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Abstract: In agreement with the experimental results of Halpern on {BPH{CHs;)H, B3LYP and CCSD(T)
calculations on the model species @Pt(CHz)H (1) find that reductive elimination of methane from this
four-coordinate, Pt(Il) complex proceeds without priorsffiland loss. The free energy of activation calculated

for reductive elimination of methane frothis in good agreement with the value measured for ¢RPh
(CHa)H. In contrast to the case fdy we were unable to find a genuine pathway for direct reductive elimination
of methane, without concomitant ligand loss, from gpEI,Pt(CHs)H (13). This computational finding is in
accord with the observation that reductive eliminations from six-coordinate, Pt(IV) complexes almost invariably
take place via a pathway involving loss of a ligand, prior to the reductive elimination stegigaHd loss is

found to lower the barrier to reductive elimination by slightly more in the Pt(IV) complexes than in the Pt(ll)
complexes. However, our calculations indicate that the difference between the preferred pathways for reductive
elimination from1 and13 can be primarily attributed to a reduction in the enthalpic cost of Rjand loss

from the six-coordinate, Pt(IV) complex), compared to the four-coordinate, Pt(ll) complé. (

Reductive elimination is often the product-forming step in

homogeneous, metal-mediated, organic transformatidissa

fundamental organometallic reaction of considerable importance,

larger fraction of the reactions that have been studied proceed
via initial ligand dissociation and formation of a five-coordinate

(6) (a) Saillard, J.-Y.; Hoffmann, R.. Am. Chem. S0d984 106, 2006.

reductive elimination has been the subject of a great deal of (b) Low, J. J.; Goddard, W. A., IIJ. Am. Chem. Sod.984 106, 8321. (c)

research. Numerous theoretic&land experimenta?” inves-
tigations of this reaction have been reported.
In studies of G-C and C-H reductive eliminations, key

Eisenstein, O.; Jean, ¥. Am. Chem. S0d985 107, 1177. (d) RabaeH.;
Saillard, J.-Y.; Hoffmann, RJ. Am. Chem. Sod986 108 4327. (e) Low,
J. J.; Goddard, W. A., lliIOrganometallics1986 5, 609. (f) Daniel, C.;
Koga, N.; Han, J.; Fu, X. Y.; Morokuma, K. Am. Chem. Sod.988 110,

differences in the coordination environment of the metal at the 3773. (9) Koga, N.; Morokuma, KJ. Phys. Chem199Q 94, 5454. (h)

time of bond formation have been identified. For example, when

these reactions occur from square planametal complexes,

Cundari, T. RJ. Am. Chem. S0d992 114, 10557. (i) Ziegler, T.; Folga,
E.; Berces, AJ. Am. Chem. Sod993 115, 636. (j) Koga, N.; Morokuma,
K. J. Am. Chem. S0d.993 115 6883. (k) Siegbahn, P. E. M.; Svensson,

loss of an ancillary ligand to form a three-coordinate intermedi- M. J. Am. Chem. S0od.994 116, 10124. (I) Cundari, T. RJ. Am. Chem.

ate, prior to the actual reductive elimination step, is sometimes
observed.”~? In other cases, ligand association has been found

Soc. 1994 116 340. (m) Siegbahn, P. E. M.; Blomberg, M. R. A.
Organometallics1994 13, 354. (n) Siegbahn, P. E. MDrganometallics
1994 13, 2833. (0) Siegbahn, P. E. M.; Blomberg, M. R. A.Theoretical

to promote the reductive elimination, so that bond formation Aspects of Homogeneous Catalysan Leeuwen, P. W. N. M.; Morokuma,

occurs from a five-coordinate speci@Nevertheless, examples
of direct reductive elimination fromfgsquare-planar complexes,

K.; van Lenthe, J. H., Eds. Kluwer Academic Publishers: Netherlands, 1995;
pp 15-63. (p) Musaev, D. G.; Morokuma, KI. Am. Chem. Sod 995
117, 799. (g) Margl, P.; Ziegler, T.; Blchl, P. E.J. Am. Chem. S0d.995

without ligand addition or loss, have been documented as 117 12625. (1) Musaev, D. G.; Matsubara, T.; Mebel, A. M.: Koga, N.;

well.11.12

For reductive elimination reactions that form-C and C-H
bonds from 8 octahedral complexes, direct elimination without
ligand loss has also been reportéddowever, a significantly
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and Chemistry of Catalysis by Soluble Transition Metal CompleXed
ed.; Wiley-Interscience: New York, 1992.
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Laidler, K. J., Ed.; Pergamon Press: Oxford, 1982; p 247.
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intermediate, prior to the reductive elimination stépt’ In

J. Am. Chem. Soc., Vol. 122, No. 7, 20d87

using both density functional theory (DFT) and ab initio

general, it seems that, although reductive elimination is possible coupled-cluster methodology. We have investigated pathways

from four-coordinate, @isquare-planar and six-coordinaté, d

octahedral complexes, this reaction is much faster from three-

and five-coordinate speciés.

It has been suggested that in reductive eliminations which
intrinsically have low activation barriers, for example, those
involving C—H rather than & C bond-forming reactions, the

involving both ligand predissociation and direct elimination for
square-planar Pt(ll) and for octahedral Pt(IV) model complexes.
In this paper we report the results of our calculations and
compare them with the results of experimental investigations
of reductive elimination reactions from related Pt(ll) and
Pt(IV) alkyl hydrides. Based on our computational results, a

preference for a lower degree of metal coordination is not as rationale for the experimentally observed differences between

critical.” Indeed, G-H reductive elimination reactions to form
alkanes from the Pt(Il) complexes, (PIPtRH, R= CHz!!a
and CHCFs,1P have been shown to proceed without ligand
dissociation or ligand association. However, relateedQC
reductive eliminations to form ethane from the Pd(Il) complex,
LoPd(CH),, or dimethylcyclopropane from the Pt(ll) complex,
LoPt[(CH)2C(CH).], have both been observed to require prior
ligand loss?®

In contrast to this difference between the mechanisms for
C—H and C-C reductive elimination reactions from square
planar Pt(Il) complexes, both alkyl €H and alkyl C-C
reductive eliminations from octahedral Pt(1V) have been shown
to proceed via prior ligand dissociation, so that alkane formation
actually occurs from a five-coordinate intermedité? It is
noteworthy that all of the stable Pt(IV) alkyl hydride complexes
which have been isolated all contain chelating ligalfdsnd
the stability of these complexes is almost certainly due to
inhibition of ligand dissociation. This finding provides additional
support for prior ligand dissociation as a requirement for both
alkyl C—C and alkyl C-H reductive eliminations from Pt(IV).

the reaction pathways for Pt(Il) and Pt(IV) complexes is offered.

Computational Methodology

Stationary points were locat¥dand vibrational analyses were
performed using the B3LYP version of DFT, which is comprised of
Becke’s hybrid three-parameter exchange functf§raald the correla-
tion functional of Lee, Yang, and P& Single-point coupled-cluster
calculations, which included single and double excitafidrand a
noniterative estimate of the effects of triple excitati6hECCSD(T)],
were performed at the B3LYP optimized geometries. The relatavistic,
compact effective potential and basis set of Stevens, Basch, Krauss,
and Jasiett was used for platinum. The polarized, Dunning/Huzinaga,
double£, D95** basis se¥ was used for all of the other atoms, except
for the phosphine hydrogens, for which the 2p polarization functions
were omitted. The zero-point and thermal corrections from the B3LYP
vibrational analyses were used, without scaling to convert the B3LYP
and CCSD(T) electronic energies to enthalpies at 298 K. The relative
enthalpies and energies for phosphine loss ftaand13 were corrected
for basis set superposition err§frsn the reactants, using the full
counterpoise method. Full descriptions of the geometries and energies
of all species are available as Supporting Information. All of the
calculations were carried out with the Gaussian 98 package of electronic

To try to understand the reasons for the differences betweenstructure program¥.

the mechanisms of €H reductive elimination reactions from
Pt(ll) and Pt(IV) complexes, we have performed calculations

(12) (a) Braterman, P. S.; Cross, R. J.; Young, G.JBChem. Soc.,
Dalton Trans.1977 1892. (b) Stang, P. J.; Kowalski, M. H. Am. Chem.
So0c.1989 111, 3356. (c) Loar, M. K.; Stille, J. KJ. Am. Chem. S0d981,
103 4174.

(13) (a) Hartwig, J. F.; Andersen, R. A.; Bergman, R.JGAm. Chem.
Soc.1991 113 6492. (b) Shinomoto, R. S.; Desrosiers, P. J.; Harper, T.
G. P.; Flood, T. CJ. Am. Chem. Sod99Q 112 704. (c) Harper, T. G. P;
Desrosiers, P. J.; Flood, T. Organometallicsl99Q 9, 2523. (d) Edelbach,
B. L.; Lachicotte, R. J.; Jones, W. D. Am. Chem. S0d.998 120, 2843.

(14) Examples of alkyl €C reductive elimination from octahedral
Pt(1V), Pd(IV): (a) Williams, B. S.; Holland, A. W.; Goldberg, K. 0.
Am. Chem. Sod 999 121, 252. (b) Goldberg, K. I.; Yan, J. Y.; Breitung,
E. M. J. Am. Chem. Sod.995 117, 6889. (c) Hill, G. S.; Yap, G. P. A;;
Puddephatt, R. Drganometallics1999 18, 1408. (d) Roy, S.; Puddephatt,
R. J.; Scott, J. DJ. Chem. Soc., Dalton Tran$989 2121. (e) Brown, M.
P.; Puddephatt, R. J.; Upton, C. E. E.Chem. Soc., Dalton Tran$974
2457. (f) Canty, A. JAcc. Chem. Red.992 25, 83 and references therein.
(g) Byers, P. K.; Canty, A. J.; Crespo, M.; Puddephatt, R. J.; Scott, J. D.
Organometallicsl988 7, 1363. (h) de Graaf, W.; Boersma, J.; Smeets, W.
J. J.; Spek, A. L.; van Koten, GOrganometallics1989 8, 2907. (i) van
Asselt, R.; Rijnberg, E.; Elsevier: C.Qrganometallicsl994 13, 706. (j)
Crumpton, D. M.; Goldberg, K. IJ. Am. Chem. So200Q 122, 962.

(15) Examples of €H reductive elimination from octahedral Pt(IV):
(a) Stahl, S. S.; Labinger, J. A.; Bercaw, J. E.Am. Chem. Sod 996
118 5961. (b) Hill, G. S.; Rendina, L. M.; Puddephatt, ROdganometallics
1995 14, 4966. (c) Jenkins, H. A.; Yap, G. P. A.; Puddephatt, R. J.
Organometallics1997, 16, 1946. (d) Fekl, U.; Zahl, A.; van Eldik, R.
Organometallics1999 18, 4156.

(16) Examples of €H and C-C reductive elimination from octahedral
Ir(Ill), Rh(ll): (a) Milstein, D. Acc. Chem. Res1984 17, 221 and
references therein. (b) Basato, M.; Morandini, F.; Longato, B.; Bresadola,
S.Inorg. Chem1984 23, 649. (c) Basato, M.; Longato, B.; Morandini, F.;
Bresadola, Slnorg. Chem.1984 23, 3972. (d) Hahn, C.; Spiegler, M.;
Herdtweck, E.; Taube, REur. J. Inorg. Chem1999 435.

(17) Saunders, D. R.; Mawby, R.J.Chem. Soc., Dalton Tran$984
2133.

(18) (a) O'Reilly, S. A.; White, P. S.; Templeton, J. I. Am. Chem.
Soc.1996 118 5684. (b) Canty, A. J.; Dedieu, A.; Jin, H.; Milet, A;;
Richmond, M. K.Organometallics1996 15, 2845. (c) Jenkins, H. A.; Yap,
G. P. A;; Puddephatt, R. Organometallics1997 16, 1946. (d) Hill, G.

S.; Puddephatt, R. J. Am. Chem. Sod.996 118 8745. (e) Hill, G. S.;
Vittal, J. J.; Puddephatt, R. @rganometallics1997 16, 1209.

Results and Discussion

Comparison of B3LYP and CCSD(T) Results.Before
correction for basis set superposition errors, the energy increases

(19) Geometries with low-energy Xtotation vibrational modes were
difficult to optimize. Optimizations of some structure3 gnd 4b) were
considered to be converged, based on extremely low forces and RMS forces,
even though the displacements and RMS displacements were not below
the default convergence criteria in Gaussian 98. The geometries of two
structures § and4a + 2Cl) were fully converged but were found to have
one small, imaginary vibrational frequency, despite the fact that the
optimiztions were done inC; symmetry and that analytical second
derivatives were calculated at each step in the geometry optimizations.

(20) Becke, A. D.J. Chem. Phys1993 98, 5648.

(21) (a) Lee, C.; Yang, W.; Parr, R. ®hys Re. B 1988 37, 785. (b)
Miehlich, B.; Savin, A.; Stoll, H.; Preuss, Chem. Phys. Lettl989 157,

200.

(22) (a) Cizek, JAdv. Chem. Phys1969 14, 35. (b) Purvis, G. D;
Bartlett, R. JJ. Chem. Phys1982 76, 1910. (c) Scuseria, G. E.; Janssen,
C. L.; Schaefer, H. F., l1IJ. Chem. Physl988 89, 7382. (d) Scuseria, G.

E.; Schaefer, H. F., I1J. Chem. Phys1989 90, 3700.

(23) Pople, J. A.; Head-Gordon, M.; RaghavachariJKChem. Phys.
1987, 87, 5968.

(24) Stevens, W. J.; Krauss, M.; Basch, H.; Jasien, RC&. J. Chem.
1992 70, 612.

(25) Dunning, T. H., Jr.; Hay, P. J. IModern Theoretical Chemistry
H. F. Schaefer, Ill, Ed. Plenum: New York, 1976;28.

(26) For a very recent review and leading references, see: Kestner, N.
R.; Combariza, J. E. in Lipkowitz, K. B.; Boyd, D. BReiiews in
Computational ChemistryViley-VCH: New York, 1999; Vol. 13, pp 99
132.

(27) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr,;
Stratmann, 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.;
QOchterski, 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. V.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi,
I.; Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A;;
Peng, C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M.; Gill, P. M.
W.; Johnson, B.; Chen, W.; Wong, M. W.; Andres, J. L.; Gonzalez, C.;
Head-Gordon, M.; Replogle, E. S.; Pople, J.Qaussian 98revision A.6;
Gaussian, Inc.: Pittsburgh, PA, 1998.
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for phosphine dissociation from both four- and six-coordinate
complexes were computed to be & kcal/mol larger by CCSD- 1.420 1.427

(T) than by B3LYP. Similar results have been reported by 1423Cy 1.099 ' 1093
Frenking and co-worker®. However, we found that the basis © HI" 89.5 CB.1.001 s &

set superposition errors were also larger in the CCSD(T) than 2102 2391 2253 1.095
in the B3LYP calculations by~6 kcal/mol2® Therefore, as to1a b 2] HERT T 0
. . . i 01.4GPES) |5 480 5 A
shown in Tables 43, after correction for basis set superposition, IR :
nearly the same energy increases for phosphine dissociation were 2.355 85_3°\o 4 104.3° 1625
computed by both B3LYP and CCSD(T). 1.588
It seems likely that basis-set superposition errors also tend  1.426
to overestimate the stability of the reactant complexes with 1420
respect to the products of reductive elimination and, to a lesser
extent, to the transition structures leading to these products. 1 2

These basis-set superposition errors are again expected to be
larger in the CCSD(T) than in the B3LYP calculations. In fact,
the results in Tables-13 show that CCSD(T) does give larger y
energy differences than B3LYP between the reactants and the
transition structures, and smaller energy differences between
the reactants and the products of reductive elimination.
Since counterpoise corrections cannot sensibly be made to X
the energies computed for the reductive elimination reactions,
the larger basis set superposition errors that are likely to be
present in the CCSD(T) calculations lead us to base the
discussion of our results on the B3LYP energies. Therefore, in 1.421
the Tables we have converted only the B3LYP electronic energy
differences to enthalpy differences. Nevertheless, a discussion
of our results that was based on the CCSD(T) energies in Tables 3
1—_3 W(_)uld be qualitatively the same as the following discussion, Figure 1. Optimized geometries of (RIPHCH)H (1), (PH)PECHs
which is based on the B3LYP energies. (3), and the transition structurg)(which connects them. Bond lengths

1.421

Reductive Elimination of Methane from Three- and Four- are in A, and bond angles are in degrees.
Coordinate Pt(Il) Complexes.Calculations on the elimination _ _ _
of methane from the four-coordinate model compoucis; Table 1. Relative CCSD(T) Energies, and B3LYP Energies and

. Enthalpies (kcal/mol) for Pt(Il) Species at 298 K, after Correction
(PHs)Pt(CH;)H (1), have been reportéthut not at either the & Phosphine Dissociation Energies for Basis Set Superposition

CCSD(T) or B3LYP levels of theory. The B3LYP geometries grrore

of the reactant k), the (PH),PtCH, product @), and the

transition structure connecting the®) @re shown in Figure 1. complex  E[CCSD(T)] E(B3LYP)  AMss(B3LYP)
The B3LYP and CCSD(T) energies and the B3LYP enthalpies 1 0 0 0
of 2 and 3, relative tol, are given in Table 1. 2 2L.4 18.0 16.5

—6.1 —-13.9 —-11.8
Reactantl exhibits a slightly distorted square planar geometry
with a P-Pt—P bond angle of 101°4and a C-Pt—H bond angle jgi E:i gg:é Eg&) 22()5;?7(?5?2) 12§é()(})5_8)
of 83.2. In transition structur, the biggest change in geometry 54 pn, 30.1 (10.0) 27.4 (6.9) 24.2(6.2)
from 1 is the decrease in the-Pt—H bond angle by 4177 6+ PH3 15.8 (-4.3) 12.6 (7.9) 11.8 ¢6.2)

which shortens the €H distance by 0.986 A. Nevertheless, 2 - : - -
the C-H bond length of 1.494 Airis still significantly longer par;?ﬁesgspg?ert'%?atlicf:gin%Lbf_or BSSE correctiohvalues in
than the 1.095 A in the produc8) In going from1 to 2, much

smaller changes are seen in the bond lengths to platinum. Thejs essentially the same as that of fully dissociatedsjg plus
Pt—C distance increases by 0.151 A, but the-Rtdistance CH..

increases by only 0.037 A. The length of the-Ptbondcis to As shown in Table 1, the reductive elimination of methane
the hydnde decreases by 0.043 A, whereas thdPRiondtrans from 1 to form 3 is Computed to be exothermiC, withH =

to the hydride barely changes. The angle between the phosphines-11.8 kcal/mol; and the enthalpy of activation at 298 K is
opens, but only by 778 calculated to beAH* = 16.5 kcal/mol. Using absolute rate

Performing a geometry optimization on the product side of theory, Halpern’s experimental rate constank ef 4.5 x 1074
transition structur@ leads ta3, a very weak complex of methane  sec! at —25°C'!agives a value oAG¥4s = 18.5 kcal/mol for
with (PHa),Pt. The length of the methane—E1 bond that is the reductive elimination of methane from (RRRt(CHs)H.
directed toward the platinum is nearly the same as the otherHalpern showed that this reaction proceeds without prior ligand
three C-H bonds. The distance between the metal center and |oss; thus, like2, the actual transition structure involves four-
this unique hydrogen is over 3 A, and the @piPt fragment is coordinate platinum. Our value &G¥,48 = 16.5 kcal/mol for
essentially linear. As suggested by the geomett3, @6 energy passage froml to 230 is in good agreement with Halpern's

- - - experimental value for the corresponding complex with £Ph
1Es(%%)ls(:hmld, R.; Herrmann, W. A.; Frenking, Grganometallics1997, ligands.

(29) Table S-1 of the Supporting Information gives uncorrected CCSD-  The generalizatiohthat reductive elimination from a three-

(T) and B3LYP energies and the basis set superposition errors for each.coordinate & complex has a lower barrier than reductive
Unlike B3LYP, CCSD(T) uses virtual orbitals for electron correlation, so
basis set superposition causes larger errors in CCSD(T) calculations than (30) The values oAH* at 248 and 298 K are essentially the same, and
in B3LYP calculations. AS %~ 0.
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Figure 2. Optimized geometries of two stereoisomers of {fmt
(CH3)H (4aand4b), (PHs)PtCH, (6), and the transition structuré)(
which connectg! with 6. Bond lengths are in A, and bond angles are
in degrees.

J. Am. Chem. Soc., Vol. 122, No. 7, 20d89

and the lengthened-€H bonds in6 suggest that the Pt-methane
interaction is much stronger i® than in 3. Indeed, after
correction for basis set superposition errors, the B3LYP
platinum—methane binding enthalpy B was computed to be
10.8 kcal/mol. In contrast, as already noted, the@®#, binding
enthalpy in3 is negligible.

Comparison of the barriers to reductive elimination of
methane fromda and from1 in Table 1 shows that the barrier
to this reaction is 10.3 kcal/mol lower in the three-coordinate
than in the four-coordinate complex. This difference cannot be
due to the difference between the thermodynamics of these two
reactions, since the reductive elimination frdms the more
exothermic. However, comparison of the geometries of the
transition structures and products in Figures 1 and 2 provides
an explanation for the very large difference between barrier
heights.

The geometries of transition structuteand product6 in
Figure 2 are rather similar, with the phosphine ligand occupying
a sitetransto the carbon of the methane. In contrast, in transition
structure2 the P-Pt—P bond angle is only 109 2but in product
3 this angle opens to 179.5We attribute the high energy of
transition structur@, relative to both the reactarit)(and product
(3), to the small P-Pt—=P bond angle i2. The reason the
transition structure is destabilized by this small angle has been
previously discussed by Hoffmafrut we present the follow-
ing explanation as a succinct reformulation of Hoffmann’s
analysis.

In the Pt(ll) reactantl), the out-of-phase combination of
phosphine lone-pair orbitals, as well as the methyl group and
hydride, donate electron density into the platinum, Sabital.
However, following reductive elimination of methane, xpd
becomes doubly occupied in the Pt(0) prod@yt Consequently,
the lowest-energy, unfilled platinum orbital &that is available

elimination from a similar four-coordinate species was tested tg interact with the out-of-phase combination of phosphine lone-

by performing calculations on formation of methane from the
Pt(Il) complex @) that results from loss of one phosphine from
1. Our calculations found that, starting frods, reductive
elimination of methane haaH* = 6.2 kcal/mol. This barrier
is, in fact, 10.3 kcal/mol lower than the barrier to reductive
elimination from the four-coordinate compleX ( without prior
loss of PH.

As shown in Figure 2, the transition structu& for methane
elimination from 4a maintains the distorted T-shape of the

pair orbitals is 6p The phosphine lone pair interaction is, of
course, strongest when the-Pt—P bond angle is 180 which

is the reason the bis-phosphine Pt(0) prod@}th@s a linear
geometry.

However, in transition structurthe presence of the methyl
group and the hydride, still bonded to platinum, prevents the
P—Pt—P bond angle from opening substantially. Therefore, the
phosphines cannot interact maximally with,&p2. This makes
the PP bonding in2 weaker than that i3, as evidenced by

reactant, in which the more electronegative methyl, rather than jonger P+-P bonds (especially the PP bondtrans to the

the hydride, igransto the phosphine group. To show that the
stereochemistry of reactada did not determine the geometry
of transition structuré®, we also attempted to find a transition

hydride) in2 than in3. We calculate that the energy lowering
on allowing the P-Pt—P bond angle in (Pg).Pt to open from
the 108.3 in 2 to the equilibrium angle of 180in 3 amounts

structure from the T-shaped, three-coordinate reactant complexg 20.0 kcal/mol.

(4b), in which hydride rather than methyl iBans to the
phosphine.

The enthalpy of the optimized structure v was calculated
to be 5.8 kcal/mol higher than that df, and the barrier to
rearrangement ofb to 4a was computed to be 3.2 kcal/mol.
As the H-Pt-=C bond angle in4db was closed, the PH
reoriented itself to bérans to the methyl, rather than to the
hydride. Thus, the barrier to isomerization is apparently lower
than the barrier to reductive elimination frodb, and both
isomers undergo reductive elimination to prodécthrough
transition structure.

The enthalpy difference betwedia and6 was calculated to
be AH = —6.2 kcal/mol. In contrast to the case in the product
(3), formed from the four-coordinate reactand),(two of the
methane C-H bonds in6 interact with platinum. The PtH
distances of 2.065 and 2.066 A thare each more than 1 A
shorter than the PtH distance in3. The shorter PtH bonds

As already noted, transition structusdor reductive elimina-
tion of methane from tri-coordinate compléa does not suffer
from the problem, which besets transition structiref having
a very different geometry from that of the product. We believe
this is the reasodais calculated to have a 10.3 kcal/mol lower
enthalpy of activation tharl for reductive elimination of
methane.

However, the enthalpic cost of Btbss from1 to form4ais
calculated to be 18.0 kcal/mol. Thus, as shown graphically in
Figure 3, this makes the enthalpy of transition structoiré
PH;z higher than that of transition structu2eoy 7.7 kcal/moP?
Therefore, in agreement with the results of the experimental
study of (PPB).Pt(CHs)H by Halpernt!2our calculations find
that direct reductive elimination of methane from the analogous
PHs; complex () is enthalpically a more favorable pathway than
phosphine ligand loss to forrda, followed by reductive
elimination.
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Figure 3. Schematic depiction of the calculated enthalpies (kcal/mol
for reductive elimination frond, without prior phosphine ligand loss
to form 3, and with phosphine ligand loss to for®, via the
intermediacy of4a.

Frenking and co-workers have argued that P ligands

have metal binding energies that are closer to those o PPh

ligands than to those of RHmodels?® Therefore, although
performing all the calculations for this study with the much more
computationally demanding (GHP ligands was beyond our
resources, we did optimize and compute the relative B3LYP
energies of [(CH)sPLPt(CHs)H and [(CH)sP]Pt(CH)H +
(CHg)3P. After corrections for basis set superposition errors, we
found AH = 22.6 kcal/mol for trimethylphosphine loss from
[(CH3)3sPLPt(CHs)H, an enthalpy increase that is 4.6 kcal/mol
larger than that for loss of a RHigand from1 to form 4a.

This finding indicates that PRhbinding enthalpies are
probably underestimated by our calculations, which usg PH
model ligands? This is presumably the case not only in the
four-coordinate, Pt(Il) complexXj but also in the six-coordinate,
Pt(IV) complexes 13) which are discussed in the next section.

Reductive Elimination of Methane from Five- and Six-
Coordinate Pt(IV) Complexes.Intuitively, it might seem that

Bartlett et al.

) O
"/ 1005 1.089

9a

Figure 4. Optimized geometries of (PHCIL.Pt(CH)H (7a), the
(PHs)Cl,Pt-CH,4 product complex4a), and the transition structur84)
which connects7a with 9a. Bond lengths are in A, and bond angles
are in degrees.

platinum(lV) complexes undergo loss of a ligand prior to
methane eliminatio® whereas both our calculations and
experimental investigatioks show that at least some four-
coordinate Pt(Il) complexes (e.dL,and its (PPk).Pt analog)
reductively eliminate methane without ligand loss.

How do the two additional ligands in Pt(IV) complexes
change the preferred pathway for reductive elimination of
methane? In an effort to answer this question, we performed
calculations on methane elimination from the five-coordinate
Pt(1V) complexes, (PECIPt(CH)H (7) and (PH).CIPt(CHs)-

adding two axial ligands to the planar, three- and four-coordinate H* (10), and the six-coordinate Pt(IV) complex, (BECI2Pt-
Pt(ll) complexes, discussed in the previous section, should have(CHz)H (13).

only a small effect on their reductive elimination reactions. The

Since reductive eliminations of alkanes from Pt(IV) have been

bond making and bond breaking that occur during these found experimentally to take place.only from fjve-coordinate
reactions take place in a plane which is orthogonal to the bondsintermediates, we began by performing calculations on methane
to the two additional ligands. However, all of the experimental elimination from three stereoisomers of the neutral five-

studies to date have found that six-coordinate, hydridomethyl-

(31) The entropy increase associated with loss of a phosphine ligand

would, of course, make the difference in free energies betveeenPH;

coordinate complex, (PHCI,Pt(CH)H (7). The geometry of
isomer7a, which is shown in Figure 4, can be described as a
pinched trigonat-bipyramidal structure, with one of the elec-

and2 smaller than the difference between their enthalpies. Our calculations tronegative chlorines occupying the axial position thatass

provide a value oASgs = 25.1 eV (for a standard state of 1 mol/L), which
would make the free energy barriers for the two pathways nearly identical.
However, this value foASygs is based on the assumptions that (a) the
hindered PHrotors in1 and4 can be satisfactorily treated using the partition
functions for harmonic oscillators, and (b) solvent has no effect on the

to the phosphine.

The H-Pt-C bond angle irrais 69.4, which is substantially
smaller than the corresponding angles of 8&@d 86.5 in 1
and4a, respectively. This difference suggests thais farther

entropies. These assumptions make the calculated entropy difference(—;uOng the pathway toward methane elimination tham 4a. In

betweer? and5 + PH; no more than semiquantitively correct. Nevertheless,
it seems very likely that inclusion of entropy would overcome the 1.5 kcal/
mol enthalpy difference betweed and 4 + PHs, thus predicting that
exchange of Pklligands with added phosphine should be competitive with
direct reductive elimination fron.

(32) We have found that increasing the energetic cost of phosphine loss

is not the only effect that is associated with the change fromatBHPMe;
ligands. Preliminary calculations on the reductive elimination of methane
from [(CHs)3P].Pt(CHs)H indicate that replacing P+by P(CH)s ligands
also raises the barrier for direct elimination /8 kcal/mol. Thus, these

fact, as shown in Table 2, reductive elimination of methane from
7aproceeds through a very early transition struct@ (vith

an enthalpy of activation of only 1.2 kcal/mol. This activation
enthalpy is not only 15.3 kcal/mol lower than that calculated
for the four-coordinate Pt(ll) complek, but also 5.0 kcal/mol
lower than that computed for the three-coordinate Pt(Il)
complex,4a. As shown in Table 2, the enthalpy change for

two effects of methyl substituents on the competition between ligand loss Methane elimination fronfa to form 9ais AH = —7.9 kcal/

and direct elimination appear to cancel partially.

mol.
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Figure 5. Optimized geometries of two isomers of (B8I.Pt(CH;)H (7b and7¢), the (PH)CI,PtCH, product complexgb), and the transition
structure 8b) which connects botffb and 7c with 9b. Bond lengths are in A, and bond angles are in degrees.

Table 2. Relative CCSD(T) Energies and B3LYP Energies and
Enthalpies (kcal/mol) for Neutral Pt(IV) Species at 298 K, after
Correction of Phosphine Dissociation Energies for Basis Set
Superposition Errofs

complex E[CCSD(T)] E(B3LYP) AHy(B3LYP)
13a -15 —-1.7 -1.3
13b 1.1 1.1 1.5
13c 0 0 0
14 23.2 17.8 17.0
15 13.1 3.2 51
7a+ PHs 12.2 (O} 12.5 (0P 10.9 (0¥
8a+ PHs 15.9 (3.7) 14.8 (2.2) 12.1(1.2)
9a+ PH, 6.3 (—6.0) 3.7¢8.8) 3.0(7.9)
7b+ PH, 13.7 [OF 12.8 [OF 10.2 [OF
7c+ PH; 16.0[2.3] 15.2[2.4] 13.3[3.1]
8b+ PH, 18.6 [4.9] 16.4[3.6] 13.2 [3.0]
9b + PH; —4.0[-17.8] —-6.9[-19.7] —7.4[-17.6]
1+ 2Cl 3.2 3.8
2+ 2Cl 22.7 20.4
4a+2Cl+PH; 16.0[2.3} 15.3 [2.5}
5+2Cl+PH,  21.5[7.8] 18.4[5.6]

aSee Supporting Information for BSSE correctioh¥alues in
parentheses are relative7a + PHs. ¢ Values in brackets are relative
to 7b + PHs.

In the product 9a) of reductive elimination from7a, one
C—H bond of the methane interacts strongly with*Ptupon
release of methane froma, the cis-Cly(PHs)Pt fragment
rearranges to theansisomer. The large exothermicity of this
rearrangement actually makes the-BH, binding enthalpy of
9a negative by 6.2 kcal/mol.

Isomers7b and7c, which are shown in Figure 5, differ from
7a by having the chlorines mutuallyrans in the trigonal
bipyramid. In7b the phosphine israns to the methyl group,
and as in the case df, this geometry is preferred to that of
isomer7c, in which the phosphine isansto the hydride. The

(33) Similar adducts of methane to transition metal complexes have
previously been found computationafty8e-tp.a.s-u Calculations have found
that adduct geometries, in which one or twe-& bonds are coordinated,
are very close in enerdy!

enthalpy difference of 3.1 kcal/mol betwe&h and7cis 2.7
kcal/mol less than that betwedia and4b. As shown in Table
2, 7b is calculated to be 0.7 kcal/mol lower in enthalpy than
Ta

Decreasing the HPt—C bond angle in7c causes it to
rearrange to a geometry in which the phosphingaasto the
methyl group. The barrier for this rearrangement was computed
to be only 1.3 kcal/mol. Thus, as is the case withand 4b,
7b and7c are both predicted to undergo reductive elimination
by passage through the same transition struct8t®. (The
enthalpic barrier to reductive elimination of methane frém
is AH* = 3.0 kcal/mol, and the enthalpy change on forming
product9b is AH = —17.6 kcal/mol.

Even though reductive elimination of methane frai is
calculated to have a slightly higher barrier than fr@a the
product @b) formed from7b is 9.7 kcal/mol lower in enthalpy
than the product9a) formed from7a. The much lower enthalpy
of 9b is probably due to situation of the more strongly electron-
donating phosphine ligand, rather than a chlorinensto the
very weakly bound methane molecule. The methane binding
enthalpy of9b is calculated to be 3.6 kcal/mol after correction
for basis set superposition errors.

We also performed calculations on methane elimination from
a cationic five-coordinate Pt(IV) complex, (RRCIPt(CH)H™
(10). Hill and Puddephatihave carried out a DFT study of€C
and C-H reductive eliminations from several cationic, five-
coordinate, Pt (IV) complexes, and their calculations found that
reductive elimination of methane from (BRPt(CHs)H™
proceeds with an energy barrier of only 4 kcal/mol. DFT
calculations orlL0 might also be expected to find a low barrier
to reductive elimination of methane, and in fact, they do.

We optimized the structures of two stereoisomers with
distorted square-pyramidal geometries. As shown in Figure 6,
in 10athe apical group is hydrogen, andifib the apical group
is methyl. We foundLOato be lower in enthalpy thahOb, but
only by 1.1 kcal/mol. Methane elimination from catioh®a
and 10b is predicted to proceed through the same pinched,
trigonak-bipyramidal, transition structurel ().
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Figure 6. Optimized geometries of two isomers of (P¥CIPt(CH)H™ (10aand10b), the (PH),CIPt:CH," product complexX2), and the transition
structure £1) which connects0 with 12. Bond lengths are in A, and bond angles are in degrees.

Table 3. Relative CCSD(T)//B3LYP Energies, and B3LYP
Energies and Enthalpies for Cationic Pt(IV) Species at 298 K, All
in kcal/mol

complex E[CCSD(T)] E (B3LYP) AHa95 (B3LYP)
10a 0 0 0
10b 0.7 0.6 1.1
11 1.9 0.9 0.4
12 —-21.0 —23.4 —-21.5

As shown in Table 3, the enthalpic barrier to reductive
elimination of methane fromOavia transition structurdlis
only AH* = 0.4 kcal/mol, and the reaction which forrg& is
exothermic byAH = —21.5 kcal/mol. Figure 6 shows that in
the elimination productl2) two C—H bonds of the methane
interact with the platinum to different exter#sThe platinum-
methane binding enthalpy b2 is computed to bé\H = 9.5
kcal/mol, a value significantly larger than that calculated for
9b (AH = 3.6 kcal/mol). The larger methane binding enthalpy
in 12is presumably due to the fact that the gp&IPt" fragment
in it is cationic, whereas the (R)}CI,Pt fragment ir9 is neutral.

Experiment¥° indicate that reductive elimination of methane
from the six-coordinate complex, (BHCLPt(CH)H (13),

octahedron. When the +HPt—C bond angle was reduced
incrementally from its equilibrium value of 85.6and the
geometry ofLl3awas reoptimized at each step, the-Bi bond
transto the hydride was found to lengthen. Although we were
able to find a transition structuré&4) for reductive elimination

of methane fromL3a in this structure the length of the PCI
bondtransto hydrogen is 2.793 A, 0.258 A longer thanlifa
Moreover, a geometry optimization begun on the product side
of transition structurd 4 found that this P+Cl bond continues
to lengthen until it reaches 3.392 A in the produt6)( of
reductive elimination fronil3a

The vibrational mode with the imaginary frequency ld
has large contributions from motions of C and H, but it does
not involve significant motion of the chlorine. However, the
mode in14 that corresponds to chlorine loss does have a fairly
low frequency (212 cmt). Thus, although reductive elimination
of methane froni3adoes not require prior loss of Clejection
of the CI ligand that istrans to the hydrogen apparently
accompanies attempts to force methane elimination directly from
13a Comparison of Tables 2 and 3 shows that the barrier to
reductive elimination of methane frod8a (18.3 kcal/mol) is
considerably higher than that (0.4 kcal/mol) 103, the five-

should be calculated to have a higher activation enthalpy thancoordinate complex formed from3a by complete loss of the

the same process inand 10, the five-coordinate complexes
that are derived froni3 by loss of, respectively, a Rtbr a
CI~ ligand. Indeed, despite the fact that reductive elimination
of methane fromi.3 is allowed by orbital symmetrs/, we were
unable to identify a pathway for this process that did not involve
concomitant ligand loss.

We began by performing calculations diBa the six-
coordinate species that would result from addition of HCI to
the square-planar Pt(ll) complexis-(PHs),PtCI(CHs). As
shown in Figure 7, the structure @Bais a slightly distorted

(34) Akermark, B.; Ljungqvist, AJ. Organomet. Cheni979 182 59.

chloride ligand that igrans to the hydrogen.

In the product {5) formed from13a, the ligands that interact
strongly with the platinum are arranged in a manner very similar
to that in the productl2) formed by reductive elimination from
10a It is not surprising that the presence of the chlorin@%n
3.4 A away from the platinum, has little effect on the rest of
the geometry.

Product complex5is 6.4 kcal/mol higher in enthalpy than
reactantl3a but replacement of the methane 15 by the
dissociated chloride is computed to make the reaction that forms
Pt(PH).Cl, and CH, from 13a exothermic byAH = —28.3
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408

15

Figure 7. Optimized geometries of one isomer of (PCI,Pt(CH)H (134a), the product complex1f) formed from it on attempting to force
reductive elimination of methane, and the transition structli Which connectsl3a with 15. Bond lengths are in A, and bond angles are in
degrees.

kcal/mol. The Mulliken charge on the dissociated chloride in
15is —0.72, compared te-0.44 for the chlorine than remains
bonded to the platinum. Therefore, the large exothermicity that
is calculated for replacement of neutral methane by the
negatively charged chloride itbis easily understandable. It is
rather surprising that the chloride leaves at all. The fact that it
does testifies to the difficulty of keeping both of the ligands
that lie in the H-Pt—CHs plane bonded to Pt(IV) during
reductive elimination.

In our simulation of the gas-phase reductive elimination of
methane froml3a why is the ligand that dissociates from the 13b 13¢
metal genter a negatively charged ChloriQe, rather than a .neu”aIFigure 8. Optimized geometries of two additional isomers of gpH
phosphlne? W? suspected tha_t Ch!orlde is lost becausgatis ClLPt(CH)H (13b and 139. Bond lengths are in A, and bond angles
to the hydride in13a and hydride is a more strongly electron  gre in degrees.
donating ligand than the methyl. To test this conjecture, we also
performed calculations on the elimination of methane ftdh,
in which, as shown in Figure 8, phosphine, rather than chlorine, coordinate complex7@). Thus, the lowest energy pathway for

occupies the site that isansto the hydride. reductive elimination of methane from bdtBaand13bappears
As the H-Pt=C bond angle in13b was reduced, the to involve concomitant loss of the ligarichnsto hydride.
phosphinetrans to hydride did, in fact, dissociate from the A third stereoisomer 013 can be constructed in which the

complex. We were unable to locate a true transition structure chlorine ligands ardrans to each other. This six-coordinate
for six-coordinate reductive elimination froi3b, since the complex @3¢ is thus the Pt(IV) analogue of four-coordinate,
energy rose monotonically until the phosphine was ejected. A Pt(Il) complex1, with chlorines occupying the two octahedral
geometry optimization in which the HPt—C bond angle was  coordination sites that are vacantinFrom the results of the
fixed at 46.2, close to the 485bond angle in the transition  calculations on reductive elimination of methane frb8aand
structure 8a) for methane loss fronia, resulted in a structure  13b, one would expect that reductive elimination of methane
which had a PtP distance of 2.67 A and an energy 18.0 kcal/ from 13cshould proceed by expulsion of the phosphine ligand
mol above that ol3b. Decreasing the HPt—C bond angle by transto the hydride; and this was, in fact, found to occur.

an additional 5.0lowered the energy by 5.5 kcal/mol and gave As in the case 013b, when the H-Pt—C bond angle irl3c

an optimized geometry with a-FPt distance of 4.24 A. Asthe  was reduced from its equilibrium value of 84.3he energy
phosphine dissociates frod3b, the reaction path resembles increased monotonically until the phosphtrensto the hydride
that for reductive elimination from the corresponding five- had essentially dissociated. At ar-Rt—C bond angle of 444
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the optimized PtP distance was found to be 2.68 A, an increase
in bond length of 0.15 A over the equilibrium bond length in

13¢ and the energy was found to be 16.2 kcal/mol higher than
13c When the H-Pt—C bond angle was reduced by another

5°, the PP distance increased to 4.37 A, and the energy
dropped by 7.4 kcal/mol.

Thus, our B3LYP calculations on three isomers of the
six-coordinate Pt(IV) complexl3 found that ligand loss
accompanies attempts to force the reductive elimination of
methané® This computational finding is consistent with the
low energy barriers computed for methane elimination from the
five-coordinate complexes, formed by prior ligand loss. Our
computational results are also consistent with not only the results
of mechanistic studies of-€H reductive elimination from Pt(IV)
alkyl hydrides!® but also with the recent discovery that Pt(IV)
alkyl hydrides can be stabilized toward reductive elimination
by employing ligands that are not easily dissocidfed.

Since our calculations did not find a pathway for reductive
elimination of methane via a true, least-motion, six-coordinate
transition structure, we were unable to compute the barrier for
such a reaction. However, we did attempt to estimate the barrier
height by constructing a model for the direct elimination of
methane froml3c. A pair of axial chlorine ligands was added
to the optimized structures for the four-coordinate reactant
complex (1) and transition structure) for reductive elimination
of methane from it. In the resulting structurds;+ 2Cl and 2
+ 2Cl, only the coordinates of the chlorines were optimiZed.
As shown in Table 2, the B3LYP energy &f+ 2Cl is 3.8
kcal/mol higher than the fully optimized geometryI8c The
energy difference between the partially optimized geometries
of 1+ 2Cland2 + 2Cl is AE = 16.6 kcal/mol, which is slightly
less than the energy difference betwdeand2 of AE = 18.0
kcal/mol in Table 1.

The accuracy in modeling the energy required for direct
reductive elimination froni3cby the energy difference between
1+ 2Cl and2 + 2Cl was assessed. We compared the energy
difference between similar models fob and8b with the actual
energy difference between this five-coordinate reactant and the
transition structure for reductive elimination of methane from
it. Axial chlorines were added to the optimized geometries of
the three-coordinate, Pt(Il) reactadg) and transition structure
(5) for methane elimination from it. Only the coordinates of
the chlorines were optimized in the geometries4af+ 2ClI
and5 + 2Cl, the models for, respectivelyb and8b. As shown
in Table 2, the B3LYP energy difference betwegm+ 2CI
and5 + 2Cl is AE = 3.1 kcal/mol, compared taE = 3.6
kcal/mol betweeryb and8b. Thus, the model based on adding
axial chlorines toda and5 underestimates the actual effect of
the chlorines in the optimized reactanibf and transition
structure 8b) by a very small amount, only 0.5 kcal/mol.

It seems likely that the value @fE = 16.6 kcal/mol between
1+ 2Cl and2 + 2Cl also includes a small error of about this
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less than 1 kcal/mol higher in energy théiy) the five-coordinate
transition structure for reductive elimination. However, the six-
coordinate transition structure should be further disfavored by
having a higher zero-point energy th@n. Of course, we could

not perform a vibrational analysis on o@r+ 2Cl model for

the six-coordinate transition structure, because its geometry is
not fully optimized. However, based on the zero-point and
thermal corrections to the energy difference betw&Baand

7b, we estimate that the enthalpy of the six-coordinate transition
structure should be about 3 kcal/mol higher than thadlwf

Reductive elimination via transition structui& would
additionally be favored by the increase in entropy associated
with phosphine loss. Therefore, the free energy of activation
for reductive elimination of methane frormi3c should be
substantially smaller for a two-step mechanism, involving loss
of phosphine and formation of a five-coordinate intermediate
(7b), than for a one-step mechanism, involving reductive
elimination directly from13c

Comparison of Reductive Eliminations from Pt(ll) and
Pt(IV). The calculations on reductive elimination of methane,
reported in the previous two sections, reproduce the experimental
findings that alkyl C-H reductive eliminations from platinum
can take place without prior ligand loss from four-coordinate
complexes, but apparently not from six-coordinate complexes.
The results of our calculations also provide at least a partial
answer to the question of why this is the case.

Removal of an equatorial phosphine ligand from Pt(IV)
complex13cto form 7b is calculated to have an enthalpic cost
of AH = 10.2 kcal/mol. This is substantially less than the
enthalpic price oAH = 18.0 kcal/mol for removing a phosphine
from Pt(Il) complex1 to form 4a. Adding two axial chlorine
ligands tol, to form 13¢ thus makes loss of an equatorial ligand
7.8 kcal/mol less unfavorable.

The two axial chlorines also make the barrier to reductive
elimination of methane from the resulting five-coordinate Pt(1V)
complex {b) lower than that for the analogous three-coordinate
Pt(ll) complex @a). The barrier to this reaction iTb via
transition structur@b is AH* = 3.0 kcal/mol. This is 3.2 kcal/
mol lower than the barrier ohH* = 6.2 kcal/mol to reductive
elimination of methane frorda via transition structur®.

Thus, the presence of two axial chlorine ligandg 3tlowers
the enthalpy of transition structurh) for reductive elimination
of methane via a pathway involving prior ligand loss by a total
of 7.8+ 3.2 = 11.0 kcal/mol, relative to the three-coordinate
transition structureX) in the analogous reaction af

Our model calculations indicate that the two axial chlorines
in 13c also lower the barrier to direct reductive elimination,
from the value ofAE = 18.0 kcal/mol in the four-coordinate
complex (), but only by ca. 1 kcal/mol. Thus, the effect of the
axial chlorines on the barrier to direct reductive elimination is
estimated to be ca. 2 kcal/mol smaller in the six-coordinate

size. Therefore, a reasonable estimate of the actual energycOmplex13cthan in the five-coordinate complexk).

difference betwee3cand the six-coordinate transition struc-
ture for direct reductive elimination of methane from it is
AE ~ 17 kcal/mol.

An energy barrier of this size would place the transition
structure for direct reductive elimination of methane fra8t

(35) Siegbahn and Crabtfealso found that ligand dissociation ac-
companies €H bond formation in their investigation of methane elimina-
tion from (H,0).Cl,Pt(CH)H.

(36) When a partial optimization df + 2Cl was conducted with only
the H-Pt—C angle fixed, using the angle in transition struct@ethe
phosphine ligand trans to the hydride moved away from the metal center
to a distance greater than 4 A. This finding is consistent with the result
obtained when the direct elimination of methane frbBewas investigated.

Although the chlorine ligands are calculated to have a ca. 2
kcal/mol smaller effect on lowering the barrier to reductive
elimination in13c than in7b, this is not the principal reason
these axial ligands favor reductive elimination via a mechanism
that involves prior ligand loss. Instead, the difference between
the mechanisms for reductive elimination in four-coordinate
Pt(ll) complex 1 and six-coordinate Pt(IV) complek3c is
principally due to the effect that the two axial chlorinesl®c
have on lowering the enthaply for loss of an equatorial
phosphine ligand by 7.8 kcal/mol. An enthalpy advantage of
7.8 kcal/mol corresponds to a rate difference at room temper-
ature of greater than 20A selective acceleration of this



Ligand Loss in Reduaté Elimination Reactions J. Am. Chem. Soc., Vol. 122, No. 7, 20@65

magnitude of the rate of reductive elimination by a pathway coordinate complex 7b), and by ~1 kcal/mol in the six-
that requires prior ligand loss can easily account for the generalcoordinate complex13c). The differential effect of the axial
observation that such a pathway is almost invariably followed chlorines on the barriers to reductive elimination from these
by six-coordinate Pt(IV) complexes, even in cases where their two complexes is, thus, a minor contributor to the contrasting
four-coordinate Pt(Il) analogues undergo direct reductive elimi- preferences ofl3c for undergoing reductive elimination from
nation. the five-coordinate complex’), following ligand loss, and of

It seems likely that the effect of axial ligands on reducing 1 for undergoing direct reductive elimination, without prior
the size of the enthalpy increase for phosphine ligand loss hasligand loss.

at least some steric component. Then, for phosphine ligands The major difference between the preferred pathways for

with substituents bulkier than hydrogen, ligand loss should be yeqyctive elimination il and13ccan be attributed to a decrease
even more enthalpically advantaged in six-coordinate Pt(IV) than j, the enthalpic cost of equatorial ligand loss in the six-

in four-coordinate Pt(ll). On the other hand, the enthalpy

coordinate, Pt(IV) complex 130, compared to the four-

increases for loss of phosphine ligands that have higher bindingcoordinate, Pt(I) complexty. This reduction, due to the axial

energies to Pt than RHloes, might be less affected by the
presence of a pair of axial ligands. Which of these two effects
dominates is an interesting subject for future computational
studies.

Summary and Conclusions

In agreement with the experimental results of Halpern on
(PPh),Pt(CHs)H, 12 our B3LYP calculations on a (P§Pt-
(CHz)H model @) find that reductive elimination of methane
from this four-coordinate, Pt(Il) complex proceeds without prior
ligand loss. A pathway involving PHigand loss froml and
reductive elimination from the resulting three coordinate
complex @a) is computed to be 7.7 kcal/mol higher in enthalpy.
The 18.0 kcal/mol increase in enthalpy onfbks from1, to
yield 4a, more than offsets the 10.3 kcal/mol lower enthalpy of
activation for reductive elimination of methane frofa than
from 1. The free energy of activation calculated for reductive
elimination of methane fromt at 248 K is in good agreement
with the value measured for (PRiPt(CH)H.112

In contrast to the case fdr we were unable to find a genuine
pathway for direct reductive elimination of methane, without
ligand loss, from (PR).Cl,Pt(CHs)H (13). This computational
finding is in accord with the experimentally based generaliza-
tion'*15that reductive elimination from six-coordinate, Pt(IV)
complexes almost invariably takes place by a pathway involving
loss of a ligand, prior to the actual reductive elimination step.

Our calculations indicate that addition of a pair of axial
chlorine ligands to the three- and four-coordinate Pt(Il) com-
plexes, respectiveljta and 1, makes the barrier to reductive
elimination of methane smaller by ca. 3 kcal/mol in the five-

chlorines in13¢ is computed to be 7.8 kcal/mol. Presumably,
the steric bulk of the chlorines serves to destabilizg relative

to 1, and electron donation from the chlorines into the 6s orbital
of platinum may also help to stabiliz&, relative to4a.

Therefore, the almost universal preference in six-coordinate,
Pt(IV) complexes for ligand dissociation, prior to reductive
elimination!#15is largely attributable the effect of the two axial
ligands on facilitating loss of an equatorial ligand. Ligand loss
lowers the activation enthalpy for reductive elimination from
both Pt(Il) and Pt(IV) complexes by making it geometrically
possible for the transition structures to profit maximally from
the same orbital interactions that stabilize the products. Our
calculations provide no evidence to support the propéssaiisa
that ligand loss accelerates alkane reductive eliminations by
allowing an agostic interaction between a8 bond of the
alkyl fragment and the empty coordination site.
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