and 2294 cm? (110, A)

and another unobserved band (too weak) at 2397 ¢, A). (31) Becke, A. D.J. Chem. Phys1993 98, 5648-5652.

. ; (32) Lee, C.; Yang, W.; Parr, R. ®hys. Re. B 1988 37, 785-789.
The Ir—H frequencies of th€; MIN structure are over the same (33) Becke. A. D Phys. Re. A 1988 38, 3098-3100.

frequency range as those of tfig MIN structure and would (34) Perdew, J. FPhys. Re. B 1986 33, 8822-8824;1986 34, 7406.
also produce one broad band, consisting of four frequencies, (35) Parr, R. G.; Yang, WDensity Functional Theory of Atoms and
2256 cntl (102), 2261 cmt (82), 2285 ot (163), and 2298 Molecules Oxford University Press: New York, 1989.

_ L (36) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
cmt (29). Thus, only theJ/C, structures or their mixture, and M. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A.; Stratmann,

not theCs, structure, is consistent with the infrared spectroscopy. R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A. D.; Kudin, K.
N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi, M.; Cammi,
R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.; Ochterski, J.;
Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick, D. K;

. . . . . Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.; Ortiz, J.
Density functional calculations for hydridotris(pyrazol-1-yl)- V.- Stefanov, B. g; Liu, G.: Liashenko, A.: Piskorz, P.: Komaromi, I

borato iridium tetrahydrogen species predict that there are two Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng,
minimum energy structures, &s edge-bridged octahedral C.Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M.; Gill, P. M. W.;

2.4 ; ; Johnson, B.; Chen, W.; Wong, M. W.; Andres, J. L.; Gonzalez, A. C.; Head-
structure (formally IY) and aC, n*-dihydrogen, dihydride Gordon, M.; Replogle, E. S.; Pople, J. Gaussian 98revisions A.6 and

structure (formally '), which are nearly isoenergetic. Fur- A 7: Gaussian, Inc.: Pittsburgh, PA, 1998.
thermore, the calculated analytical frequencies reveal that the (37) Moller, C.; Plesset, M. CPhys. Re. 1934 46, 618-622.

revi IV pr r re i Il | | maximum (38) Purvis, G. D.; Bartlett, R. J. Chem. Physl982 76, 1910-1918.
previously proposeds, structure is actually a local maximu (39) Hay, P. J.; Wadt, W. RL. Chem. Phys1985 82, 270-283. Wad,
(a second-order saddle point) on the potential energy surface,y ' Hay. P. JJ. Chem. Phys1085 82, 284298.
Several low energy transition states have been located that (40) Couty, M.; Hall, M. B.J. Comput. Chen1996 17, 1359-1370.
account for the observation of equivalence of the hydrides at A (311) Ehlevrs, KAd-mW.;KBt!FmeS,tM.; Dappg{ch,vsl.(;j kGobbl,AA.;FHIwErth, .
_ o : H _ FE : ., Jonas, V.; er, K. F.; egmann, R.; Veldkamp, A.; Frenking, G.

70°C on the NMR time scale. ngh level ab initio calcu!atlons Chem. Phys. Lett1993 208 111-114. Hdlwarth, A: Bohme, M.
have also been used to substantiate the small energy differencepapprich, S.; Ehlers, A. W.; Gobbi, A.; Jonas, V.: Ier, K. F.; Stegmann,
of the two local minima found with B3LYP, as well as the high R.; Veldkamp, A.; Frenking, GChem. Phys. Lettl993 208 237-240;

. : 1994 224, 603.

relative energ)_/_fo_und for thé:?’”. structure. By. using the (42) Dunning, T. H.; Hay, P. Modern Theoretical Chemistrchaefer,
calculated equilibrium and vibrational frequencies of the two £ “jii Ed.: Plenum: New York, 1976, -128.

minima Cs MIN and C; MIN), the NMR spectra were (43) Dunning, T. HJ. Chem. Phys1989 90, 1007-1023.

Conclusions
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except for BP86 energies, where ZPEs from those frequency calcula-by a set ofd polarization function® for phosphorus) geometry
tions were used. In some instances, the relative zero point energy ofoptimizations and analytical frequency calculations were performed on
the transition state lies below the two local minima it connects. This the cationic C; hydridotris(pyrazolyl)borato phosphino iridium?-
apparent inconsistency of the relative energies is primarily due to the dihydrogen, hydride and the cation@@; hydridotris(pyrazolyl)borato
harmonic approximation, which overestimates the ZPE at the two phosphino iridium trihydride complexes. For this model complex, the
minima#* The non-ZPE relative values do reflect the higher energy of C; n?-dihydrogen, hydride structure was found to be slightly favored
the transition state. One might note that the relative energy aiSE over theC; trihydride structure in agreement with experiment.

andCs MIN is much larger at MP2//B3LYP than the same difference

at MP2//IMP2. This large discrepancy is caused by the preference of Acknowledgment. C.E.W. and M.B.H. thank the National
MP2 for the higher oxidation state. When the geometry is reoptimized Science Foundation (Grant CHE-9800184) and the Welch
at MP2, thep?-dihydrogen, dihydride becomes a tetrahydride and the Foundation (Grant A-648) for financial support. D.A.S. and

small relative energy difference betwe&y TSE andCs MIN is . .
recovered. Calculations of solvent effects were not considered, becausévl"]'s' thank the National Institutes of Health (Grant NIH GM-

the calculated dipole moments of all of the various structures were 42617) for financial support. C.Z., G.J., and Z.L. thank the
very similar; therefore, solvent effects would be minimal, especially Research Grants Council of Hong Kong and the Hong Kong
in the nonpolar solvents usedsfoenzenegs-toluene, andi-dichloro- University of Science and Technology for financial support.
methane¥. Calculations on the TplritH(PHs)™ model complex have

been performed for comparison to the NMR observations of Heinekey  Supporting Information Available: Diagrams describing
and co-workers for the TplritH(P(CH;)s)" complex:? B3LYP (with relevant equilibrium isotope effects (pdf). This material is

BS1 and the Hay and Wadt ECP and LanL2DZ basis set supplementedy gjjaple free of charge via the Internet at http://pubs.acs.org.
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