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Abstract: Hydride transfer from transition metal hydrides (MH) tozBhBF,~ gives M—FBF; and PRCH.
Deuterium kinetic isotope effects were determined for several MH/MD pairs@GHolution, 25°C). For

hydride transfer from Cp*(CQMoH (Cp* = 15-CsMes) to substituted trityl cations containing zero, one,

two, or thregp-MeO groups [Ph(p-MeOGsH4)3-nCTBF,~; n= 3, 2, 1, 0], the isotope effect remains essentially
constant akwon/kvop = 1.7—1.9 as the rate constant decreases figm= 6.5 x 10°to 1.4 M1 sL. For

hydride transfer to PICTBF,~ from five metal hydrides [Cp(C@WMoH, Cp*(COxWH, (indenyl)(CO}WH,
Cp*(CO%MoH, andtrans-Cp(CO)(PCy)MoH; Cp = 1°-CsHs] with second-order rate constarks > 3.8 x

10> M~1 s71, the kinetic isotope effects are alkgu/kwp = 1.7—1.8. For a series of five tungsten hydrides

with substituted Cp ligands, the kinetic isotope effects decreaseleiiwp = 1.8 to 0.47 as the rate constant
decreases (frorky- = 2.0 x 10%to 0.72 M1 s71). The steadily decreasing valueskpii/kvp with decreasing

rate constants of hydride transfer are interpreted as indicating progressively stronger force constants of
isotopically sensitive modes of the transition state, as the reaction slows down in progressing from more electron-
donating Cp ligands to less electron-rich Cp ligands. The inverse isotope dffg¢k(p = 0.47) found for

the slowest tungsten hydride, #8,CO,Me)(COxWH, is proposed to be due to a product-like transition state

for irreversible hydride transfer.

Introduction
Kinetic isotope effects® are useful in mechanistic studies,

hydride transfer. The utility of such reactions in organic synthetic
reactions is well-establishédyith the acid typically being Cf

since they can provide insight into the transition state of the COzH and silanes such as HSifserving as the hydride donor.

reaction being examined. Hydride (M transfer reactions

We have shown that ionic hydrogenations using transition metal

between carbons are pertinent to the chemistry of nicotinamide hydrides as the hydride donor can be utilized in the hydrogena-

adenine dinucleotide (NAD) analogued.Kinetic and mecha-

tion of alkene$, alkynes? aldehyde¥ and ketoned’ Related

nistic studies have established details of hydride transfers from féactions were showhto produce ether complexes of tungsten
1,4-dihydropyridines and related hydride donors to carbon-based’om the reaction of acetals with @5O;H and Cp(COWH

hydride acceptors such as pyridinium or acridinium cations.
Kreevoy and co-workers reported experimental data and cal-

culations for hydride transfers between a variety of NAD
analogue$,and a thorough analysis of kinetic isotope effécts

(Cp = 17>-CsHs).

We recently reportéd a detailed study of the kinetics of
hydride transfer from a series of metal hydrides tg@®h The
rate constants for kinetic hydricity spanned a range of greater

played a key role in the development of an understanding of than 16. Studies of isotope effects in organometallic chemistry

these hydride transfers.

have been especially beneficial in understanding the reactivity

lonic hydrogenations of organic substrates involve stepwise Of transition metal hydride¥® In this paper, we report kinetic

addition of H, in the form of a proton transfer followed by a

(1) (a) Bigeleisen, 1. Chem. Physl949 17, 675-678. (b) Bigeleisen,
J.; Wolfsberg, MAAdv. Chem. Phys1958 1, 15-76.

(2) Melander, L.; Saunders, W. H., JReaction Rates of Isotopic
Molecules John Wiley and Sons: New York, NY, 1980; (a) pp—235,
(b) pp 44-45, 71, 154156, (c) pp 32, 69, 130, 140.

(3) Westheimer, F. HChem. Re. 1961, 61, 265-273.

(4) For a review of mechanistic studies of hydride transfer from 1,4-
dihydronicotinamides, see: Bunting, J. Bioorg. Chem1991, 19, 456—
491.

(5) (a) Kreevoy, M. M.; OstovicD.; Lee, I.-S. H.; Binder, D. A.; King,
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3579-3583. (b) Kim, Y.; Truhlar, D. G.; Kreevoy, M. MJ. Am. Chem.
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Hydride Transfer from Metal Hydrides to Trityl Cation

Table 1. Kinetic Isotope Effects and Rate Constérfte Hydride
Transfer from Metal Hydrides to R&*BF,~ (CH.Cl,, 25°C)

metal hydride Knin/Kvip ky- (M~ts )b
(CsH4CO,Me)(CORWH 0.47 7.2x 1071
Cp(CO}WH 0.92 7.6x 101
(CsHsMe)(CORWH 1.4 2.5x 10
Cp*(CO%RWH 1.7 1.9x 103
(Indenyl)(COYWH 1.8 2.0x 10°
Cp(CO}MoH 1.8 3.8x 1
Cp*(CO):MoH 1.7 6.5x 10°
trans-Cp(CO)(PCys)MoH 1.7 4.3x 10°

2410% estimated uncertainty for all rate constah®Rate constants
reported in ref 12.

gressed from normakfn/kwp = 1.8) to inverse Kwn/kwo =
0.47) as the rate constants decreased.
Results and Discussion

The kinetics of hydride transfer from metal hydrides to
PrC™BF4 (eq 1) were reported recen#ty. Stopped-flow

PhC'BF,” + MH ~— PhC—H + M—FBF, (1)

J. Am. Chem. Soc., Vol. 121, No. 13, %1

Table 2. Kinetic Isotope Effects and Rate Constérits Hydride
Transfer from Cp*(COMoH to Ph(p-MeOGsH4)3-nCTBF4~
(n=3, 2,1, 0) (CHCI,, 25°C)

trityl cation Kutor/Knop ky- (M~1shyb
PhC* 1.7 6.5x 10°
Phy(p—MeOGH4)C* 1.8 1.4x 1
Ph{p-MeOGsH,),C* 1.9 1.1x 10
(p—MeOCeH4)3C* 1.9 1.4% 10°

2 +10% estimated uncertainty for all rate constahRate constants
reported in ref 12.

s 1 as the number of stabilizing-MeO groups increases, the
kinetic isotope effect exhibits little changkvtn/kpop = 1.7—
1.9). Mayr and co-workers previously reportedhat kinetic
isotope effects for hydride transfers from (H/D)SiPhere
similarly insensitive to the hydride transfer rate constant.
Hydride transfer to -MeOGsH,4),CH™ had an isotope effect
of ksin/ksip = 2.14, compared tdésjw/ksip = 2.07 for hydride
transfer to p-MeCsH,4).,CH™, despite a relative rate constant
ratio of about 5000 for the hydride transfépsA larger range
of kinetic isotope effects was foundy(kp = 1.8—3.2) for
hydride transfer from formate (HGO/DCO;, ") to a series of
triarylcarbenium iong?®

The MeO groups provide significant electronic stabilization

techniques were used for most of these measurements, withof the trityl cation, due to resonance forms such as those shown

conventional UV-vis monitoring being employed for the slower

in eq 2. The difference in rate constants could be due to the

reactions. An excess of metal hydride was used, and the rate of

disappearance of [R6TBF4~] was cleanly first order. Plots of
observed pseudo-first-order rate constakgs)(vs [MH] were
linear, establishing the second-order rate lawd[PheCTBF,~/
dt = ky-[PhsC*BF,~][MH]. The deuterium isotope effects were

determined by comparison of rate constants found for metal

hydrides (MH) and their corresponding metal deuterides (MD).
These kinetic isotope effect&/./kwo) are shown in Table 1,
along with the rate constantk() for hydride transfer.

For five hydrides [Cp(CQMoH, Cp*(COxWH, (indenyl)-
(COxRWH, Cp*(CO)xMoH, andtrans-Cp(CO)(PCys)MoH; Cp*
= 15-CsMes] with second-order rate constarfs > 3.8 x 1(?
M~ s71 for hydride transfer to PJICTBF,, the kinetic isotope
effects are essentially invariankyu/kyp = 1.7—1.8. These
isotope effects are similar to the valuekgf/ksip = 1.49 found
for hydride transfer from (H/D)SiMg£h to PRCTPR;~ (CHy-
Cly, 25 °C)* and to theksiw/ksip = 1.68 found for hydride
transfer from (H/D)SiEtto (MeOGHy4)(Ph)CH" (CH.Cl,, —70
°C).15 Kinetic isotope effects for all of thedgydridetransfers

to trityl cationsare less than those reported recently by Norton’s

groupi® for hydrogen atontransfers from metal hydrides to a
substituted trityradical.X” A kinetic isotope effect okynn/kvno
= 3.2 was found at 25C for hydrogen atom transfer from
HMn(CO)/DMn(CO) to (p-'BuCsH4)sC'. A larger kinetic

isotope effect was measured for hydrogen atom transfer from

H20s(COWD20s(CO) (KostKosp = 4.3)°

The effect of progressive deactivation ofs2H by substitu-
tion with p-MeO groups was examined for hydride transfer from
Cp*(CO)Mo(H/D). Table 2 shows that, while the rate constants
for hydride transfer decrease frdg- = 6.5 x 10°to 1.4 M1

(14) Chojnowski, J.; Fortuniak, W.; Stanczyk, \@.. Am. Chem. Soc.
1987 109, 7776-7781.

(15) Mayr, H.; Basso, N.; Hagen, G. Am. Chem. So¢992 114, 3060
3066.

(16) Rodkin, M. A.; Abramo, G. P.; Darula, K. E.; Ramage, D. L.;
Santora, B. P.; Norton, J. Rorganometallics1999 18, 1106-1109.

(17) (a) For an informative comparison of proton, hydrogen atom and

®
OCH, OCH,
[ j @ 2
i~
c® C
P~ Ph P~ ph

MeO-substituted trityl cations having an increased barrier to
attaining the proper geometry for the transition state for hydride
transfer. An increasing number of stabilizing MeO groups will
raise the barrier for the structural and electronic reorganization
required to progress from a ground state that is pldraout

the central (sf) carbon, to the more pyramidalized geometry
expected at carbon for the transition state for hydride transfer.
If these differences in reorganization energy of the substituted
trityl cations are the predominant factor contributing to the
overall change in the barriers for the reaction, then the barrier
for the actual hydride transfer step could be similar for all of
these MeO-substituted trityl cations, thus accounting for neg-
ligible change in kinetic isotope effect.

Deuterium kinetic isotope effects were measured for a
systematically varied series of five tungsten hydrides/deuterides,
as shown in the top part of Table 1. In contrast to the nearly
invariant isotope effects found above when the hydaideeptor
changed, there is a clear trend that the isotope effects decrease
with decreasing rate constants as the tungsten hydride is
changed. For the two most hydridic tungsten hydrides, Cp*-
(CO)WH and (indenyl)(COMWH, kun/kmp = 1.7—1.8 (Figure
1). A diminishedkyn/kup of 1.4 is found for (GHsMe)(CORW-
(H/D), and the isotope effeckgn/kmp = 0.92) found for Cp-
(CO)RW(H/D) is displayed in Figure 2. The most unusual
observation is the inverse isotope effekyu/kmp = 0.47,
determined for the least hydridic complex, stGCO,Me)-
(CORW(H/D), as shown in Figure 3.

(18) Stewart, R.; Toone, T. WI. Chem. Soc., Perkin Trans.1B878

hydride transfer reactions in organic systems, including a discussion of 1243-1248.

kinetic isotope effects, see: Stewart, TRe Proton: Applications to Organic
Chemistry Academic Press: New York, NY, 1985; Chapter 4. (b) Page
160 of ref 17a.

(19) The crystal structure of B&* shows it to be planar about the central
carbon: Gomes de Mesquita, A. H.; MacGillavry, C. H.; Eriks,Acta
Crystallogr. 1965 18, 437—443.
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24t 1oy el Table 3. IR Data (cn1?, Hexane Solution) of WH and W-D
i WH Complexes
] \ a tungsten hydride V) % 1%
8] kWH/kWD=1,8 [ g y MH MD co
- (CsH4,COMe)(CORWH 1847 (w) 1328 (w) 2033 (s), 1945 (vs)
& 64 L Cp(COYWH 1845 (w) 1326 (w) 2026 (s), 1938 (vs)
z t (CsH4Me)(CORWH 1843 (w) 1322 (w) 2023 (s), 1935 (vs)
& ad X\ - Cp*(COXWH 1827 (w) 1311 (w) 2013 (s) 1924 (vs)
5] wD [ (indenyl)(CO}WH 1854 (w) 1333 (w) 2024 (s), 1940 (vs)
0-““I""\“‘V“"]"'V""-

0 1 2 3 4 5 6
[(Indenyl)(CO)3WH],mM (=)}

[(Indenyl)(CO),WD], mM (@) S ] Achsep
Figure 1. Plot of kopsVvs (indenyl)(CO)WH (OJ) and (indenyl)(COMWD
(®) for reaction with PECTBF,~ in CH,Cl, at 25°C. &
2
5 1 1 L I 1 [55)
] 3
1 WD, =
44 \ - 2
1 [ Ko/ bp = 092 =
Hg 34 \ r AGHy
<z ] WH
£ 24 -
- 4
1—j g ST} AvE/MD
0-‘“I“'\""I""I“"!""

0 10 20 30 40 50 60 Reaction Coordinate

[Cp(CO), WH], mM () Figure 4. Qualitative energy level diagram for a reaction where an
[Cp(CO)3WD],mM o lv_I—I—_|(D_) bond is cleaved and aﬂ_—|(D) bond is formed. T_he inver_se
3 kinetic isotope effectiun/kvp < 1) is a result of the collective relative
Figure 2. Plot of kyss VS Cp(COYWH (O) and Cp(COJWD (@) for zero-point energy difference®éwico > Amnmp)-
reaction with PEC*BF,~ in CH,Cl, at 25°C.
Norton and co-workers report&kyn/kwp = 3.7 for proton-

0.012 bt P transfer self-exchange between Cp(@W@M and its conjugate
0.01 WD\ - base [Cp(CO)NV]. The stretching vibration of the WH bond
~ 00081 [ Ko/ K = 047 g become_s translational motion in the reaction coor_dinate, so the
'3 ] r zero-point energy for that degree of freedom disappears. A
= 0.006 - symmetric, linear transition state is assumed for this degenerate
<8 0,004 * E proton transfer, and the experimentally measured kinetic isotope
] . \ E effect is in excellent agreement with the value predicted by eq
0.002 - WH T 3. More complicated reactions often utilize a three-center model
P . of the transition staté®3 Calculation of an expected kinetic
0 1 2 3 4 5 6 7 8 isotope effect requires the input of vibrational frequencies of
[(C;H,CO,Me)(CO),WH], mM (D) the transition state. Since vibrational frequencies of the transition
[(C;H,CO,Me)(CO), WD), mM (@) state are not known for our hydride transfer reaction, a reliable
Figure 3. Plot of kops Vs (G:H.COMe)(CORWH (00) and (GH4COs- calculation of kinetic isotope effects is not feasible, but a
Me)(CORWD (®) for reaction with PEC*BF4~ in CH.Cl, at 25°C. qualitative consideration is nevertheless informative.
Of particular interest are the decreaskygi/kvp values with
The second-order rate constakg(= 53 M-t s71) found'? decreasing rate constants observed for the series of tungsten
for hydride transfer from Cp(C@WH to PRC*BAr's~ [Ar' = hydrides with substituted Cp ligands, culminating in the inverse
3,5-bis(trifluoromethyl)phenyl] is somewhat smaller than that iSotope effect found for hydride transfer fromstGCOMe)-
found for reaction of the same hydride with £HBF,~ (Ku- (COXRW(H/D). Inverse kinetic isotope effects were anticipated

= 76 M~ s71). The kinetic isotope effectkqu/kwp = 0.81) in 1949 by BigeleiseA? for reactions in which the transition
found for reaction of PYCTBAr's~ with Cp(CORW(H/D) is state has higher force constants than those for the ground state;

similar to that found Kwu/kwo = 0.92) with PRCBF,, such inverse isotope effects are often associated with product-
indicating a negligible effect of the counterion on the isotope like transition state: The force constants for stretching (and
effect. bending) vibrations are higher for-&4 than for M—H bonds.

Stretching frequenciesM —H) andv(M—D) of the tungsten Conse_quently, the difference in zero-point energy f(_)HN_’Ivs
hydrides and deuterides used in this study were measured by —D iS less than that for €H vs C-D. As sho;/vn quahjtFatlvely
IR spectroscopy and are listed in Table 3, along withit@0) in Figure 4,Acpyco > Ao, resulting inAG’s < AG™. As
bands of the metal carbonyls. Substitution of il —H) and indicated by the summation sign in Figure 4, this can involve

»(M—D) bands of Cp(CQWWH into eq 3 givesi/kup = 3.5 more than one isotopically sensitive mode, rather than a single
as the maximum semiclassical isotope effect. C—H or M—H stretching vibration. These collective differences

in zero-point energy would account for the inverse isotope effect

Kygrs he B (20) Edidin, R. T.; Sullivan, J. M.; Norton, J. B. Am. Chem. S04.987,
— = T (Pmu — Pwp) 3 109, 3945-3953.
Kvp kg (21) Bigeleisen, JPure Appl. Chem1964 8, 217-223.



Hydride Transfer from Metal Hydrides to Trityl Cation
observed for hydride transfer from {d,CO,Me)(COxRW/(H/

J. Am. Chem. Soc., Vol. 121, No. 13, %3

have also been observed in reductive elimination of alkanes from

D), when the transition state is sufficiently product-like to have alkyl hydride complexe$ (eq 5). In both of these types of

significantly stronger force constants compared to theHV
M—D reactantsWe interpret these steadily decreasimgjues

of kun/kmp with decreasing rate constants of hydride transfer

to be indicatbe of progressiely stronger force constants of

isotopically sensitie modes of the transition state, as the

_R K R] ks R
M B M—|]—>[M]+| 5)
H k-l H H

reactions, kinetic and mechanistic evidence supported the

reaction slows down in progressing from more electron-donating reversibility of the M-H bond cleavage/€H bond formation

Cp ligands to less-electron rich Cp ligands.

steps-in eq 4 by a hydrogen atom transfer from carbon to the

It is tempting to further conclude that the decreasing kinetic metal (in a caged radical pair) and in eq 5 by oxidative addition

isotope effects reflect successively larger degrees-efi@ond
formation (and correspondingly more-MH bond rupture) in

of a C—H bond to the metal in the (unobservedialkane
complex. In both of these cases, the inverse kinetic isotope effect

the transition state. Such an interpretation is tenuous, however,could therefore be due to a pre-equilibrium exhibiting an inverse
since model calculations have shown that, for nonlinear transi- equilibriumisotope effect Kn/Kp < 1), which is expected for
tion states, the magnitude of the isotope effect is not highly reactions that form a-€H bond with a much higher stretching
dependent on the extent of transfer of hydrogen in the transition frequency than the stretching frequency of the-Nbond being
state?2 Maximum isotope effects are expected for symmetric, ruptured.

linear transition states, but nonlinear transition states are known All of the hydride transfers reported in this paper are

to exhibit smaller kinetic isotope effectsIt was suggested 40

thermodynamically favorable overall, but we have no data to

years ago that hydride transfer reactions might generally haveassess partitioning of the thermodynamics between the actual

nonlinear transition statéd.Olah and co-workers reported
hydride transfer reactions from the-El bond of alkanes to a

hydride transfer reaction and the product-forming reaction, in
which the “M"™ generated by hydride transfer from MH is

series of carbenium ions, and they strongly favored a nonlinear captured by BE". Bruno and co-workers recently measured

(i.e., triangular) three-center, two-electron transition state.

equilibrium constants for hydride transfers to a series of

Olah’s papers also called attention to the similar transition statessubstituted trityl cations in MeCN solution, which produce
expected in organic systems for hydride transfers to carbenium[M —NCMe]" as the metal produét.Using their data in MeCN,

ions and for protonation of €H (or C—C) bonds by strong
acids. It has been argugdi24that hydride transfers should favor

they estimated free energies for the hydride transfers ig-CH
Clz (eq 1). Their calculation gavAG = —15.7 kcal/mol for

a triangular transition state, since hydride abstracting reagentshydride transfer from Cp(C@yVH (eq 1)?’ It is therefore

would attack the electron density in the bond (theHCbond
in organic compounds or the #vH bond for our reactions

possible that our hydride transfer step is endothermic (particu-
larly for the slower hydride donors), and that formation of the

reported here), rather than the hydrogen atom itself. CalculationsM —FBFs bond provides the thermodynamic driving force to

by Kreevoy and co-workers using a linear, three-body model make the overall reaction favorable. In changing from the
for hydride transfers between carbons were, however, successfupubstituted Cp ligands that are most electron-donating (Cp*,
in predicting rate constants that were consistent with their indenyl) to the weakest electron donor ligandK@CO,Me),

experimentally measured valuedhe M—H—C angle in the

the measured rate constants for hydride transfer decrease, but

transition state for our hydride transfer is not known, but since the thermodynamics for capture ofMy BF,~ are likely to

even our largestwr/kwp is only 1.8, a nonlinear transition state
is consistent with our data.

become even more favorable, due to decreasing electronic
stabilization of M™ and resultant stronger affinity for the BF

The inverse kinetic isotope effect found experimentally is ligand.

fully consistent with irreversible hydride transfer from the

For an equilibrium to be established would require reverse

tungsten to carbon in a single step, and we favor this interpreta-hydride transfer, from CH to “M”, as shown in Scheme 1.
tion as the simplest explanation of our results. However, an The caged intermediate shown as J€H,M*] in Scheme 1
alternative explanation involving equilibrium isotope effects could conceivably involve am®-alkane complex with a CH
deserves consideration. These hydride transfer reactions involvébond of PRCH bonded to the 16-electron M though the

rupture of an M-H bond and formation of a €H bond, a class

(25) (a) Sweany, R. L.; Halpern, J. Am. Chem. Sod.977, 99, 8335~

of reactions for which inverse kinetic isotope effects were 8337.(b) Sweany, R. L.; Comberrel, D. S.; Dombourian, M. F.; Peters, N.
previously found. Hydrogenation of certain substituted styrenes A. J. Organomet. Chen981, 216 57-63. (c) Bullock, R. M.; Samsel, E.

and dienes by metal hydrides proceeds by hydrogen atom

G.J. Am. Chem. S0d99Q 112 6886-6898. (d) Bullock, R. M.; Rappoli,
B. J.; Samsel, E. G.; Rheingold, A. I. Chem. Soc., Chem. Comm:@89

transfer_from_ the metal hydride to the organic _substrate 261-263. (e) Roth, J. A.; Wiseman, P.; RuszalaJLOrganomet. Chem.
(generalized in eq 4). Several metal carbonyl hydrides (Cp- 1983 240, 271-275. (f) Ungvay, F.; Marka L. Organometallics1982 1,

H
\ / . . /

M—H o+ Jesc{ == M >c—c\\ “)

(COXWH, Cp(CO}MoH, (COlMnH, (COLCoH) exhibit in-

verse kinetic isotope effectkyu/kwp ~ 0.4—0.7) in these

hydrogenationg?® Inverse isotope effectsgn/kvp ~ 0.5—0.8)

(22) More O’Ferrall, R. AJ. Chem. Soc. (B)970 785-790.

(23) Hawthorne, M. F.; Lewis, E. 9. Am. Chem. So4958 80, 4296—
4299.

(24) (a) Olah, G. A.; Halpern, Y.; Shen, J.; Mo, Y. K. Am. Chem.
Soc.1971, 93, 1251-1256. (b) Olah, G. A,; Olah, J. Al. Am. Chem. Soc.
1971, 93, 1256-1259. (c) Olah, G. A.; Spear, R. J. Am. Chem. Soc.
1975 97, 7, 1845-1851.

1120-1125. (g) Connolly, J. WOrganometallics1984 3, 1333-1337.
(h) Wassink, B.; Thomas, M. J.; Wright, S. C.; Gillis, D. J.; Baird, M. C.
J. Am. Chem. S0d987, 109, 1995-2002. (i) Shackleton, T. A.; Baird, M.
C. Organometallics1989 8, 2225-2232. (j) Jacobsen, E. N.; Bergman, R.
G.J. Am. Chem. S0d.985 107, 2023-2032.

(26) (a) Buchanan, J. M.; Stryker, J. M.; Bergman, RJGAmM. Chem.
Soc.1986 108 1537-1550. (b) Periana, R. A.; Bergman, R. G.Am.
Chem. Soc1986 108 7332-7346. (c) Bullock, R. M.; Headford, C. E.
L.; Hennessy, K. M.; Kegley, S. E.; Norton, J. R.Am. Chem. S04989
111, 3897-3908. (d) Parkin, G.; Bercaw, J. Brganometallics1989 8,
1172-1179. (e) Gould, G. L.; Heinekey, D. M. Am. Chem. Sod.989
111, 5502-5504.

(27) Bruno, J. Private communication. Sarker, N.; Bruno, JWAm.
Chem. Soc1999 121, 2174-2180. We thank Professor Bruno (Wesleyan
University) for a preprint of his paper. For thermodynamic studies on hydride
affinity of a series of substituted trityl cations as hydride acceptors, see:
Zhang, X.-M.; Bruno, J. W.; Enyinnaya, B. Org. Chem1998 63, 4671
4678.
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Scheme 1 values reported in a vibrational spectral study of ME—H:
Knoct 0(C—H) = 1330 cm? (952 cnt? for MesC—D).
PhoC” BFy” + MH =——>- Ph3CH’M+I BF, Taking into account only the CH/CD and MH/MD stretching
CH-M . . . .
l vibrations, use of eq 6 gives a calculated isotope effe&@f
Kp = 0.60. Contributions to isotope effects resulting from
PhyCH + M—FBF, changes in force constants of bending modes are often

neglected21in organic reactions, and this is justifiable when

stability of such a species might be questionable due to the stericthe transition state and reactant have comparable bending
demands of the purported #&H ligand. Another possible  frequencies. The influence of isotopically sensitive bending
intermediate would be ayf-arene complex of REH, in which modes will often have a significant influence on organometallic
one of the G=C bonds of a phenyl ring bonds to the metal. A reactions®® Calculation of the equilibrium isotope effect for
complex of this type was characterized by Sweet and Grahamhydride transfer using the two bending modes for both CH/CD
from hydride transfer to RE*PFs~ from Cp(CO)(NO)ReH? and MH/MD (in addition to the stretching modes) in eq 6 lowers
In a more general sense, organometallic complexes with the predicted equilibrium isotope effect #n/Kp = 0.18.
hydrocarbon fragments weakly bound to a 16-electronidve Inclusion of contributions from the bending modes thus has the
ample precedent: Marks and co-workers have fully character- expected effect of making the expected equilibrium isotope
ized Cp*g(CHg)Zr+‘"CH3B(C5F5)3_ and a series of related effect more inverse.
complexes? We have no evidence to confirm the reversibility
of hydride transfer in our reactions, but it is considered here as ~,c|usion
an explanation for the inverse isotope effect, in view of the
prevalence (in reactions shown in egs 4 and 5) of observed Kinetic isotope effects for several hydride transfers from
inverse isotope effects having their origin in reversible equilibria. molybdenum and tungsten hydrides tos@h have kinetic

The equilibrium isotope effect can be estimated for the deuterium isotope effects dfu/kmp = 1.7—1.9. For a series
hydride transfer equilibrium. Use of eq 6 for this calculation of tungsten hydrides with systematically varied electronic effects
of substituted Cp ligands, the isotope effects decrease as the

Ku —hc [3N6 ~ rate constants for hydride transfer decrease, from a normal
P ex ﬂ z (i) ~ Vieo) ~ isotope effect okwr/kwo = 1.8 to an inverse isotope effect of
D ! kwn/kwo = 0.47. We interpret this progression of isotope effects
ane _ _ to signal successively stronger force constants of isotopically
.Z (Vi(MH) o 1’i(MD)) (6) sensitive modes of the transition state, as the reaction rate for

hydride transfer decreases. The inverse isotope effect for hydride
makes the assumptidhthat zero-point energy differences are transfer from (GH4CO.Me)(CORW(H/D) is thought to be due
the predominant influence on the equilibrium isotope effects. to a product-like transition state for irreversible hydride transfer.
A complete solution of this equation would require knowledge Computational studies have been very informative for interpre-
of all vibrational modes of the products and reactants, but only tation of isotope effects in other organometallic syst€maad
those that are isotopically sensitive will influence the result, would be likely be beneficial in further interpreting our
and we confine our consideration to stretching and bending experimentally determined isotope effects.
vibrations. Stretching frequenciegM —H) andv(M—D) were
directly measured (Table 3), but appropriate frequencies for gxperimental Section
0(M—H) bending modes are less well-known. Bending modes
of metal hydrides normally appear in the 78860 cnt?! Sample Preparation.All manipulations were carried out under an
region331 but numerous absorptions appear in that region of atmosphere of argon using Schlenk or vacuum-line techniques or in a
the IR spectrum, s6(M—H) bending modes are often difficult ~ Vacuum Atmospheres drybox. NMR spectra were recorded on a Bruker
to assign. An IR and Raman spectroscopic study of Cp{&/B)) AM-300 spectrometer (300 MHz féH). IR spectra were recorded on
did not locate thed(W—H) bending mode& but s(M—H) a Mattson Polaris FT-IR spectrometer. Metal hydrides were prepared

bending modes were located and assigned in related metaPS Préviously desfribfa'Cp(CO}WD’ Cp*(COEWD, (indenyl)-
rbonyl hydrides, 731 cm for (COlMnH32 and 708 cmt (CORWD (indenyl = 7*CsH7), Cp(CORMOD, and Cp*(COMOD

]?a 34 A, . | d d th were synthesized from their corresponding metal hydrides, by exchange

or (CO)CoH>* A recent computational study supported these with CH;OD (99.5% D, Aldrich) at room temperature, as described

assignments and also calculate@ —H) bending modes for  ,eyiousiys for Cp(CORWD and Cp(COMoD. The metal deuterides

several related metal carbonyl hydridéVe estimate 720 cr were purified by sublimation (isotopic purity 94% D). THF and
for both of the bending modes of Cp(GWH. For PhCH, hexane were distilled from Na/benzopheneone.
the v(C—H) stretch was reportéélat 2878 cm’. For the two
degenerate)(C—H) bending modes of RE—H, we use the 235’36) Fox, J. J.; Martin, A. EProc. R. Soc. (Londor)94Q A175 208~
(28) Sweet, J. R.; Graham, W. A. @rganometallics1983 2, 135- (37) Evans, J. C.; Bernstein, H.Qan. J. Chem1956 34, 1037-1045.
140. (38) For an example where inclusion of bending mode®dgiredto
(29) Yang, X.; Stern, C. L.; Marks, T. J. Am. Chem. S0d.994 116 account for the observed isotope effects, see: Rabinovich, D.; Parkin, G.
10015-10031. J. Am. Chem. S0d.993 115 353-354.
(30) Jesson, J. P. Chapter 4.Transition Metal HydridesMuetterties, (39) (a) Computational study of the transition state foraddition to
E. L., Ed.; Marcel Dekker: New York, NY, 1971; pp #201. transIrL ,(CO)X complexes and relationship to kinetic isotope effects: Abu-
(31) Sweany, R. L. InTransition Metal Hydrides Dedieu, A., Ed.; Hasanayn, F.; Goldman, A. S.; Krogh-Jespersen].K2hys. Chem1993
VCH: New York, NY, 1992; Chapter 2, pp 65L01. 97, 5890-5896. (b) Theoretical study of inverse equilibrium isotope effect
(32) Davidson, G.; Duce, D. Al. Organomet. Chen1976 120, 229- for H,/D, addition totransIr(PRs),(CO)X: Abu-Hasanayn, F.; Krogh-
237. Jespersen, K.; Goldman, A. $.Am. Chem. S0d.993 115 8019-8023.
(33) Edgell, W. F.; Fisher, J. W.; Asato, G.; Risen, W. M., lorg. (c) Experimental and theoretical study on the inverse equilibrium isotope
Chem.1969 8, 1103-1108. effect for D,/H, binding to tungsten in W(CQPCys)(7%-Hy): Bender,
(34) Sweany, R. L.; Russell, F. Norganometallics1988 7, 719-727. B. R.; Kubas, G. J.; Jones, L. H.; Swanson, B. |.; Eckert, J.; Capps, K. B,;

(35) Jonas, V.; Thiel, WJ. Chem. Phys1996 105, 3636-3648. Hoff, C. D. J. Am. Chem. S0d.997, 119 9179-9190.
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Kinetics Experiments. Procedures for sample handling, kinetics red-orange suspension. KH was added, the cold bath was removed,

measurements, and data treatment were published éarliee metal and the reaction mixture was allowed to warm to room temperature.
hydride concentrations were typically 2@00-fold in excess of the The Cp(CO)(PCy;)MoH dissolved when the temperature was raised,
PhC* concentration. In the case of experiments on Cpd@@®) and and gas evolution was observed. The red-orange solution slowly turned

Cp(CO}WD, the concentration of excess [Cp(G@®H(D)] was varied to yellow. After 1.5 h, no further gas evolution was observed ang CF

from 1 to 50 mM. Reproducibility of measured rates, using the same COOD (~0.1 mL,~2 equiv) was added. The red solution was filtered,

solutions, was typically better than 2%. This does not account for and the volume of solvent was reduced~+6 mL. Hexane (10 mL)

uncertainties in the concentration of [MH], due to weighing and dilution was added, and the pale yellow precipitate was collected by filtration

errors. As indicated in Tables 1 and 2, we estimate an overall uncertaintyand washed with C#0D (5 mL x 2) and hexane (5 mL) to give Cp-

of +£10% on the rate constants, based on reproducibility of rate data (CO)(PCy)MoD (180 mg, 57% vyield; 90% D).

from duplicate runs with independently prepared solutions. As an

indication of the reproducibility of the data, the plot shown in Figure Acknowledgment. This research was carried out at Brook-
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