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Abstract: Two sets of experiments are described that provide indirect evidence for the involvement of alkane
o-complexes in oxidative addition/reductive elimination reactions dRREL)(R)H complexes (Tp= tris-
3,5-dimethylpyrazolylborate, = CNCH,CMes). First, the methyl deuteride complex Rh(L)(CHs)D is
observed to rearrange to "Rh(L)(CH,D)H prior to loss of CHD. Similarly, TORh(L)(CDs)H rearranges to
TP'Rh(L)(CD,H)D prior to loss of CRH. Second, the rate of elimination of methane fromRIKL)(CHz)H

in benzene/perfluorobenzene solvent mixtures is found to be dependent upmmteatrationof benzene,
indicating an associative component to the reductive elimination of methane. Both of these processes, and
their rates, are accommodated by the reversible formation of atkapenplexes prior to dissociation of alkane.

Introduction Chart 1

A number of transition-metal systems are now known which H H N/\C

idati i i [M~H—CR3 [M]-— M CRy Mk CR;
oxidatively add alkanes to form relatively stable alkyl hydride s [M] M, LR /
complexes. Direct study of the G-H bond insertion step by a Rs H H
coordinatively unsaturated transition-metal fragment has been L' 11, 12C H 1L, v2-HH IV, agostic C-H
examined using fast spectroscopic techniques in liquified or
supercritical rare gas@slow-temperature gas matricésand empty metal orbital, and the high-lying-@4 o* orbital serves

hydrocarbon solutiof There is now substantial evidence in the as az-acceptor from a filled metal orbital. The structures for
literature for the intermediacy of alkanecomplexes in the these intermediates proposed by several workers are shown as

activation of alkanes by way of oxidative additfofeq 1) and [—IIl in Chart 1, and are analogies of the known agostic
the studies presented here provide new evidence for theirstructurelV. To consider the €H bond of an alkane, such as
existence. methane, to be a-type transition-metal ligand would seem to
ignore the conventional wisdom concerning the qualities of a
L RH _R goqd ligand. Low-energyc—y orbitals and high-energy* c—u
LM [LnaM] —— LM (1) orbitals should make methane a poor electron donor and electron
H acceptor, respectively, hence a poor ligktbwever, evidence

is mounting which suggests that alkane complexes are more
An alkane complex consists of a-&1 bond of a free alkane ~ common than expected.
that is weakly coordinated to a transition-metal center. In these  Much of the current understanding of-&l bond activation
species, the €H o-electrons serve as the electron donor to the by transition-metal complexes in homogeneous solution has
(1) @ Janowicz, A. H.. Bergman, R. G. Am. Chem. 504982 104 come f_rom mechanistic_ investigations of aIk_ane _re_duc_tive
352-354. (b) Hoyano, J. K.; Graham, W. A. G. Am. Chem. S0d.982 elimination from alkyl hydride complexes. Recjucuve gllmlnatlop
104, 3723-3725. (c) Janowicz, A. H.; Bergman, R. G&.Am. Chem. Soc. of an alkane from an alkyl hydride complex is the microscopic
1983 105 3929-3939. (d) Hoyano, J. K.; McMaster, A. D.; Graham, W.  reverse of oxidative addition of an alkane-8 bond to a

A. G.J. Am. Chem. S0d.983 105 7190-7191. (e) Jones, W. D.; Feher, F oAt ;
F. J.Organometallics1983 2, 562--563. (f) Seidler, P. F.. Wenzel, T. T.; coordinatively unsaturated metal center, and hence, studying

Bergman, R. GJ. Am. Chem. Sod.985 107, 4358-43509. (g) Baker, M. one in turn provjdes informqtion ab_qut the other. This means
V.; Field, L. S.J. Am. Chem. S0d.987, 109, 2825-2826. (h) Ghosh, C. that the mechanism of oxidative addition must involve the same
K.; Graham, W. A. G.J. Am. Chem. Socl987 109, 4726-4727. (i) i i it i i iminati
Hackett, M. Whitesides, G. ML Am. Chem. Sod988 110 1449- 146, mtermedlates and transition states as in the reductive elimination
() Harper, T. G. P.; Shinomoto, R. S.; Deming, M. A.; Flood, T.JCAM. reaction. _ o _

Chem. Soc.1988 110, 7915-7916. (k) Belt, S. T.; Grevels, F. W.; Several lines of evidence have implicated the existence of
Klotzbcher, W. E.; McCamley, A.; Perutz, R. N. Am. Chem. S0d.989 alkaneos-complexes. One common observation to this effect is

111, 8373-8382. (I) Kiel, W. A; Ball, R. G.; Graham, W. A. GJ. : :
Organomet. Chenl.993 259 481496, (m) Jones, W. D.. Hessell, E. T. tha}t of hy_drogen exchange between the hydride an_d alkyl ligands
J. Am. Chem. Sod993 115, 554-562. (n) Wang, C.; Ziller, J. W.; Flood, ~ Of isotopically labeled alkyl hydride complexes prior to alkane
T.C.J. Am. Chem. So@995 117, 1647-1648. (0) Wick, D. D.; Goldberg, reductive eliminatiorf. Equation 2 depicts the intramolecular
K. 1. 3. Am. Chem. S0d.997 117, 110235-10236.
(2) (@) Schultz, R. H.; Bengali, A. A.; Tauber, M. J.; Weiller, B. H.; (4) Lian, T.; Bromberg, S. E.; Yang, H.; Proulx, G.; Bergman, R. G.;
Wasserman, E. P.; Kyle, K. R.; Moore, C. B.; Bergman, RIJ@&m. Chem. Harris, C. B.J. Am. Chem. S0&996 118 3769-3770. Osman, R.; Pattison,
So0c.1994 116 7369-7377. (b) Bengali, A. A.; Schultz, R. H.; Moore, C. D. I; Perutz, R. N.; Bianchini, C.; Peruzzini, M. Chem. Soc., Chem.

B.; Bergman, R. GJ. Am. Chem. S0d.994 116, 9585-9589. Commun1994 513. Lees, A. J.; Purwoko, A. ALoord. Chem. Re 1994
(3) Haddleton, D. M.; McCamley, A.; Perutz, R. 8l. Am. Chem. Soc. 132 155-160.
198§ 110, 1810-1817. (5) Hall, C.; Perutz, RChem. Re. 1996 96, 3125-3146.
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rearrangement observed by Periana and Bergman for Cp*Rh-
(PMe3)(3CH,CH,)D.”™ Migration and insertion of the [Cp*Rh-
(PMe3)] fragment occurs most rapidly into the position of

the ethyl group followed by migration to the position. The
deuterium label remains attached to tH€-labeled carbon
throughout this rearrangement. This process is competitive with
reductive elimination of3C 2H-ethane. Norton and co-workers
have shown that GV(D)(CHz) and CpW(H)(CDs) in low
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Figure 1. Reaction coordinate which depicts a larger zero-point energy
difference between hydrogen and deuterium in the products relative to
the reactants. The resulting equilibrium isotope effect is invefgé,

Kp < 1.

concentrations exhibit intramolecular hydrogen exchange be- significant CG-H bond formation because hydrogen (deuterium)
tween the hydride and methyl ligands prior to methane reductive experiences a higher force constant in a bond with carbon than
elimination (eq 3)° In both of the above experiments, mass with the transition metal. The inverse isotope effect results from

“NCH,D

&

D
~

Dy

spectroscopy of the reductive elimination products from cross-
over experiments further supports the intramolecular nature of
the rearrangements.

Girolami has recently observed exchange between the hy-
drogens of an osmium-bound methyl group and a hydride ligand
in (CsMes)Os(dmpm)(CH)(H)™.8 The exchange is rapid enough
on the NMR time scale at100°C to cause broadening of the
resonances, but can be stopped-di20 °C to give distinct
methyl and hydride resonances.

Additional support for the intermediacy of alkane complexes
comes from the observation of an inverse kinetic isotope effect
for alkane reductive elimination from a number of alkyl hydride
complexes.For those systems which have shown intramolecular

_—

CHs

[
3)

7R

hydrogen exchange an observed inverse kinetic isotope effect

for alkane reductive elimination has also been demonstrated.
Inverse isotope effects can occur in a single step mechanism
with a product-like transition state in which the deuterium
experiences a higher force constant in the products relative to
that of the reactants, i.e., deuterium favors the stronger Hbnd.

This observation can also be accommodated by an inverse

an increase in the preequilibrium concentration of the deuterio
isotopomer compared to the protio isotopomer which leads to
a faster rate for reductive elimination for the former compared
to the latter’d Furthermore, the inverse effect will exist only if
the C—H bond which is formed in the intermediate is not sig-
nificantly affected in the rate determining step in which alkane
is lost. This sequence is shown schematically in Figure 1.

Direct evidence for alkane complexes first came from the
study of photochemically generated M(G@W = Cr, Mo, W)
fragments in alkane and alkane/rare gas matfitealhile
subsequent €H bond activation was not observed for these
complexes, an estimate of the strength of the alkanetal
interaction (~10 kcal/mol) established the viability of alkane
C—H bonds ass-type electron donors: Agostic C—H interac-
tions (V in Chart 1) in which the €H bond of a bound ligand
interacts with the metal have allowed for a preliminary
understanding of the structure of alkane metal compléés.
recent low-temperature observation of the metal fragment
[CpRe(CO)] in cyclopentane even provides direct spectroscopic
evidence for the formation of an alkane complex, although no
C—H bond cleavage occut$The equivalence of two hydrogens
of the bound methylene group could be interpreted either as
structurelll being the ground state or a fluxional exchange
between complexes of structulie

Crabtree used the available structural data for agostielC
complexes to develop a reaction trajectory for the approach of
a free alkane toward a metal centeinitially, the hydrogen

equilibrium isotope effect Kn/Kp) involving an intermediate

that allows for rapid and reversible migration and insertion to
occur prior to the rate-limiting loss of alkane. Formation of an
alkane complex from an alkyl hydride complex leads to

(6) Crabtree, R. HChem. Re. 1995 95, 987—-1007.

(7) (&) Buchanan, J. M.; Stryker, J. M.; Bergman, R.JGAm. 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. S0d989
111, 3897-3908. (d) Parkin, G.; Bercaw, J. Brganometallics1989 8,
1172-1179. (e) Gould, G. L.; Heinekey, D. M. Am. Chem. S0d.989
111, 5502-5504. (f) Stahl, S. S.; Labinger, J. A.; Bercaw, J.JEAm.
Chem. Soc1996 118 5961-5976.

(8) Gross, C. L.; Girolami, G. S1. Am. Chem. S0d.998 120, 6605~
6606.

(9) Representative examples &fi/kp include: (a) Cp*Ir(PMe)(H)-
(CeH11) in CeDs at 130°C, 0.7(1) (ref 7a). (b) Cp*Rh(PMKH)(C2Hs) in
tolueneds at —30°C, 0.5(1) (ref 7b). (c) CfW(H)(CHs) in CD3sCN at 72.6
°C, 0.75(4) (ref 7c). (d) CpW(H)(CHs) in CgDg at 100°C, 0.77(7) (ref
7d). (e) [CpRe(H)(CH)][CI] in CD2Cl, at 9°C, 0.8(1) (ref 7e). (f) [CnRh-
(PMe3)(H)(CH3)][BAr 4] in CgDg at 75°C, 0.74(2) (ref 1n). (g) (tmeda)-
Pt(CHs)(H)(CI) in CH30OH at —27 °C, 0.29 (ref 1f).

(10) Halpern, JPure Appl. Chem1986 58, 576-578.

(11) (a) Graham, M. A.; Perutz, R. N.; Poliakoff, M.; Turner, JJJ.
Organomet. Chenml972 34, C34-C36. (b) Perutz, R. N.; Turner, J.J.
Am. Chem. Sod 975 97, 4791-4800.

(12) Morse, J. M.; Parker, G. H.; Burkey, T.Qrganometallics1989
8, 2471-2474. Brown, C. E.; Ishikawa, Y.; Hackett, P. A.; Rayner, D. M.
J. Am. Chem. S0d.99Q 112, 2530-2536.

(13) (a) Muetterties, E. LChem. Soc. Re 1982 11, 283-320. (b)
Brookhart, M.; Green, M. L. HJ. Organomet. Chen1983 250, 395~
408.
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end of the C-H bond is directed toward the metal with the Tp'Rh(L)(CHs)D (2-d;), Tp'Rh(L)(CD3)H (2-d3), and TpRh-
carbon end pointed away; this is considered an intermediate(L)(CD3)D (2-ds) can be prepared from combinations of Rp-
structure. Significant €H bond cleavage occurs in a triangular  (L)(CH3)Cl or THRh(L)(CD3)Cl and CpZrH; or CpZrD,. The
transition state structure in which the carbon end approachessynthetic work is followed by a discussion of initial results from
the metal center more closely. Theoretically, extendédkel) an investigation of the mechanism of methane reductive
perturbation theory, and density functional methods have elimination from2in benzene. The following observations point
established that am!-methane complex!(above) between  toward the intermediacy of ap?-methane complex and its
methane ands-ML 5, dg-ML 4, anddg-[CpM'L] metal fragments associatie replacemenby benzene: (1) Intramolecular hy-
was of optimal energy vsj-type structures I above)l® drogen exchange between the hydride and methyl ligands of
Recently, Song and Hall have produced second-order perturba-2-d, is observed by NMR spectroscopy. A preequilibrium step
tion theory calculations for the interaction of methane with the between2 and an intermediate prior to reductive elimination
fragment [CpRh(CO)] which predict that a stabjé-alkane of methane is indicated by the results of isotopic kinetic
intermediate with the alkane canted as Crabtree describes isexperiments. (2) The rate of reductive elimination is also shown
viable prior to a triangular transition state in which significant to be dependent on both the deuteration of the benzene solvent
C—H bond breaking occurd. Their calculated energy profile  and theconcentrationof benzene in an inert solvent. These
for a reaction of an alkane with a metal center is in agreement results strongly support the intermediacy of aftmethane
with the energetics determined by experiment for the oxidative complex prior to a rate determining step involving methane
addition of alkanes by [CpM(CO)] in the gas phase and [Cp*Rh- substitution by benzene.
(CO)] in liquified rare gase¥!® Also in line with the
experimental results is a computational study of the comparison Results and Discussion
of methane activation by fragments of the type [CpM(CO)] (M preparation of Tp'Rh(L)(CH 3)H (2). The efficient synthesis
= Co, Rh, Ir), which correlates the electronic structure of the of TyRh(L)(CH)H (2, L = CNneopentyl, Tp= 3,5-dimeth-
metal to the energies of methane binding as a methane compleXjrispyrazolylborate) proved not to be so straightforward.
and as a methyl hydride complé. Reaction of THRh(L)(CHs)Cl (1) with 1 equiv of LiAlH, in
Structural characterization of transition-metal alkane com- THF solution followed by evaporation of solvent and extraction
plexes remains an elusive yet realistic goal, especially since theseyjth hexanes and a small quantity of wet DMSO allows for the
species can apparently be stable in solutfoithe alkane jsolation of 2 in variable yields ranging from 30 to 90% as
reductive elimination studies which have provided indirect shown by!H NMR spectroscopy. The DMSO layer traps LiCl
evidence for an intermediate alkane CompleX are few in number and excess salts from the |_|AJI_|-hydro|yS|31 does not react
but have helped to establish alkane complexes as plausiblewith LiHBEts;, NaBH,, Me,SiCIH, ESiH, or (PhO)P(O)(H)
chemical entities. With the exception of [CnRh(Py(el)(CH3)]- in THF at ambient temperature. Low yields @fre observed
[BAr4],1" all of the complexes used in the studies referenced \when1 reacts with NaAlH(OCH,CH,OCH:), (Red-Al) or (-
contain electron-donating Cp or Cp* ligands. The electron- Bu);SnH in THF.

donating PMeligand is found in the complexes containing late  Quantitative yields of2 are reproducibly produced by the

transition metals. reaction ofl with Cp,ZrH; in benzene (eq 4). The reaction is
Currently no mechanistic studies of alkane reductive elimina-

tion from octahedral alkylhydrido rhodium complexes containing H H

the Tp ligand and ar-acid ligand have been reported. The é, |

analogy between the Tpigand and the Cp* ligand in their NN 1) Coa2iH /?\/

electronic and steric demands has often been assumed. Earlier Cﬂ ,\IIO é H z Cﬁj "I‘O

work in our lab has shown that reductive elimination of benzene \R ¢ 2) Flash W/ N

from TP Rh(L)(Ph)H?* in the presence of neopentylisocyanide |h~- ..... chromatography \th.,‘

is associative in isocyanide, and that the igand undergoes ~ MesCCHNC™ L "CHo MesCCHoNG' | "CHa 4

anz?® to 52 interconversion. This behavior is different from that 1 H 2 (4)

of the related complex Cp*Rh(PMg¢Ph)HZ2 which shows
concerted loss of benzene with no evidence for hapticity changes
in the Cp* ligand. Study of alkane reductive elimination from
alkyl hydride complexes of the type h(L)(alky)H is
therefore warranted as it may show marked differences in
mechanlsm compar.ed to that for the related F:p* complexes. through silica gel to give nearly Zr-free solutionsfA total

This paper describes an efficient preparation ofRFgL)- time of 20 min for reaction and workup allowed fe120%
(CHa)H (2) from the reaction of TIRh(L)(CH,)CI (1) with conversion of2 to TPRh(L)(GsHs)H (3) due to reductive
CpZrHz. The deuterium-labeled methyl hydride complexes gjimination. The zirconocene reagent is an attractive alternative

driven thermodynamically by the formation of strong—Z¢I
and Rh-H bonds and is complete within 10 min. The zir-
conocene products, @r(Cl)H and CpZrCl,, along with
unreacted CgZrH, are easily removed by flash chromatography

(14) By NMR: Geftakis, S.; Ball, EJ. Am. Chem. So2998 120, 9953 to boron and aluminum hydride alkali metal salts for the
9954. By TRIR: Sun, X.-Z.; Grills, D. C.; Nikiforov, S. M.; Poliakoff, M.; preparation of alkyl hydride complexes from alkyl halide
Ge(()1r5g)eéMb :’V-J- gmHCT_'e"&- 20&993 119 ,\7/|52’\1/|—75ﬁ5- S M complexes, as indicated by the synthesis2aind the other

raptree, K. H.; AHOI, £. V.; Lavin, M.; Morenouse, S. iorg. ' H
Chem 1685 24 1986-1992. 9 Tp'Rh(L) alkyl hydride complexe®® _
(16) (a) Saillard, J.; Hoffmann, R. Am. Chem. S0d.984 106, 2006~ Intramolecular Methyl/Hydride Exchange in Tp 'Rh(L)-

2026. (b) Ziegler, T.; Tschinke, V.; Fan, L.; Becke, A. D.Am. Chem. (CH3)D (2-d;) and Tp'Rh(L)(CD3)H (2-d3) in Benzene.The
So0c.1989 111, 9177-9185.

(17) Song, J.; Hall, M. BOrganometallics1993 12, 3118-3126. (21) Jones, W. D.; Hessell, E. T. Am. Chem. S0d.992 114, 6087
(18) Weiller, B. H.; Wasserman, E. P.; Bergman, R. G.; Moore, C. B.; 6095.

Pimentel, G. CJ. Am. Chem. Sod.989 111, 8288-8290. (22) Jones, W. D.; Feher, F. J. Am. Chem. Sod 984 106, 1650—
(19) Wasserman, E. P.; Morse, C. B.; Bergman, R.SGiencel992 1663.

255 315-318. (23) Jones, W. D.; Wick, D. D.; Northcutt, T. Brganometallicsl999

(20) Siegbahn, P. E. Ml. Am. Chem. S0d.996 118 1487-1496. 18, 495-505.
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Figure 3. A plot of the percent distribution of TRh(L)(CHs)(D) (M)
° 10 and TPRh(L)(CH.D)(H) (®) versus time for the approach to equilibrium
at 22°C. The solid line indicates a nonlinear least-squares fit to an
0 exponential decay to equilibrium.
Figure 2. Methyl ligand region ofH{2H} NMR spectra {6 1.2) at —14.813 decreases. As an internal check for scrambling, the
various times (min) f the rearrangement of Rp(L)(CHs)D (2-dy, ® integral values for the hydride and the methylresonances
to TPRh(L)(CH;D)(H) (2-d;', #) in CsDs at 22°C. were compared to that for the singlert-butyl resonance ai
. _ o 0.654 representing all methyl hydride complexes. Withtére
isotopically labeled derivatives TRh(L)(CHs)D and TpRh- butyl resonance calibrated as 9 protons, the hydride and methyl

(L)(CD3)H were prepared by reaction of the corresponding d, resonances together integrated on average to 1.03(4) protons
chloro complexes with GZrH, or CpZrD,. Benzene and  for all spectra recorded. These data are consistent with a
benzeneds solutions of each compound~0.03 M) were  scrambling process which distributes a single hydrogen over
prepared and periodically monitored at ambient temperature two sites to give THRh(L)(CDs)H and its isotopomer. Eventu-
using *H{?H} NMR and 2H{'H} NMR spectroscopies t0  ally, CDsH is lost, appearing as a septeta0.106 as3-ds is
determine the progress of reactions 5 and 6. formed.

Hydrogen exchange i@-d; is clearly shown in a series of The isotopic scrambling oP-d; was also monitored by
'H{?H} NMR spectra ovea 5 hperiod (Figure 2). Atinitial  2H{!H} NMR spectroscopy. A broad singlet &tl.176, repre-
time 2-d; is not present but is quantitatively produced after 10 senting the methyti; and the methyt; ligands, decreases as a

min as shown by the appearance of a double® at.236 broad singlet at —14.717, representing the deuteride ligand
corresponding to the rhodium-bound methyl group 2ed,. of TP'Rh(L)(CD;H)D, increases. Deuterium scrambling is com-
Deuterium exchange to give the isotopomer RIgL)(CH.D)H petitive with reductive elimination, and GB appears as a doub-

(2-dy'), is demonstrated by the growth of a doubletat.225 let atd 0.090 in &H NMR spectrum and a septuplet&0.106
(the chemical shift changes due to an intrinsic isotopic shift) at in theH NMR spectrum. This observation is consistent with a
the expense of the doublet at1.236, and the growth of a  single methane product, CHPand corroborates the earlier
hydride resonance & —14.818. No intrinsic isotopic shiftis  claim that the scrambling mechanism is intramolecular in nature.
observed for the Tmand neopentylisocyanide resonance®-df Determination of Keq and keps for the Approach to

vs 2. The?H{*H} NMR spectrum o2-d; in CeHs initially shows Equilibrium for the Exchange Reactions of TpRh(L)(CH3)D

a broad singlet ab —14.699 corresponding to the deuteride and Tp'Rh(L)(CD3)H. For the equilibria indicated in egs 5 and
ligand. At later time €1 h) the deuteride resonance is almost 6, the ratio of the NMR integrals (corrected for number of
absent and the resonance for the rhodium-bound melhyl

ligand of TBRh(L)(CH,D)H is observed ab 1.194. Concurrent K;=6.3

with this exchange process, yet at a slower rate, is the reductive TPRN(L)(CHE)D ————= Tp'RN(L)(CH,D)H
elimination of methane and the formation of the more stable 2-d, 2-dy’ ©®)
complex TPRh(L)(CsX5s)(X) (X = H or D). At this temperature Ky=1.8

in benzene, the half-life for methane loss*i5 h. The'H NMR Tp'Rh(L)(CD3)H =———= Tp'Rh(L)(CD,H)D
spectra show the growth of a 1:1:1 tripletca0.143 which is 2-d, 2-d;’ 6)

consistent with three protons coupled to one deuterium igBCH

(free CH, in CgDg appears as a singlet at0.148). It was not hydrogens) of the product isotopomer to that of the starting

possible to observe the expected 1:2:2:1 quartet fogOCid isotopomer gives the value of the equilibrium constadt ¢r

the 2H NMR spectrum due to a poor signal-to-noise ratio; a Kjy) for each exchange process. An approach to equilibrium for

broad singlet ad 0.114 is observed. The observation of ££H 2-d; and its isotopome?-d;' is shown in Figure 3. Statistically,

as the only methane product from reductive elimination indicates K; should have a value of 3, since there are 3 methyl hydrogens

that the exchange process is intramolecular. exchanging with a single hydride ligand. Assuming that bond
The isotopic scrambling d?-d; was similarly monitored by stretching modes are dominant in determining isotope effects,

IH{?H} NMR spectroscopy in §De. The initial spectrum the heavier deuterium atom should favor formation of the

acquired indicated that partial scrambling had already occurred,stronger bond with carbon in TRh(L)(CH,D)H over that

as it was not possible to obser@als, exclusively. The resonance  with rhodium in2-d; andK; should be expected to be greater

for the methyid, ligand of the isotopomer, TRh(L)(CD,H)D than 3.

(2-d3'), appears as a doublet@i.199. Over time this resonance The observed equilibrium constagi for hydrogen exchange

increases slightly while the hydride resonance2eds; at o in 2-d; at 22°C is ~5 as seen in the last data point in Figure
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Figure 4. A plot of the percent distribution of TRh(L)(CDs)(H) (m)

and TpRh(L)(CD,H)(D) (®) versus time for the approach to equilibrium

at 22°C. The solid line indicates a nonlinear least-squares fit to an
exponential decay to equilibrium.
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3. The error is large~{=+1) and is due to incomplete resolution
of the doublets corresponding #ad; and2-d;’ in the IH{?H}
NMR spectra. Despite this, the value of the equilibrium constant
is significantly different from 3 and is indicative of a shift toward
greater product formation, consistent with an isotope effect
favoring deuterium on carbon.

An approximate value fak, at 22°C for hydrogen exchange
in TP'Rh(L)(CD3)H, 2-ds, was determined in a manner similar
to that for2-d;. Figure 4 shows the approach toward equilibrium
for 2-dz and TPRh(L)(CD,H)D (2-d3"). A value of~1.5 forK;
indicates that the equilibrium is now shifted to the left (compared
to the statistical value of 3) favoringds in which deuterium
favors bonding with carbon rather than with rhodium2ials’

(eq 6). This value oK, may be a minimum value since the
loss of 2-d; and 2-d3' via reductive elimination made further
measurements impossible.

Based on the kinetic plots shown in Figures 3 and 4, an
approximate value for the observed rate constéhi)(for
scrambling (which includes a statistical factor and an isotope
effect) and forK; and K, in each exchange reaction were

determined by fitting the data to an exponential approach to an

equilibrium value. For the equilibration &d; and 2-d;’, K
was 6.3(8) andc,;was 1.8(1)x 1074 s™L For the equilibra-
tion of 2-d; and2-d3', K, was 1.8(6) and the value &f, was
1.5(6) x 107% s71 (95% confidence limits).

Isotope Effects for Formation of a Methane Complex from
Tp'Rh(L)(CH 3)H-d,. The observation of intramolecular hy-
drogen exchange ig-d; and 2-d; and the ability to measure
the rates of scrambling allow for further discussion of the
mechanism of this process. Similar observations for other alkyl
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systems an inversekinetic isotope effect was observed for
reductive elimination of alkanekl,/k3, < 1).° A fast pre-
equilibrium step involving formation of an alkamecomplex,
prior to rate determining loss of alkane, allows for hydrogen
scrambling (Scheme 1). In this section the kinetic analysis of
the results from the isotopic exchange experiments &ith
and2-d; will be presented. This analysis allows for estimation
of the kinetic isotope effects dij andk; (Scheme 1) based on
the values oKeqandkopsobtained from the isotope scrambling
experiments.

First, consider the kinetic expressions for the exchange
reactions involving2-d; and 2-d; and their corresponding
methaneo-complexes (eqs 7 and 8). Only ong-alkane

D D H H
K 3k
[Rh]< —~  [RhJM%-CHsD) —— M
CHs k,D ka CH.D
2d 2-d,'
1 W )
H H 3k D
-~ ki 2 ! <
[Rh] —=  [Rh](n?-CDgH) ——= M|
\CD3 <—er 3 ka AN

o-complex is indicated as it is assumed that exchange between
n?-methane isomers is rapid, and therefore kinetically not
important. In these reactionkﬁf (X = H or D) is the forward
rate constant which contains an isotope effect for breaking a
Rh—X bond and making a €X bond,k:< (X =H or D) is the
reverse rate constant which contains an isotope effect for
breaking a C-X bond and making a Rh-X bond, akdandk,
would be the forward and reverse rate constants free of isotope
effects (i.e., X=H, k = ki', k. = k). A statistical factor of 3
is added to account for the 3-fold degeneracy of the formation
of 2-d,’ and2-d3' from their respective;>-methane complexes.
Furthermore, we can define the variablgsand Z, as the
isotope effect factors for breaking a RK bond and making a
C—X bond andvice versa respectively, i.ek’ = Z; k' andkP
=27 ka (to a first approximation, secondary isotope effects are
considered to be negligible). Expressions for the equilibrium
constantsK; and K, can be determined by the ratio of the
appropriate rate constants to yield a ratio betw&eand Z;
(egs 9 and 10). These equations provide onlyrtte of the

g o KOS kMR 32
1= 2-d1 - kak,D - ka/ka - Zr

P TSI A
PT2d T g Pk T KTk 2,

isotope effect factors not the individual factors themsel¥gs;
andK; are simply the inverse of each other related by a statistical
factor (i.e., KiK, = 9).7¢ Consequently, the two exchange
experiments do not provide independent information necessary
for determiningk; or k; explicitly. There are four unknowns (

K, K, kP, andk®), and four observableg},, K2, K1, andKy),

but sinceK; andK; are not independent an exact solution cannot
be obtained. However, by settikg equal to 6.3 and, equal

to 1.8, the ratio ofZ; andZ, can be determined which allows

hydride systems have led to mechanistic proposals which for the assessment of the consistency of this analysis and of

invoked the intermediacy of an alkawecomplex’ For these

the two experiments. The values BfZ; obtained are 2.1 and
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Figure 5. Possible combinations of isotopic factdsandZ for the
reactions shown in eqs 6 and 7.
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Figure 6. Combined plots of the Ii2¢d,) versus time for the reductive
elimination of methane frora-dy in CsD¢ (a), 2-dg in CgHs (@ ), and
2-d4 in C¢Ds (@) at 36°C.

1.7 based on egs 9 and 10, respectively, showing reasonable

consistency considering the approximations made.

Typical values for isotope effects on alkyl hydride reductive
elimination (ando-complex dissociation) are inverse Zi~
0.5-0.8), whereas values for alkane-¢complex formation and)
oxidative addition are small but normal ZL/= 1.1—1.4) 7 This
range of values is consistent with thBéz, ratio of ~1.9 observed
in the present system, as shown in Figure 5.

Hydrogen exchange i&-d; and2-d; indicates that the forward
rates k) limit the observed rate of scrambling,{. sincek’
is much less tharki< (the y2-methane complexes are not

directly observed). Since the reaction in eq 7 for the scrambling

of 2-d; proceeds to near completion83% 2-d;"), the assump-
tion thatk’,is only slightly larger thark® can be made. Given

Table 1. Summary of Kinetic Data for Reductive Elimination of
Methane from TEIRh(CNCHCMes)(CX3)(X) (X = H or D) in GHe
and GDg at 36 °C

run compd solvent Kobs S712

1 2-do CeHs 1.65(1)x 10
2 2—d0 CeHe 161(2)X 10_4
3 2-do CoDs 1.50(2)x 1074
4 2-d(] CeDe 153(3)X 104
5 2ds CoDs 2.42(5)x 107
6 2-d, CeDs 2.56(12)x 1074

aErrors are 95% confidence limits.

methaned, from TPRh(L)(CDs)D, 2-ds, in CsDg at 36°C show
good linearity over 3-4 half-lives, which is consistent with the

this assumption, eq 7 may be reduced to eq 11 which describesie of reductive elimination being first order in metal complex
the experimentally observed rate of scrambling, and a simple (gigyre 6). The rate constants for each solvent are shown for

expression fok; can be derived (eq 12¥.With K; = 6.3 and

X ki Y

M

3 ke

X,Y=H,DorD,H

K
k, K—H'ko,“ (12)
kops = 1.8 x1074 5%, kP ~ ke = 1.55 x 1074 s7%. For the
scrambling of2-ds, since the reaction in eq 8 goes to slightly
greater than 50% completion~60% 2-d3'), ka is slightly
greater thark®,. /2. Equations 11 and 12 can also be used to
estimatekf’. WhenK, = 1.8 andk’, ;= 1.5 x 1074s7%, kH ~
ki = 0.96 x 10~*s™1. The kinetic isotope effect for the formation
of a methane complex;'/kP (1/Z;) in eqs 7 and 8, is 0.62,
inverse as expected. SinggZ, is approximately 2, the kinetic
isotope effect for the reverse reactiokf/k> (1/Z,), is 1.2,
normal as expected. A similar analysis to determihandk?,

runs -6 in Table 1. Comparing the rates of runs 3 and 4 with
those of runs 5 and 6, an isotope effectkafkp = 0.62(4) is
observed upon full deuteration of both methyl and hydride
ligands. Curiously, however, the rate of reductive elimination
of methane fronR-dy in CgHg is slightly faster than that from
2-dy in CgDe, With Kegng/kegps = 1.08(6) (95% confidence limits).
While this value is nearly unity given the magnitude of the error,
the kinetic plots clearly and reproducibly show a difference in
rates depending upon the deuteration of the (®oit This
observation suggests an intriguing possibility that benzene is a
necessary component of the transition state prior to reductive
elimination of methane and formation of the phenyl hydride
complex. The origin of the effect could be due to differences
in the binding abilities of the benzene isotopomers or even in
the activation of a phenyl €H(D) bond prior to the rate
determining loss of methane.

Flood and co-workers have observed a primary isoptope effect
for the thermal activation of benzene vs benzdgby (PMey)s-
OsH(neopentyl)Kq/kp = 2.20(7))?® For the reaction of benzene

separately, cannot be done because the methane complex is nfS Penzenels with (PMe;)4«0OsH(CH) the isotope effect is much
observed and therefore these rates are immeasurable under th@maller ki/ko = 1.10(5)). Additional isotopic labeling experi-

reaction conditiong®
Kinetics of Reductive Elimination of Methane from 2-d,
in CgHe, CeDs, and Mixtures of C¢Dg and CgFg. Complex2,

ments have led to the conclusion that after rate-limiting loss of
phosphine, benzene oxidatively adds to an unsaturated Os(Il)
center to yield an Os(lV) intermediate containing botfHg

upon standing in benzene solution, loses methane and forms®nd neopentane.

Tp'Rh(L)(Ph)H,3. Logarithmic plots for the reductive elimina-
tion of methane fron2 in C¢Hg and GDs, respectively, and of

(24) Equation 12 is derived from the following equationighs = ki +
k- andK = ki/k;.

(25) Assuming that the amount of methane complex is less thark2%,
> 50ks.

The possibility of a solvent isotope effect prompted a study
of the rate of reductive elimination as a function of benzene
concentration. The use ofgks as an inert solvent allows for
the preparation of solutions of varying benzene concentration.
The fragment TRh(L) undergoes no observable reaction with
CeFs. At very low concentrations of {Dg (<5%) there appear
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Figure 7. Plot of the In(R-do)/[2-do]o) versus time for the reductive
elimination of methane fron2-dy in mixtures of GDe and GFs at 14000 1
36 °C.
L . R —~ 12000 }+
Table 2. Summary of Kinetic Data for Reductive Elimination of 3
Methane from TIRh(CNCHCMe;)(CHz)H (2-do) in Mixtures of @2
CeDs and GFs at 36 'C s 10000 1
run no. % GDs, VIV [CeDg], M Kops S22 ,é_o 8000 4
1 100 11.29 1.50(4x 104
2 75 8.47 1.34(4x 104 6000 1
3 50 5.64 1.04(3x10*
4 25 2.82 0.66(2x 104 . ‘ .
5 0.5 0.06 NA 4000 - ' ,
0 0.1 0.2 0.3 0.4

aErrors are 95% confidence limits.

1U[CeD] (1/M)

to be side reactions other than the reductive elimination of Figure 8. (&) Plot ofkeps vs [CéDe] for the reductive elimination of
methane and addition of benzene which diminished the quality Methane from2-do in mixtures of GDs and GFs at 36°C. (b) Double

of the kinetic measurements. The kinetic plots for reductive
elimination of methane frorg-dy in varying concentrations of
CsDg in CgFg are shown in Figure 7. Table 2 lists the
concentrations of §Dg along with the corresponding observed
first order rate constants. The observed rates clearly vary as a
function of benzene concentration, and a plot of thegevs
[CsDg] data (Figure 8a) does not show the definitive linear
behavior expected for a bimolecular reaction under pseudo-first-
order conditions. The curvature of the plot ssggestie of
saturation kinetics.

A mechanism that is consistent with both the observed inverse
kinetic isotope effect on the rate of methane reductive elimina-
tion and the benzene saturation behavior is depicted in Scheme
2. A preequilibrium betweeB-dy, and an intermediate, methane
o-complexA, occurs prior to the rate-limiting step with benzene.
To accommodate an associative pathway, and sirdgeRdn(I)
species is involved, the intermediate is postulated to contain an
n?-Tp' ligand. Displacement of coordinated methane by benzene
leads to any?-benzene complexB, and subsequent activation
of a phenyl C-D bond to give3-ds. Note that earlier studies of
the phenyl hydride3 provided strong evidence for the inter-
mediacy of thep?>-benzene compleB in the thermal loss of
benzene fron8.21 The kinetic expressions for the mechanism
depicted in Scheme 2 are given by eqs-13.

kk, [2][CsDs]

rate = k,[ Al[C,D,] = k(2] (13)

reciprocal plot of Mops VS 1/[CGD].

Scheme 2

\ ko[CeDel

BH” :Rh—CNF(
SN—N
O

2 |
o) e
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\\ CHs
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As eq 15 shows, a linear correlation betweekysl/and

k_, +k,[C,D,]
— klkZ[CﬁDé]

Tk +ky[CyD, ]

1 k.,

I = S,

kl klkZ[CGDG]

(14)

B (15)
kab.r

1/[CgDg] is expected. Indeed the double reciprocal plot dfgk/
vs 1/[GDg] is linear (Figure 8b). The forward rate constak (
obtained from the intercept of the plot in Figure 8b is 2.7%4)
104 s™L This valuecompares reasonablyith the calculated
value obtained from the H/D scrambling experiments ughug
and 2-d; (K' ~ 1 x 1074 s'1) given that the temperatures
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differed by 14°C .27 The value oko/k_; obtained from the slope
is 0.12(3) M which indicates that with a benzene concentration
of 1 M the reverse rate constant for the preequilibrium step is

approximately 8 times as fast as the rate for the associative
displacement of methane by benzene. The associative step only

begins to dominate when the concentration of benzene is
approximately 8 M. The similarity in thk; values for methane
complex formation from2 obtained in these two distinct
experiments argues against the variation in rates in Figure 7
being attributed to some sort of general "solvent effect” due to
the variation in solvent composition. The observed small solvent
isotope effect in @Hg vs GsDg is also consistent with there being
an associative reaction even in pure benzene.

Attempts to use trapping ligands other than benzene to
displace the coordinatestmethane adduct failed. Reaction of
2-do with PMe; (0.006-0.29 M) at 22°C occurs more slowly
than reaction with benzene. Reaction with isocyanide leads to
multiple substitution and formation of ag-trispyrazolylborate
product, making it difficult to ascertain which step was rate
limiting in the kinetics.

Examination of the literature shows at least one example of
a coordinatively induced reductive elimination. Coordination
of a neutral 2 electron donor ligand prior to reductive elimination
of methane in CgZrH(CHz) has been reported.In contrast,
for a number of square-planar or octahedral complexes of 2nd
and 3rd row late transition metals dissociation of a ligand prior
to reductive elimination is knowff On the other hand,
concerted reductive elimination of alkanes from complexes of
the type Pt(PB2(H)(R) is known to occur independent of added
phosphine®® This is also true of complexes of the type Cp*Ir-
(PMes)(alkyl)H and Cp*Rh(PMg)(aryl)H.2231 A small primary
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during the rate-limiting step (Scheme 3), a sequence similar to
that proposed for the replacement of methane by benzehe in
Saturation kinetics and a linear double-reciprocal plot &§pl/

vs 1/[CNR] were also seen in this reaction, just as in the present
case.

An interesting comparison can be made between the mech-
anism proposed in the present system and that proposed for the
Tp'Rh(CO) system in a recent paper by Harris and Bergman.
Using ultrafast IR transient absorption, two intermediates with
distinct lifetimes of 200 ps and 230 ns were observed. The first
intermediate was assigned as t#eC,H-cyclohexane complex
with an#3-Tp' ligand which then rapidly dechelates a pyrazole
group to form they2-Tp' o-alkane complex. This species then
more slowly undergoes oxidative addition to the-i& bond
and the dangling pyrazole ring snaps shut to give the

solvent isotope effect has been observed for the reaction of theo¢tahedral THRh(CO)(cyclohexy)H product This lattero-com-

fragment [Cp*Rh(PMg] with benzene Ku/kp = 1.05), which
has been associated with the formation of mhbenzene
complex?? Consequently, the magnitude of the isotope effect

plex is analogous to compleX, with the oxidative addition
product being comparable & The present work approaches
this same reaction coordinate from the opposite direction, and

observed in the present system is consistent with a mechanisnProvides support for the formulation of thealkane complex

involving the associative substitution of gA-benzene ligand
for an n?-methane ligand (Scheme 2). Should the K bond

of benzene have been cleaved prior to the rate determining step,

a larger kinetic isotope effedk{/kp ~ 1.4—2) would have been
anticipatec??26:32An interesting comparison can be made with
the mechanism of benzene reductive elimination fromRhp
(L)(Ph)H, which isassociatie in neopentylisocyanic@é An 72
benzene complex was found to be an intermediate prior to or

(26) Desrosiers, P. J.; Shinomoto, R. S.; Flood, TJ.GAm. Chem. Soc.
1986 108 7964-7970.

(27) The rate of H/D scrambling i@-d; is already rapid at 22C, and
could not be mearsured at the higher temperature used ingdbg@GFs
experiments (36C).

(28) (a) Gell, K. I.; Schwartz, J. J. Am. Chem. S04978 100, 3246-
3248. (b) Gell, K. I.; Schwartz, J. J. Am. Chem. S0d.981, 103 2687~
2695. (c) Abis, L.; Sen, A.; Halpern, J. Am. Chem. Sod978 100, 2915~
2916.

(29) For Pt(PE)(CH,CMe3),: (a) Foley, P.; DiCosimo, R.; Whitesides,
G. M. J. Am. Chem. S0498Q 102, 6713-6725. Forcis-Rh(H)(CHCHO)-
(PMe3)sCl: (b) Milstein, D.J. Am. Chem. Sod982 104, 5227-5228.
For Ir(H)(Cl)(o-carboranyl)(CO)(PPRj),: (c) Basato, M.; Morandini, F.;
Longato, B.; Bresadola, $norg. Chem.1984 23, 649-653. For Ir(H)[s-
CHCH,C(0O)OC(0)]-carboranyl)(CO)(PhCN)(PRh (d) Basato, M;
Longato, B.; Morandini, F.; Bresadola, Biorg. Chem.1984 23, 3972
3976. For Os(PMga(H)(CH,CMes): (e) Reference 26. (f) Shinomoto, R.
S.; Desrosiers, P. J.; Harper, T. G. P.; Flood, TIGA\m. Chem. S0d99Q
112 704-713.

(30) (a) Michelin, R. A.; Faglia, S.; Uguaglidthorg. Chem.1983 22,
1831-1834. (b) Hackett, M.; Ibers, J. A.; Whitesides, G. MAm. Chem.
Soc.1988 110, 1436-1448.

(31) Jones, W. D.; Feher, F. J. Am. Chem. Sod 982 104, 4240~
4242,

(32) Jones, W. D.; Feher, F. J. Am. Chem. Sod.986 108 4814-
4819.

as containing am?-Tp' ligand.

Conclusions

Isotopically labeled methyl hydride complexes of the type
TPRh(L)X)CY3) (X =Y =H,2;X=D,Y =H, 2-d;; X =
H,Y =D, 2-d;; X =Y = D, 2-ds) have been prepared in high
yield by the reaction ofl or 1-d3 with CpZrH, or CpZrDs.
Hydrogen exchange between the hydride and methyl ligands
of 2-d; and 2-d; has been observed and is competitive with
reductive elimination of methane. Reductive elimination of
methane from2-d; produces only CkD and from2-d; only
CDsH, as shown byH NMR and?H NMR spectroscopy. These
results support the intramolecular nature of the hydrogen
exchange process. An inverse kinetic isotope effect Witkp
= 0.62(4) is observed for reductive eliminationdrdy vs 2-ds.
These results strongly implicate the intermediacy of a methane
complex prior to reductive elimination of methane. Furthermore,
the rate of reductive elimination has been shown to be dependent
upon the concentration of benzene.

Experimental Section

General. All reactions, recrystallizations, chromatography, and
routine manipulations, unless otherwise noted, were carried out at
ambient temperature under a nitrogen atmosphere, either on a high
vacuum line using modified Schlenk techniques or in a Vacuum
Atmospheres Corporation Dri-lab. BenzengPg; and THF solvents

(33) Bromberg, S. E.; Yang, H.; Asplund, M. C.; Lian, T.; McNamara,
B. K.; Kotz, K. T.; Yeston, J. S.; Wilkens, M.; Frei, H.; Bergman, R. G;
Harris, C. B.Sciencel997, 278 260-263.
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were distilled under nitrogen or vacuum from dark purple solutions of
sodium benzophenone ketyl. All kinetic plots and data fitting were done
using Microsoft Excel and the Solver Add-in. Errors are quoted at 95%
confidence limits for the appropriate number of degrees of freedom.
All kinetic experiments were monitored through a minimum of 3 half-
lives. All *H (400 MHz) ancPH (61 MHz) spectra were recorded on a
Bruker AMX-400 spectrometer. Unless otherwise noted, chemical shifts
for 'H NMR are reported in ppmo| relative to tetramethylsilane and
referenced to the chemical shifts of residual solvent resonangBs, (C
0 7.15; THRds, 6 1.73, 3.58). Chemical shifts foitH NMR were
measured in ppm relative to the deuterated solvent resonane®gf C
0 7.15. All temperatures for kinetic experiments were calibrated relative
to the chemical shift differences in the NMR spectra of neat ethylene
glycol. Accurate temperature contrat(.1 °C) was maintained using
a Bruker BVT-3000 VT control unit. The LiAlldand LiAID,4 solutions
were prepared by stirring the solid reagent in THF overnight and
filtering through a glass frit funnel. These solutions were titrated just
before use using a published iodimetric techni¢fusnhydrous DMSO
was purchased from Aldrich Chemical Co. Wet@) DMSO was made
by the preparation of a 1:1000 v/v solution of® and anhydrous
DMSO, respectively. Wet (lD) DMSO was prepared as follows: in
succession, DMSO was stirred oveA Linde molecular sieves for 24
h, passed through a column of molecular sieves, stirred ovep @aH
24 h, distilled under vacuum, and wet with® (5:1000 v/v, RO:
DMSO). Silica gel (46-140 mesh) was purchased from the Aldrich
Chemical Co., dried under vacuum for 24 h at 2@) and stored in
the dri-lab. Silica gel microcolumns were constructed from cotton
plugged Pasteur pipets and a benzene slurry of silica gel. Hexafluo-
robenzene (6Fs) was purchased from the Aldrich Chemical Co, dried
over 4 A Linde molecular sieves for 24 h, degassed using 3 freeze
pump-thaw cycles, and stored in the dri-lab. The zirconium reagents
CpZrH; and CpZrD, were prepared according to literature meth#ds.
Lithium triethylborohydride was purchased from the Aldrich Chemical
Co. Resealable NMR tubes with Teflon valves were purchased from
the Brunfeldt Co. Complexes TRh(CNCHCMes)(CH3)CI and
Tp'Rh(CNCHCMe;)(CDs)Cl were synthesized according to literature
procedures®

Preparation of Tp'Rh(L)(CH3)H (2). Method 1. To a stirred
solution of 25 mg (0.046 mmol) of in 25 mL of THF was added
0.46 mL (0.046 mmol) of a 0.1 M THF solution of LiAUHThe reaction
mixture was stirred for 1 h. Removal of the THF under vacuum yielded
a bright yellow solid. The solid was suspended in 30 mL of hexanes,
~1 mL of wet DMSO (HO for hydrides, RO for deuterides) was
added, and the resulting mixture was stirred for 1 h. Upon standing,
the emulsion separated giving a milky hexanes layer and a brown/
black DMSO layer. The layers remained undisturbed for 25 min before
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mixture was stirred for a maximum of 10 min. Removal of all zirconium
products was accomplished by flash chromatography through a silica
gel microcolumn with GHg as the eluent. The yield & as shown by
IH NMR spectroscopy was 80%. The phelyl hydride complex
Tp'Rh(L)(Ph)H constituted the remaining 20%. In the solid state
a white amorphous powder.

Intramolecular Exchange of Hydrogen between the Methyl and
Hydride Ligands of Tp'Rh(L)(CH 3)D (2-d;) and Tp'Rh(L)(CD3)H
(2-ds) in Benzene. Determination ofK; and K. The complexe®-d;
and 2-d; for the exchange reactions were prepared using Method 2,
with the flash chromatography step excluded to allow immediate
monitoring by NMR spectroscopy. The chemical shifts for the
resonances of the neopentylisocyanide andijands of2-d; and2-ds
are the same as thosedfFor2-d;: *H{?H} NMR (C¢Dg) 6 1.236 (d,
J = 2 Hz, RhCH); 2H{*H} NMR (CsHs) 6 —14.699 (bs, RhD). For
2-d3: H{2H} NMR (CsD¢) 6 —14.813 (d,Jrn = 24 Hz, RhH);?H
NMR (CgHg) 0 1.176 (bs, RhCE). The approach to equilibrium at 22
°C of deuterium scrambling i@-d; was monitored byH{?H} NMR
spectroscopy (§Ds) at regular time intervals. The methyl ligand
resonance of the isotopomer Ri(L)(CH.D)H (2-d;') appears as a
doublet atdé 1.225 0 = 2 Hz). The integrals of the methyl ligand
resonance o2-d; and2-d;" were corrected for the number of protons
present in each ligand. Similarly, the synthesis and approach to
equilibrium at 22°C of deuterium scrambling i2-d; was monitored
by *H{?H} NMR (C¢Ds) at regular time intervals. The methyl ligand
resonance of TRh(L)(CD,H)D (2-d3") appears as a doublet@tl..199
(J = 2 Hz). This resonance and the resonance of the hydride ligand of
2-d; were integrated. The corrected integrated areas were used for
calculation of the approach to equilibrium as shown in the Supporting
Information.

Kinetics of Reductive Elimination of CH4 from 2 in Neat CgHe.
Forruns 1 and 2 in Table 1 10 mg (0.018 mmol)lafas weighed out
in a vial and dissolved in a minimum volume (0.3 mL) oftG. The
solution was transferred to a resealable 5 mm NMR tube and placed
under vacuum to remove solvent. An excess (5 mg, 0.044 equiv) of
CpZrH; was added to the NMR tube, followed by 0.6 mL ofHG,
and 0.5uL of SiMe, for use as an internal standard. The tube was
sealed and vigorously agitated to dissolve the reactants. The sample
was immediately placed in a pre-shimmed pre-warmed NMR probe.
The solvent resonance was suppressed using the UXNMR solvent peak
suppression program zgh2pr. The formatior2efas complete within
10 min as shown byH NMR spectroscopy. Chemical shifts were
calibrated by setting the chemical shift of the Silesonance to zero.
For kinetic analysis the singlet resonances @315 and 2.354 were
integrated periodically. These correspond to & Megthyl resonance
for 2 and the phenytl, hydride complex, respectively. At regular time

the hexanes layer was transferred by cannula to a new flask. Two moreintervals the percentage @fwas calculated by dividing the integral
extractions were done each with 10 mL of hexanes. Hexanes werevalue for2 by the sum of the integral values f@rand the phenytl,

removed under vacuum to yield a white solid. Benzene was vacuum
transferred into the flask and the solid dissolved rapidly to give a pale
brown solution. The solution was transferred to a resealable NMR tube
using a pipet. The yield ¢ as shown byH NMR spectroscopy ranges

from 30% to 70%, but a yield as high as 90% has been obtained by
allowing the hexanes/DMSO layers to remain undisturbed for at least

hydride complex3, and this value was used for the determination of
the rate of reaction as shown in the Supporting Information.
Kinetics of Reductive Elimination: CH,4 from 2 and CD, from
2-ds in Neat CgDg. The procedure for runs 3 and 4 was identical to
that for runs 1 and 2 above except thaDgwas used as the solvent.
Additionally, no solvent suppression was required during'th&lMR

2 h under nitrogen. The remaining percentage corresponds to two acquisitions. The procedure for runs 5 and 6 was the same as that for

additional products (vide infra), neither of which have been fully
characterized (see Supporting Information). EofH NMR (CgD¢) 6
—14.846 (dJrnn = 24 Hz, 1 H, RhH), 0.669 (s, 9 H, C(G}), 1.221
(d, 3 = 2 Hz, 3 H, RhCH), 2.204 (s, 3 H, pzCh), 2.240 (s, 3 H,
pzCHs), 2.308 (s, 3 H, pzCh, 2.393 (s, 3 H, pzCk), 2.526 (s, 3 H,
pzCH;), 2.530 (s, 3 H, pzCh), 2.637 (AB,, 2 H, NCH,), 5.609 (s, 1
H, pzH), 5.678 (s, 1 H, pzH) 5.790 (s, 1 H, pzH). The previously
reported™ chemical shift of the neopentylisocyanide methylene protons
(6 2.745) was incorrect. The correct chemical shift of these protons is
0 2.637.

Method 2. To a stirred solution of 10 mg (0.018 mmol) bfin 5
mL of CeHe was added 4 mg (0.018 mmol) of &4vH,. The reaction

(34) Harris, D.Quantitatve Chemical Analysj2nd ed.; W. H. Free-
man: New York, 1987; pp 403406.

(35) Waliles, P. C.; Weigold, Hnorg. Synth.199Q 28, 257—260.

(36) Wick. D. D.; Jones, W. Dinorg. Chem.1997, 36, 2723-2729.

runs 3 and 4 except thatd; and CpZrD, were used and acquisitions
were recorded every 7 min. All runs were made in succession to
minimize instrumental variations.

Kinetics of Reductive Elimination of CH, from 2 in Mixtures of
CsDs and CgFs. Sample preparation was similar to that described for
runs 3 and 4 in Table 1, except that 0.6 mL of gDglCsF¢ mixture
was used as the solvent according to the percentages listed in Table 2.
Given the change in chemical shifts due to the change in solvent, the
resonances at 2.395 and 1.961 were integrated ®and the phenyl
ds deuteride comple8-ds, respectively, in run 2. In run 3 these were
ato 2.167 and 1.879. In run 4 two resonances®) &.152 and 2.145
were integrated and averaged ®and the resonance at1.840 was
integrated for3-de.

Reactions with other traps were examined. Reactio2-df with
PMe; in the concentration range 0.066.30 M occurred at a rate
approximately half that for reaction with ¢86.'™ Reaction with
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neopentylisocyanide led to the formation gfTp')Rh(CNneopenty}) Supporting Information Available: Descriptions of the
as well as other unidentified products, and was unsuitable for kinetic kinetic treatments described in the text (PDF). This material is
study. available free of charge via the Internet at http://pubs.acs.org.
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