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9.4 Hz), 3.33 (1 H,s), 3.15 (1 H, dd, J = 9.4 and 4.4 Hz), 2.94-3.12
(2 H, m), 3.33-2.67 (3 H, m), 1.70-1.92 (1 H, m), 1.10-1.72 (8 H, m).
MS caled for CpH,4N,O, m/e 380.1736; found m/e 380.1737. It was
identical in all respects except rotation and melting point with a sample
of (-)-kopsine, which was kindly supplied by Prof. Manfred Hesse (Zu-
rich).

Treatment of the a-Chloro Acid 19 with AgOAc. A suspension of 198
(49 mg, 0.09 mmol) and AgOAc (50 mg, 0.3 mmol) in nitromethane (4
mL) was stirred at 25 °C in the dark for 24 h. The mixture was par-
titioned between dichloromethane (10 mL)/water (10 mL), and the
organic layer was separated and dried (Na,SO,). The products were
separated by PLC, eluting with EtOAc/CH,Cl, (3:1) to give 23 (9.1 mg,
19%) and 24 (5 mg, 10%). The base-line material was treated with
diazomethane in ether/THF (3 mL, 1:1) to give two compounds, which
were separated by PLC, eluting with EtOAc/CH,Cl, (1:3) to give the
cyclobutane derivative 22 (11.4 mg, 25%) and the o,8-unsaturated ester
21 (9.1 mg, 20%). 22 was recrystallized from CHCl;/pentane to give
colorless cubes, mp 250-252 °C (dec) suitable for single-crystal X-ray
structure determination. IR (CH,Cl,) 2920, 1730, 1694, 1599, and 1150
cm™. 'THNMR§8.10(2H,d,J =9 Hz), 6.82-7.16 (4 H, m), 6.99 (2
H,d,J =9 Hz), 4.12-4.22 (1 H, m), 3.86 (3 H, s), 3.78 (1 H, 5), 3.75
(3H,s),3.55(1 H,s),2.97 (1 H,dt, J =13 and 4 Hz), 2.66-2.82 (1
H, m), 2.35(1 H,d,J =13.9 Hz), 2.17 (1 H, dd, J = 13.9 and 3 Hz),
1.83-2.02 (1 H, m), 1.1-1.8 (6 H, m). 23: IR (CH,Cl,) 3540, 2940,
1680, and 1600 cm™, 'TH NMR 7.9 (2H,d,J =9 Hz),7.1-7.2 (2 H,

m), 6.94-7.02 (1 H, m), 6.92 (2 H,d, J =9 Hz), 4.33 (1 H, s), 4.18-4.26
(1 H, m), 3.83 3 H,s),3.59 (1 H,s),315( H,d, J=17 Hz),
2.88-2.98 (1 H, m), 2.60-2.76 (1 H, m), 2.28 (1 H, m), 1.85 (1 H, d,
J =17 Hz), 1.0-2.0 (10 H, m). MS caled for Co,sHysN,OsS m/e
480.1719; found m/e (EI) 480.1706. 24 IR (CH,Cl,) 2940 (m), 1750
(m), 1680 (s), and 1594 (m) cm™.. 'H NMR 7.84 (2 H,d, J = 9 Hz),
7.49 (1 H, d, J = 8 Hz), 6.96-7.21 (3 H, m), 6.86 (2 H, d, / = 9 Hz),
4.10-4.20 (1 H, m), 3.83 (3 H, s), 3.59-3.63 (1 H, m), 3.55 (1 H, s),
322(1 H,d,J =178 Hz),2.61-2.78 (1 H, m), 1.98-2.12 (2 H, m), 1.77
(3H,s), 1.67 (3 H,s), 1.1-1.9 (4 H, m). MS (EI m/e 463 (67), 292
(98), 171 (100).
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Abstract: The homolytic bond dissocation energies (BDEs) of the mononuclear metal carbonyl hydride complexes (n°-
CsH)M(CO);H (M = Cr, Mo, W), (7°-CsMes)Mo(CO);H, (7°-CsHs)W(CO)5(PMe;)H, (7°-CsHs)M(CO),H (M = Fe,
Ru), H,Fe(CO),, Mn(CO),PPh;H, Mn(CO)sH, Re(CO):H, and Co(CO);LH (L = CO, PPh,, P(OPh);) have been estimated
in acetonitrile solution by the use of a thermochemical cycle that requires knowledge of the metal hydride pK, and the oxidation
potential of its conjugate base (anion). The BDE values obtained by this method fall in the range 50-67 kcal/mol. In most
cases, these results agree well with literature data. Our data provide strong support for the common assumption that the M~-H
bond energies are greater for third-row and for second-row metals than for first-row metals, the difference being 5-11 kcal/mol.
Effects of neither phosphine or phosphite substitution nor permethylation of the cyclopentadienyl ring on the M—-H bond energies
could be detected within the error limits of the method. The results are discussed in relation to previous M-H BDE estimates

and metal hydride reactivity patterns.

Organotransition-metal hydride (M—-H) complexes constitute
an important class of compounds and have received considerable
attention particularly because of their involvement in many
stoichiometric and catalytic processes.2 It is clear that the M—H
bond strengths exert a major influence on the properties of metal
hydride compounds, and a detailed knowledge of the factors that
determine the M—H bond strengths would greatly aid in under-
standing reactivity patterns in many processes.> For example,
the activation of alkane carbon-hydrogen bonds by coordinatively
unsaturated transition-metal complexes is a process that is being
vigorously pursued.* The formation of M—H and M—C bonds

(1) (2) University of Oslo. (b) Utah State University.

(2) For recen1 reviews of metal hydride chemistry, see: (a) Pearson, R.
G. Chem. Rev. 1985, 85, 41. (b) Moore, D. S.; Robinson, S. D. Chem. Soc.
Rev. 1983, 12, 415. (c) Hlatky, G. G.; Crabtree, R. H. Coord. Chem. Rev.
1985, 65, 1.

(3) Connor, J. A. Top. Curr. Chem. 1977, 71, 71.

(4) For recent reviews, see: (a) Crabtree, R. H. Chem. Rev. 1985, 85, 245.
(b) Halpern, J. Inorg. Chim. Acta 1985, 100, 41. (c) Shilov, A. E. Activation
of Saturated Hydrocarbons by Transition Metal Complexes; D. Reidel:
Dordrecht, 1984,
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Scheme I
energy change
L.M-H —LM*+H" BDE )

LM-H - LM + H* BDE - EA(L,M*) + IP(H*) (2)

L,M-H — L,M* + H- BDE + IP(L,M*) - EA(H") (3)

provides the driving force for such reactions, and the sum of the
M-H and M-C bond dissociation energies must be on the order
of 110 keal/mol for the reaction to be thermodynamically feasible.’

Three modes of cleavage of M—H bonds have been envisaged,
as shown in Scheme .22 The first reaction is a homolytic cleavage
reaction for which the energy change is given by the homolytic
bond dissociation energy (BDE) of the M—H bond. In reaction

(5) Nolan, S. P.; Hoff, C. D.; Stoutland, P. O.; Newman, L. J.; Buchanan,
J. M.; Bergman, R. G.; Yang, G. K; Peters, K. S. J. Am. Chem. Soc. 1987,
109, 3143.
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Scheme I1
AG®
M-H(sol) — M(sol) + H*(sol) 2.301RTpK, (4)
M~(sol) — M*(sol) + & FE®,(M") (5)
H*(so)  — H*(ag) -AG°,(HY) (6)
H*(aq) + ¢ — 0.5H,(g) 0 Q)]
0.5Hy(g) — H'(g) AG °(H), 8
H*(g) — H*(sol) AG °5y(H") 9)
M-H(sol) — M*(sol) + H*(sol) BDE (10)

BDE = 2.301RTpK, + FE°, (M) - AG°,(H*) + AG°(H"), +
AG°(HY) (11)

2, the hydrogen is removed as a proton, and in solution the
free-energy change of this reaction may be extracted from
Bronsted acidity (pK,) data when such are available. In reaction
3, the hydrogen is removed as a hydride ion. The energetics of
reactions 2 and 3 furthermore are linked to the BDEs through
the electron affinities (EAs) and ionization potentials (IPs) of
L,M* and H*, as is also shown in Scheme I,

A considerable amount of Bronsted acidity data is available
for a variety of metal hydrides,?¢ and such data have been used
to distinguish between proton-transfer mechanisms and other viable
alternatives in reactions of metal hydrides.” It is also of con-
siderable importance to have quantitative information about so-
lution homolytic bond dissociation energies of M—H bonds, eq 1.
Such data are notably scarce.! A few estimates have appeared,
and it is commonly believed that metals in the third and second
transition series form stronger bonds to hydrogen than members
of the first series.”*® Calorimetric data for group 6 metal hydrides
(Cr, Mo, W) support this view.® Some other circumstantial
evidence, based on chemical reactivity, is also available in support
of this notion,2»b76.10

The scarcity of M—H BDE data may be attributed to the lack
of generally suitable methods for their measurement. Calorimetric
methodology has been applied in some instances, but frequently
these methods depend on the use of metal-metal BDE estimates,
which may be controversial themselves (for example, estimates
of the Mn—-Mn BDE in Mn,(CO),, varies from 18.9 to 36.8
kcal/mol!!), before M—H bond energies can be extracted.®!!
Kinetic methods are useful for quantitative estimates only if
decomposition proceeds by means of a homolytic cleavage path-
way. However, other pathways may often be energetically more
favorable. In order to avoid these complications, a different and
widely applicable method, based on thermodynamic quantities,
for the evaluation of M—H bond energies would be desirable.

In this paper, we report a number of M—H BDE:s in acetonitrile
solution, estimated by using a thermochemical cycle that requires
knowledge of the M—H Brensted acidity and the reversible oxi-
dation potential of the corresponding M~ anion. The method is
widely applicable and results in BDE values within about 1
kcal/mol of the most reliable literature values available.

(6) (a) Jordan, R. F.; Norton, J. R. J. Am. Chem. Soc. 1982, 104, 1255.
(b) Moore, E. J.; Sullivan, J. M,; Norton, J. R. J. Am. Chem. Soc. 1986, 108,
2257. (c) Kristjansdoutir, S. S.; Moody, A. E.; Weberg, R. T.; Norton, J. R.
Organometallics 1988, 7, 1983.

(7) (a) Jacobsen, E. N.; Bergman, R. G. J. Am. Chem. Soc. 1985, 107,
2023. (b) Martin, B. D.; Warner, K. E.; Norton, J. R. J. Am. Chem. Soc.
1986, 108, 33. (c) Edidin, R. T.; Sullivan, J. M.; Norton, J. R. J. Am. Chem.
Soc. 1987, 109, 3945.

(8) Collman, J. P.; Hegedus, L. S.; Norion, J. R,; Finke, R. G. Principles
and Applications of Organotransition Metal Chemistry, University Science:
Mill Valley, CA, 1987.

(9) Landrum, J. T.; Hoff, C. D. J. Organomet. Chem. 1985, 282, 215.

(10) Edidin, R. T.; Norton, J. R. J. Am. Chem. Soc. 1986, 108, 948.

(11) Connor, J. A.; Zafarani-Moattar, M. T.; Bickerton, J.; El Saied, N.
L.; Suradi, S.; Carson, R.; Al Takhin, G.; Skinner, H. A. Organometallics
1982, 1, 1166.
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Results and Discussion

Method. The method we use to estimate M—H BDEs involves
a thermochemical cycle analogous to that employed recently by
Bordwell!? (after a modification of the cycle presented by Nicholas
and Arnold!?) for various C-H, O-H, and N-H BDEs in DMSO
solution (Scheme II). The use of the method is not limited to
DMSO, and for our study, we chose acetonitrile because this
solvent is more commonly used in experimental organometallic
chemistry and because a wide range of M—H pK;, values have been
measured in acetonitrile. Here, pK, is the Bronsted acidity of
the metal hydride in solution. £ °_,(M") is the reversible potential
for the oxidation of the M~ anion versus the hydrogen electrode
in acetonitrile. In order to refer the electrode potentials to the
standard hydrogen electrode (SHE), the free energy of transfer
of the proton from water to acetonitrile, AG °,,(H*), is subtracted.
For consistency, we have used values for these constants from a
single source.!*

The value for AG°,(H"), the free energy of solvation of the
hydrogen atom, is assumed to be equal to that of the hydrogen
molecule,!® found to be +5.12 kcal/mol based on reported AH °©
and AS® values.!” A value for AG°{(H"), is taken as 48.58
kcal/mol.’¥ With these constants, eq 11 leads to eq 12 for the

BDEg = 1.37pK, + 23.06E°,(M") + 456  (12)

calculation of BDE values (kcal/mol) at 298.15 K, where the
subscript signifies that the values are free-energy BDEs. In order
to enable comparison with values obtained by calorimetry and
other methods, an entropy contribution, TAS °, must be included
to convert to AH. The overall entropy change for the M—H bond
homolysis is given by eq 13. Making the reasonable assumption
that S °(M-H),, = S°(M*),!° the entropy change is given by
eq 14 where AS °(H") is the entropy of solvation of the hydrogen

AS hom = SO(M.)sol +S °(I_I.)sol -S o(M_I_I)sol (13)
ASohom = SO(H.)sol = SO(H.)g + ASOSOI(H.) (14)

atom in acetonitrile, assumed to be equal to the entropy of solvation
of the hydrogen molecule,!® —11.9 eu.!” Taking the entropy of
formation of the hydrogen atom in the gas phase to be 27.4 eu,!®
AS ®pom = 15.5 eu and the total TAS ° contribution to the BDE
equals 4.62 kcal/mol. Equation 15 gives the final expression that

BDE = 1.37pK, + 23.06E °,(M") + 50.3 (15)

will provide the enthalpy-based BDEs. Once again, E °,(M")
is the electrode potential referring to that of the hydrogen electrode
in acetonitrile. Assumptions and approximations that give rise
to the constant term, 50.3, in eq 15 have recently been applied
by others.1220 'We regard the most serious approximations to be
those regarding the solvation energies of H* and H* in acetonitrile.
For example, the free energy of transfer of the proton from water
to acetonitrile may be quite different from the corresponding value
for transfer to acetonitrile/0.1 M Bu,NPFj, the medium used for

(12) Bordwell, F. G.; Cheng, J.-P.; Harrelson, J. A., Jr. J. Am. Chem. Soc.
1988, 110, 1229.

(13) Nicholas, A. M. de P.; Arnold, D. R. Can. J. Chem. 1982, 60, 2165.

(14) Kolthoff, I. M.; Chantooni, M., K., Jr. J. Phys. Chem. 1972, 76, 2024,

(15) Energies and entropies of solvation of H, show very litile variation
in a number of organic solvents.'®® Values found for solvation of He!®® (which
by size and shape may be more similar to the hydrogen atom; data for ace-
tonitrile solution are not available) also are quite similar to those for Hy.

(16) (a) Solubility Data Series: Hydrogen and Deuterium; Young, C. L.,
Ed.; Pergamon: Oxford, 1981; Vol. 5/6. (b) Solubility Data Series: Helium
and Neon, Clever, H. L., Ed.; Pergamon: Oxford, 1979; Vol. 1.

(17) Brunner, E. J. Chem. Eng. Data 1985, 30, 269.

(18) CRC Handbook of Chemistry and Physics; Weast, R. C., Ed.; CRC
Press: Boca Raton, FL, 1987.

(19) It has been observed 1hat hydrocarbons RH and their corresponding
radicals R" differ in entropy by ca. 2 eu; see ref 20.

(20) Wayner, D. D. M.; McPhee, D. J.; Griller, D. J. Am. Chem. Soc.
1988, 110, 132.
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Figure 1. Derivative cyclic voltammogram of PPN*Mn(CO);s™ (1.0 mM)

in acetonitrile/Bu,N*PFg (0.1 M) at a Pt microelectrode (d = 0.4 mm)
at 25 °C and a sweep rate, », of 1.0 V/s.

the electrochemical measurements. Furthermore, solvation
properties of the electronically unsaturated H* atom may not be
accurately described by the properties of the closed-shell H,
molecule.

Electrochemical Measurements. The measurement of the ox-
idation potentials for the M~ anions were carried out either on
the PPN* (PPN* = bis(triphenylphosphine)iminium, (Ph,P),N*)
salts of the anions (M = (7>-CsHs)Cr(CO)s, (7>-CsHs)Mo(CO),,
(n*-CsH5)W(CO)3, Mn(CO)s, Mn(CO),PPh;, Re(CO)s, (n’-
CsHs)Fe(CO),, HFe(CO),, Co(CO),, Co(CO),PPh,, Co-
(CO);P(OPh),) or on anions generated in situ from the bromide
(n°-CsH5)W(CO),(PMe,)Br or from the metal-metal bonded
dimers M2 (M = (7]5'C5Me5)M0(CO)3, (7]5'C5H5)RU(CO)2) by
keeping the electrode rest potential negative enough to cause
reduction of these precursors. The latter method was applied to
the (n*-CsHs),M,(CO)s (M = Mo, W) and (»*-C;Hs),Fe,(CO),
complexes as well, and the results were indistinguishable within
experimental error from those obtained with the PPN* salts.
Attempts to measure the oxidation potential of (7°-CsMes)Fe-
(C0)," by either method were unsuccessful. Only a broad, fea-
tureless cyclic voltammetry wave from which no reliable data could
be extracted was observed. This problem may be due to adsorption
or to possible instability of the anion in the acetonitrile/0.1 M
Bu,*NPF,” medium that was used. The (»°-CsMes)Fe(CO),
anion may be expected to be more reactive (as a base or as a
nucleophile) than the less electron rich but still strongly nucleo-
philic?* (»°-CsHs)Fe(CO),™ anion. The latter, as the PPN* salt,
was found to undergo about 40-50% decomposition during the
course of 10—15 min when dissolved in the electrolyte, as observed
by a gradual decrease in the oxidation peak intensity in the cyclic
voltammograms. No efforts were made at identifying the products
of this decomposition.

The metal anion oxidation potentials were determined by de-
rivative cyclic voltammetry (DCV),?* and the oxidation potentials
(with the reversible ferrocene/ferricinium couple as the refer-
ence??) measured at 298 K and a voltage sweep rate, », of 1.00
V/s are listed in Table I. Figure | shows a DCV trace for the
oxidation of PPN*Mn(CO)s~. The cyclic voltammetry peak

(21) Billmers, R.; Griffith, L. L.; Stein, S. E. J. Phys. Chem. 1986, 90, 517.

(22) Conversion to the SCE scale requires the addition of 0.307 V.2

(23) Bard, A. J.; Faulkner, L. R. Electrochemical Methods:Fundamentals
and Applications; Wiley: New York, 1980.

(24) Henderson, S.; Henderson, R. A. Adv. Phys. Org. Chem. 1987, 23,
1.

(25) (a) Ahlberg, E.; Parker, V. D. J. Electroanal. Chem. 1981, 121, 73.
(b) Parker, V. D. Electroanal. Chem. 1986, 14, 1.
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Table I. Metal Anion Oxidation Potentials, Metal Radical
Recombination Rate Constants, and Calculated Kinetic Potential
Shifts

compound E(M)* Keim” Econ’
(n>-CsH;)Cr(C0),” ~0.688¢ 0.000
(n*-CsHs)Mo(CO),” ~0.501 3% 10%¢ 0.116
(n*-CsMes)Mo(CO)y” ~-0.709 1 x 10°¢ 0.106
(n*-CsHs)W(CO);y~ -0.491 1.9 x 10°%  0.112
(7-CsHs)W(CO),PMe,~  -1.225 1 x10°¢ 0.106
(n*-CsH;)Fe(CO),” -1.352 32%x10°0  0.117
(n*-CsH5)Ru(CO),” -1.057 3x 10%/ 0.116
Mn(CO)s -0.555 9.5 % 108%  0.106
Mn(CO),PPh;” -0.870 1 x 10" 0.067
Re(CO)5” ~0.690 3.7 % 10°%  0.118
Co(CO) -0.271 42 x 1087 0.099
Co(CO);P(OPh);~ ~0.489 9 x 107" 0.086
Co(CO);PPhy” -0.723 1 X 107° 0.067
HFe(CO),” -0.403 4 x 1082 0.099

2V versus ferrocene/ferricinium in acetonitrile/0.1 M Bu,N*PF;~ at
298 K and a voltage sweep rate, », of 1.00 V/s. E, (M) values were
determined as described in the text versus a Ag/Ag" reference elec-
trode and subsequently converted to the ferrocene/ferricinium scale.
Oxidation processes were chemically irreversible unless otherwise not-
ed. ®Rate constants (M s7!) for the dimerization of M* radicals in
solution. “Kinetic potential shift to be added to E, (M) in order to
obtain the reversible electrode potential. Calculated according to ref
23. 4Reversible process. °Acetonitrile, 293 K.?* /Measured in di-
chloromethane (see Experimental Section). The difference in oxidation
potentials between (n’-CsHs)Mo(CO);™ and (5°-CsMes)Mo(CO),™ is
assumesd to be the same in acetonitrile as in dichloromethane (0.208
V). #The value for kg is based on the reported 5 X 108-5 x 10° M
s estimate for (n%-CsMe;)Fe(CO)," in cyclohexane.®? * Cyclohexane,
295 K.2 Cyclohexane, 293 K.%* /Not available but taken to be sim-
ilar to Fe analogue. *n-Hexane, 295 K.* !n-Hexane, 298 K.3!* 7 p-
Hexane, 298 K.65 "Value reported®® for Co(CO);P(n-Bu); in n-hex-
ane, 298 K. See also ref 31a. °The relative rates within the Co(CO),L
series have been taken to be the same as within the Mn(CO),L series;
see ref 31. 21t has been suggested that HFe(CO),*, generated by oxi-
dation of the anion®? or by photolysis of Fe(CO)s in the presence of
CO and H, in pentane,*® undergoes dimerization to give unstable
H,Fe,(CO)s. The rate is here assumed to be similar to that for Co-
(CO),"

potential can be measured with high precision as the point where
the rapidly descending DCV curve crosses the base line. The peak
labeled ¢ corresponds to the reduction of Mn,(CO);,,26 verified
by comparison with an authentic sample. The low ratio of the
derivative peak current on the reverse scan (labeled b) relative
to that for oxidation of the anion (a) indicates that the elec-
trode-generated Mn(CO),* radical has a very short lifetime.?” It
is known? that many 17-electron organometallic radicals dimerize
to form the corresponding metal-metal bonded species at rates
approaching diffusion control. For example, (7*-CsHs)Mo(CO),*
undergoes dimerization with a rate constant of (3 £ 1) X 10° M™!
s7!in acetonitrile at 293 K. In THF, it was shown that the rate
of dimerization was unaffected by the addition of Bu,N*PF,",%®
a finding which is of importance for our electrochemical studies
because Bu,N*PF, is used as the supporting electrolyte.

The presence of such rapid follow-up reactions that consume
the electrode-generated species will cause a shift in the cyclic
voltammetry peak potential away from the reversible potential.
For an oxidation process, this shift will be in the cathodic di-
rection.??* For the accurate estimation of M—H BDE values, we
need the reversible electrode potentials. Fortunately, when the
dimerization rate constant and the bulk concentration of the

(26) Lacombe, D. A,; Anderson, J. E.; Kadish, K. M. Inorg. Chem. 1986,
25, 2074.

(27) When derivative cyclic voltammetry is used, a small peak is to be
expected during the reverse scan even in the event that the electrode-generaled
species undergoes “complete reaction” during the timescale of 1the measure-
ment. This contrasts with the lack of a peak under these conditions during
normal cyclic voltammelry experiments.

(28) Meyer, T. J.; Caspar, J. V. Chem. Rev. 1985, 85, 187 and references
therein.

(29) Hughey, J. L.; Bock, C. R.; Meyer, T. J. J. Am. Chem. Soc. 1975,
97, 4440.
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Table II. Meial Hydride Brensted Acidity and Bond Dissociation Daia in
Acetonitrile

M-H BDE,
E (M) vs M-H kcal /mol
entry compd (H*/Hy)an pKS b lit. daia
1 (n*-CsHs)Cr(CO);H -0.639 133 54
2 (9’-CsHs)Mo(CO);H -0.336 139 62 65+6)°
66 = 8,77
66 £ 1.5%
3 (n’-CsMes)Mo(CO);H -0.5544 17.1 6l
4  (n-CsHs5)W(CO);H -0.330 16.1 65 80.7°
S (n-CsH)W(CO),PMe;H  -1.070¢ 266 62
6 Mn(CO)H -0.400 14.1¢ 60 652 51,1t
6321
7  Mn(CO),PPh;H -0.754 204 61
8 Re(CO)sH -0.523 21,1 67
9  (n*-CsHs)Fe(CO),H -1.186 19.4 50
10 (n’-CsHs)Ru(CO),H -0.892 202 57

11 Fe(CO)H, -0.255¢ 114 60 <652
12 Co(CO),H -0.123¢4 8.3 59 584l
13 Co(CO),P(OPh);H -0.354 11.3 58

14  Co(CO),PPh,H -0.607¢ 154 57

4 As reported by Norton and co-workers.® ® This work. Calculated from
eq 15 and data in Table I after correcting for kinetic potential shifts.
¢Kristjansdautir, S. S.; Norton, J. R. Unpublished work. 4The kinetic po-
tential shifts in these cases were based on esiimated rate constants for di-
merization and therefore are associated with a greater uncertainty in the
estimated reversible potentials.

substrate (anion) are known, this kinetic potential shift may be
calculated.?® In the case of (#°-CsHs)Mo(CO),*, with ¢ = 1073
Mand k =3 X 10° M1s7!, the shift will be 0.116 V. Tt is worth
noticing that an error in the estimated rate constant of a factor
of 10 will only cause a 20-mV change in this correction term,
corresponding to 0.5 kcal/mol in the BDE estimates. Although
recombination rate constants for radicals other than (*-CsHjs)-
Mo(CO);" are not available in acetonitrile solution, data are in
many cases available for other solvents. These data are used
directly for the calculation of the respective potential shifts, shown
in Table I. The errors that arise from doing so are expected to
be small because the viscosities of the solvents that were used did
not differ very much. No correction is needed for the oxidation
potential of (%°-CsHs)Cr(CO); since this anion is reversibly
oxidized as a consequence of the facile equilibrium between the
radical and its dimer in solution.?® For the substituted radicals
Co(CO),;L* (L = P(OPh),,PPh,), it has been necessary to make
extrapolations based on recombination rates found in a series of
manganese compounds.?! The errors involved here are expected
to be considerably less than an order of magnitude in & values.
Reasonable estimates of dimerization rates also had to be made
for the radicals (7°-CsHs)W(CO),PMe; and (n’-CsMes)Mo(CO),.

Meyer and Pugh,*? by the use of fast-scan (5000 V/s) cyclic
voltammetry, observed reversible waves for the Mn(CO)s™/Mn-
(CO)s* and (9>-CsHs)Fe(CO), /(n>-CsHs)Fe(CO),' couples.
They reported potentials for these processes equal to -0.15 and
—0.93 V versus the saturated calomel electrode (SCE). After
applying the kinetic shift correction terms to our peak potentials
(Table I) and converting to the SCE scale by the addition of 0.312
V, we obtain estimates for the reversible oxidation potentials for
these processes of =0.137 and —0.924 V, respectively. The excellent
agreement between our results and those reported?? for the re-
versible potential measurements indicates that our kinetic shift
corrections are appropriate.

The estimated maximum error in our electrode potentials,
including that in the kinetic shift correction, is £20 mV (0.5
kcal/mol). Most of the reported M—H pK, estimates® are reported
with an uncertainty of less than 0.2pX, units (0.3 kcal/mol).
Taking these uncertainties into account, our method should yield

(30) (a) Madach, T.; Vahrenkamp, H. Z. Naturforsch. 1978, 33B, 1301.
(b) McLain, S. J. J. Am. Chem. Soc. 1988, 110, 643.

(31) (a) In the Mn(CO),L"* series, relative recombination rates of 10, 9,
and | were found for L = P(n-Bu),, P(OPh),, and PPh;.3!® (b) Walker, H.
W.; Herrick, R. S.; Olsen, R. J.; Brown, T. L. Inorg. Chem. 1984, 23, 3748.

(32) Pugh, J. R.; Meyer, T. J. J. Am. Chem. Soc. 1988, 110, 8245.
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M-H BDE values with a relative accuracy of on the order of £1
kcal/mol.

Metal-Hydrogen Bond Dissociation Energies. When combined
with the known® acetonitrile pK, values of the hydrides, the
corrected oxidation potentials discussed above may be used in eq
15 to yield estimates of the metal-hydrogen BDEs. Table II lists
the appropriate pK, and calculated BDE values. Also included
are previously reported M—H bond energies when such are
available, Our BDEs range from 50 ((#°-CsH;)Fe(CO),H) to
67 (Re(CO);sH) kecal/mol, all within the 50~75 kcal/mol that have
been proposed as “first approximation” values for M—H BDEs. 2

The data in Table II serve to confirm the notion that, for
structurally similar compounds, third- and second-row metals form
stronger bonds to hydrogen than first-row metals do. This appears
to be the case in groups 6—8 for which we have data to compare.
In group 6, entries | and 4 in Table II indicate that the W-H
bond is stronger than the Cr—H bond by 11 kcal/mol. Group 7
metals, entries 6 and 8, differ by only 5 kcal/mol, whereas in group
8, entries 9 and 10, the difference is 7 kcal/mol between the first-
and second-row members. Other values reported for third-row
metals, but not included in Table II, are 73 kcal/mol for (n’-
CsMes)Ir(PMe;)(C¢H )H® and 72 keal/mol for (n°-
CsHy),WH,.»

Based on our data, there appears to be no clear trend in M—H
BDEs when passing through a row in the transition-metal series.
Nor does there seem to be any correlation between BDEs and pK,
values alone or between BDEs and anion oxidation potentials.
Clearly, the combined effect of the two factors must be taken into
account.

It is of interest to compare the observed tendency for second-
and third-row metals to form stronger M—H bonds with obser-
vations that have been made in the gas phase.*® One might expect
that relative gas-phase BDEs could differ from relative solu-
tion-phase BDEs due to differential solvation energies for first-,
second-, and third-row metals. Such an effect could be of im-
portance when comparing first- and second-row members, since
these are quite different in size. For second- and third-row metals,
the atomic radii are quite similar, and such an effect would
therefore be expected to be of less importance when comparing
second- and third-row BDE data. Interestingly, gas-phase BDE
data for the ions [M(CO)—H*] (M = Cr, 58; Mo, 65; W, 64
kcal/mol* )) are reasonably close to those estimated for the
(n°-CsH5)M(CO);H series by us. In a more recent account,
a compilation of a number of gas-phase BDEs of “naked” M*-H
ions indicates that there may not be any significant systematic
differences between first- and second-row metal hydride BDEs.

Comparison with Calorimetric and Equilibrium Data. Inspection
of Table II revelas that, in most cases where direct comparisons
can be made, our values agree well with data obtained by other
methods. This will be the focus of the discussion to follow.

Hoff and co-workers®*"* have carried out direct (Cr) and
indirect measurements of the heats of hydrogenation (AHyq4) of
group 6 dimers ((n°-CsHs),M,(CO)¢, M = Cr, Mo, W) in the
solid state (eq 16) and obtained results with exceptionally good

(n*-CsH;);M(CO)4(s) + Hy(g) — 2(775'C5H5)M(C0)3H((Sé)
1

Athd = BDEM_M + BDEH_H - ZBDEM_H (17)

internal consistency. The reactions were found to be slightly
exothermic for M = Cr (AHyy = -3.3 kecal/mol) and W (-1.5
kcal/mol) but somewhat endothermic for M = Mo (+6.3
kcal/mol). The M—H BDEs were extracted from these data
employing eq 17, using previously measured M—M BDEs (32.5

(33) Calado, J. C. G.; Dias, A. R.; Martinho Simdes, J. A.; Ribeiro da
Silva, M. A. V. J. Organomet. Chem. 1979, 174, 77.

(34) A recent review offers a tabulation of gas-phase measurements of
M-H bond energies; see ref 4b.

(35) Stevens, A. E.; Beauchamp, J. L. J. Am. Chem. Soc. 1981, 103, 190.

(36) Elkind, J. L.; Armentrout, P. B. Inorg. Chem. 1986, 25, 1080.

(37) Hoff, C. D. J. Organomet. Chem. 1985, 282, 201.

(38) Nolan, S. P.; de la Vega, R. L,; Hoff, C. D. J. Organomet. Chem.
1986, 315, 187.
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kcal/mol for M = Mo?® and 55.9 kcal/mol for M = W*0),

Recent measurements of the solution monomer/dimer equi-
librium of (5°-CsHjs),Cr,(CO); indicated a Cr—Cr BDE of 14.8
kcal/mol in THF.3% Taking BDEy_y as 104.2 kcal /mol'® and
AHy, = -3.3 keal, eq 17 predicts a BDE¢,.y of 59.5 keal/mol.
Taking into account that the calorimetric data were obtained for
the solid state and that the Cr—Cr and our Cr-H BDE estimates
are solution-phase values, the agreement with our value of 54
kcal/mol is reasonably good.

The temperature dependence of the equilibrium constant for
reaction 18 in n-heptane yielded a heat of hydrogenation, AHy,
of +3.2 kcal/mol.#!  Assuming a Co—Co bond strength of 14.5
kcal/mol,*? this yielded a Co—H BDE of 59 kcal/mol. Again,
an excellent agreement with our data is found.

Co,(CO)g(sol) + Hy(g) = 2 Co(CO),H(sol) (18)

Only for entry 4, (#°-CsHs)W(CO);H, is there a significant
difference between our energies and previously published M-H
bond energies. Considering the successful application of our
method in the corresponding Cr and Mo and other systems, we
feel that this difference may indicate that the literature value is
too high, possibly reflecting an overestimation of the W—W bond
strength in the dimer (55.9 kcal/mol, obtained by mass spec-
trometry*?). However, the discrepancy may also reflect the lack
of solvation effects in the gas phase.

Substituent Effects on Metal-Hydrogen Bond Energies. It is
of great importance to understand the effects that substituent
changes will have on the M—H bond energies in structurally related
complexes. We set out to determine the effects of CO substitution
and permethylation of the cyclopentadienyl ring system in this
respect.

Reliable acidity data in acetonitrile are available for complexes
(n3-CsH)W(CO,)LH (L = CO, PMes), Mn(CO),L (L = CO,
PPh,), and Co(CO),LH (L = CO, P(OPh),, PPh;).* We have
observed that the substituted hydrido species are kinetically more
stable toward air oxidation than the unsubstituted ones, both in
solution and in the solid state. Our bond energy data (Table II)
suggest that this stabilization is not due to a thermodynamic
stabilization of the W-H, Mn-H, and Co-H bonds upon CO
substitution.

It has been proposed that phosphine substitution might stabilize
metal hydrides due to electronic factors but that this effect could
be counteracted by the steric demands of the phosphine ligand
and possibly by stabilization of the radical formed by hydrogen
atom loss, the overall effect being that M—H BDEs would be quite
insensitive to phosphine substitution.”™ This analysis was used
to explain why the rate of addition of M—H bonds across the
vinylidene carbon—carbon double bond of (73-CsHs);,Co,(CO),-
(u-C=CH,), a reaction believed to take place via initial hydrogen
atom transfer,’® was only moderately influenced by ligand sub-
stitution at M: With compounds (7°-CsHs)Mo(CO),LH as hy-
drogen atom donors, the relative rates were found to be 13, 6.4,
and 0.8 for L = CO, PMe,, and PPh,;. We detect no effect of
phosphine or phosphite substitution on M—H BDEs within ex-
perimental error.

Halpern and co-workers* in one case have observed spontaneous
H* transfer from Mn(CO)sH to Mn(CO),LH (where L = (p-
CH,0C(H,)sP), even though the reaction is not significantly
exothermic, as will be explained in the following. In this study,
Mn(CO)s* and Mn(CO),L* were generated in a stoichiometric
ratio of 1.1 (pseudo-first-order rate constant k = 5.4 X 107!
at 75 °C) in the presence of a large excess of Mn(CO)sH. Scheme
III depicts the reactions that are of importance when describing
the fate of these radicals.

Reaction 19 would be expected to be reversible under the
reaction conditions,* the two Mn—H bond energies being similar;

(39) Amer, S.; Kramer, G.; Pog, A. J. Organomet. Chem. 1981, 209, C28.
(40) Krause, J. R.; Bidinosti, D. R. Can. J. Chem. 1975, 53, 628.

(41) Ungvéry, F. J. Organomet. Chem. 1972, 36, 363.

(42) Bidinosti, D. R.; Mclntyre, N. S. Can. J. Chem. 1970, 48, 593.
(43) Nappa, M. J.; Santi, R.; Halpern, J. Organometallics 1988, 4, 34.
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Scheme II1

k
Mn(CO)sH + Mn(CO),L* k.—_*lg Mn(CO)s* + Mn(CO),LH (19)

=19

k.
2Mn(CO), k.—_»" Mn,(CO)sL, (20)
=20
kag
Mn(CO)L* + Mn(CO)s* === Mny(CO),L (21
-l
k-
IMn(CO)s* ké Mn,(CO),o (22)

-2

it does not matter here which one is the stronger. Reaction 20
will also be reversible, with ky, approaching the diffusion-controlled
limit and k_y, being 0.16 s using published activation parameters
for the cleavage of the Mn—Mn bond in Mn,(CO),L,.* Reaction
21, the forward reaction approaching diffusion control and k_y;
being measured to be 4.1 X 1075 s71,# is essentially irreversible
under the reaction conditions, and it was concluded*? that
Mn,(CO),L was not a major contributor to the generation of
Mn(CO),LH. Since reaction 21 removes equal amounts of
Mn(CO);* and Mn(CO),L’ radicals from the system, it does not
affect the Mn(CO),LH/Mn(CO);sH balance. The crucial point
now is that reaction 22 serves to irreversibly remove Mn(CO)s*
from the system (the reverse reaction will have a rate constant
of 4.3 X 1077 571 by extrapolation, using activation parameters
obtained from measurements at higher temperatures*). Each
time Mn,(CO),g is formed, in order to maintain the metal hydride
mass balance in the system, one molecule of Mn(CO),LH must
be formed—and it does not matter whether the Mn—H BDE in
Mn(CO),LH is weaker or stronger than that of Mn(CO)sH!

The pentamethylcyclopentadienyl ligand has found widespread
applications in organometallic chemistry, in part because of its
propensity to stabilize many complexes relative to their unsub-
stituted cyclopentadienyl counterparts.” The stabilization may
be of a kinetic or thermodynamic nature and arise from steric
and/or electronic factors. Hoff and co-workers® have reported
that the hydrogenation of (1°-C¢Rs);Mo0,(CO)g is more favorable
by about 2 kcal/mol for R = Me than for R = H. This effect
was attributed to increased steric repulsion (a weaker Mo—Mo
bond) in the permethylated dimer, rather than to a difference in
the respective Mo-H bond energies. Our data verify that the
Mo-H bond strengths in the two corresponding molybdenum
hydrides are practically identical (within experimental error; note
that (’-CsMes)Mo(CO),~ oxidation was carried out in di-
chloromethane—see Experimental Section for details). Thus,
permethylation does not lead to an inherently stronger Mo—H bond
and therefore the increased thermal stability of (n°-C Mes)-
Mo(CO);H must be caused by other effects, whether steric or
electronic in origin.

Metal Hydrides as Hydrogen-Atom-Transfer Reagents. Metal
hydrides are well-established intermediates in the catalytic hy-
drogenation of alkenes.! Many isolable metal hydrides readily
hydrogenate alkenes or dienes in a stoichiometric fashion. Al-
though possible mechanisms for such reactions are diverse, a
radical mechanism involving direct hydrogen atom transfer to the
alkene is plausible, provided that the metal-hydrogen bond is
sufficiently weak. In fact, considerable evidence has accumulated
in support of such mechanisms during the stoichiometric hydro-
genation of styrenes,* anthracenes, > allenes,*! and conjugated

(44) See, for example, the recent observation that H' iransfer between
(7°-CsH;)Cr(CO);H and (4°-CsH;)Cr(CO);* is rapid on the NMR timescale:
Cooley, N. A.; Watson, K. A.; Fortier, S.; Baird, M. C. Organometallics 1986,
5, 2563.

(45) Jackson, R. A.; Pog, A. Inorg. Chem. 1979, 18, 3331.

(46) Jackson, R. A.; Poé, A. Inorg. Chem. 1978, /7, 997.

(47) (a) Bercaw, J. E,; Marvich, R. H.; Bell, L. G.; Brinizinger, H. H. J.
Am. Chem. Soc. 1972, 94, 1219. (b) Pation, A. T,; Strouse, C. E.; Knobler,
C. B.; Gladysz, J. A. J. Am. Chem. Soc. 1983, 105, 5804.

(48) Nolan, S. P.; Hoff, C. D.; Landrum, J. T. J. Organomet. Chem. 1985,
282, 357.
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dienes®"2 by transition-metal hydrides. CIDNP effects have been
observed in some cases, 4%&8hn0,51,52

Halpern*P suggested a method to estimate upper limits for
M-H bond energies as follows: Sweany and Halpern*® in a classic
study observed CIDNP effects during the hydrogenation of a-
methylstyrene with Mn(CO)sH. They concluded that the rate-
limiting step was transfer of H* from Mn(CO);, to the alkene, and
from their data, AH ° for this reaction has a maximum value of
19 kcal/mol. This then leads to an upper limit for the Mn-H
bond energy of 65 kcal/mol. The same treatment on data from
analogous reactions between metal hydrides and a-methylstyrene
or styrene provides the following upper limits for some M—H bond
strengths: Co(CO),—H,* <63 kcal/mol; (n*-CsHs)Mo(CO),-
H,* <65 keal/mol; (n°-CsHs) W(CO),—H,** <67 keal/mol. In
all cases, our BDE values (Table II) are less than these maximum
values.

The hydrides (7>-CsH;)Fe(CO),H (Fe-H BDE = 50 kcal/mol)
and (n*-CsH;)Cr(CO);H (Cr-H BDE = 54 kcal/mol) are the
ones that the present study indicates as having the weakest M—H
bonds and as such would be the most reactive in H*-transfer
reactions. Using a “radical clock” technique to probe the hy-
drogen-atom-transfer rates from metal hydrides to vinylcyclo-
propanes, Bullock and Samsel® found that the rate constant (22
°C) for H* transfer from (n°-CsHs)Fe(CO),H to the 1-cyclo-
propyl-1-phenylethyl radical was ca. 10° M™! 57!, whereas H°
transfer from (»°-CH;)Cr(CO);H was slower, 4 X 107 M1 571,
On the basis of the ratios of ring-opened to rearranged products,
(n*-CsH;)Mo(CO);H reacts slower than the Cr complex, and
(7°-CsHs)W(CO);H reacts still slower. Iron compounds (n’-
CsH;)Fe(CO)(PMe,)H and (°-CsMes)Fe(CO),H gave more
ring-opened product than did (>-CsH;)Fe(CO),H, apparently
in conflict with the substituent effects on the BDEs that we have
found. However, the radical clock experiments were carried out
at different temperatures. Furthermore, the kinetics would be
sensitive to steric effects of bulky ligands in a way that does not
affect our thermodynamic techniques.

Reliability of BDE Determined by Using the Thermochemical
Cycle. The assumption that the solvation energy of the hydrogen
atom is equal to that of the hydrogen molecule is the most serious
source of uncertainty in the BDE values. At the present time,
there is no way to evaluate how great an error this assumption
introduces. For this reason, it is of interest to consider the relative
accuracy of the BDE values determined by using the thermo-
chemical cycle. When either the reversible potential can be
measured directly or the observed potential can be corrected using
a known rate for the reaction following charge transfer, the error
introduced from the electrode potential measurement is no more

(49) (a) Sweany, R. L.; Halpern, J. J. 4m. Chem. Soc. 1977, 99, 8335.
(b) Roth, J. A.; Orchin, M. J. Organomet. Chem. 1979, 182, 299. (c) Nal-
esnik, T. E.; Orchin, M. J. Organomet. Chem. 1980, 199, 265. (d) Sweany,
R. L.; Comberrel, D. S.; Dombourian, M. F.; Peters, N. A. J. Organomet.
Chem. 1981, 216, 57. (e) Roth, J. A.; Wiseman, P. J, Organomet. Chem.
1981, 217, 231. (f) Nalesnik, T. E.; Freudenberger, J. H.; Orchin, M. J.
Organomet. Chem, 1981, 221, 193. (g) Nalesnik, T. E.; Orchin, M. J. Or-
ganomet. Chem. 1981, 222, C5. (h) Nalesnik, T. E.; Orchin, M. Organo-
metallics 1982, 1, 222. (i) Ungvdry, F.; Markd, L. Organometallics 1982,
1, 1120. (j) Nalesnik, T. E.; Freudenberger, J. H.; Orchin, M. J. Mol. Catal.
1982, /6, 43. (k) Roth, J. A.; Wiseman, P.; Ruszala, L. J. Organomet. Chem.
1983, 240, 271. (1) Maisui, Y.; Orchin, M. J. Organomet. Chem. 1983, 244,
369. (m) Ungviry, F.; Markd, L. J. Organomet. Chem, 1983, 249, 411. (n)
Bockman, T. M.; Garst, J. F.; King, R. B.; Markd, L.; Ungviry, F. J. Orga-
nomet. Chem. 1985, 279, 165. (o) Halpern, J. Pure Appl. Chem. 1986, 58,
575. (p) Halpern, J. Privale communication.

(50) (a) Feder, H. M.; Halpern, J. J. Am. Chem. Soc. 1975, 97, 7186. (b)
Sweany, R. L.; Butler, S. C.; Halpern, J. J. Organomet. Chem. 1981, 213, 487,

(51) Garsy, J. F.; Bockman, T. M.; Bailaw, R. J. Am. Chem. Soc. 1986,
108, 1689,

(52) (a) Connolly, J. W. Organometallics 1984, 3, 1333. (b) Thomas, M.
J.; Shackleton, T. A.; Wright, S. C.; Gillis, D. J.; Colpa, J. P.; Baird, M. C.
J. Chem. Soc., Chem. Commun. 1986, 312. (c) Wassink, B.; Thomas, M. J.;
Wright, S. C.; Gillis, D. J.; Baird, M. C. J. Am. Chem. Soc. 1987, 109, 1995.

(53) Koenig, T.; Finke, R. G. J. Am. Chem. Soc. 1988, 110, 2657.

(54) McMillen, D. F.; Golden, D. M. Annu. Rev. Phys. Chem. 1982, 33,
493,

(55) Bullock, R. M,; Samsel, E. G. J. Am. Chem. Soc. 1987, 109, 6542.
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than 10 mV. This corresponds to an uncertainty of about 0.2
kcal/mol and together with the error in the pX, (0.3 kcal/mol)
results in an uncertainty of about 0.5 kcal/mol in the BDE. When
the rate of dimerization of the radical species is unknown, an order
of magnitude error in the estimated rate constant corresponds to
a 20-mV error in the estimated reversible potential and adds
another 0.5 kcal/mol to the overall error. In general, we are
confident that the values that we report in Table II are associated
with a relative error of no more than 1 kcal/mol.

Because of the lower degree of uncertainty in the relative values
of the BDE in Table II, we considered choosing a reliable BDE
from the literature and adjusting our values to this standard. One
possibility considered was the Co~H BDE®” of Co(CO),~H, which
has been reported to be equal to 58 kcal/mol.#? Another possibility
that we considered for a standard is the Mn—-H BDE of Mn(C-
0)s—H, which has recently been set at 63 kcal/mol?! but not
without approximations. Since in both cases our BDE values are
close to the reported values, we decided not to make an empirical
correction.

Experimental Section

The metal anion PPN* salts were prepared by metathesis of the
corresponding sodium salts with PPN*CI™ in THF at ambient tempera-
ture, followed by recrystallization by slow cooling of saturated acetonitrile
solutions. The preparation of most of these, and analogous salts, has been
previously reported.’® The salts, although somewhat air stable as solids,
were stored under nitrogen in a Vacuum Atmospheres drybox.

Complexes (7*-CsHs),Ru,(CO)47 and (n°-CsMes);M0,(CO)4%® were
prepared according to published procedures. The bromide (7°-CsHs)W-
(CO),(PMe,)Br was prepared by treating an ether solution of the hydride
(7*-CsHs)W(CO),(PMe;)H* with 2 equiv of CBr, for 10 min at ambient
temperature. Recrystallization from dichloromethane/hexane gave the
product (91% yield) as orange-red needles: mp 187-189 °C dec; 'H
NMR (100 MHz, CDCl,) 6 1.72 (d, J = 9.8 Hz, 9 H), 5.29 (d, J = 2.4
Hz, 5 H)(trans isomer); é 1.74 (d, J = 9.8 Hz, 9 H), 5.51 (s, 5 H) (cis
isomer)® (cis:trans ratio 66:34); IR (vco, THF) 1953, 1864 cm™..

The electrochemical instrumentation, cells, data handling procedures,
and electrodes have been previously described.?26! All measurements
were carried out in reagent-grade acetonitrile that had been distilled from
P,Os and passed through a column of active neutral alumina before use
to remove water and protic impurities. Before the organometallic com-
plexes were added, the electrolyte was freed of air by purging with argon.
All measurements were carried out under a blanket of solvent-saturated
argon at 25 £ 0.5 °C.

Repeated peak potential measurements by DCV on one solution were
generally reproducible to £3 mV or better, provided that care was taken
to thoroughly clean the surface of the Pt working electrode between scans.
If cleaning was not done, the DCV peaks would undergo broadening with
concomitant current decrease, and the peak potentials would drift, in-
dicative of adsorption problems. For the peak potential measurements
on independently prepared solutions of the same compounds, the repro-
ducibility was better than £10 mV,

Oxidation of (n°-CsMes)Mo(CO),", generated in situ from the dimer,

(56) (a) Darensbourg, M. Y.; Darensbourg, D. J.; Barros, H. L. C. Inorg.
Chem. 1978, 17, 297. (b) Inkrott, K.; Goeize, R.; Shore, S. G. J. Organomet.
Chem. 1978, 154, 337. (c) Treichel, P, M.; Nakagaki, P. C. Organometallics
1986, 5, 711. (d) Atwood, J. D. Inorg. Chem. 1987, 26, 2918.

(57) Gibson, D. H.; Hsu, W.-L.; Sieinmetz, A. L.; Johnson, B. V. J.
Organomet. Chem. 1981, 208, 89.

(58) Birdwhistell, R.; Hackell, P.; Manning, A. R. J. Organomet. Chem.
1978, 157, 239.

(59) Kalck, P.; Pince, R.; Poilblanc, R.; Roussel, J. J. Organomet. Chem.
1970, 24, 445.

(60) For a discussion of the siereochemistry of (n’-CsHs)M(CO),LX
complexes, see: Faller, J. W.; Anderson, A. S. J. Am. Chem. Soc. 1970, 92,
5852.

(61) (a) Ahlberg, E.; Parker, V. D, J. Electroanal. Chem. 1981, 121, 57.
(b) Ahlberg, E.; Parker, V. D. Acta Chem. Scand. Ser. B. 1980, B34, 97.

(62) Moore, B. D.; Poliakoff, M.; Turner, J. J. J. Am. Chem. Soc. 1986,
108, 1819.

(63) Caspar, J. V.; Meyer, T. J. J. Am. Chem. Soc. 1980, 102, 7794.

(64) Wegman, R. W.; Olsen, R. J.; Gard, D. R.; Faulkner, L. R.; Brown,
T. L. J. Am. Chem. Soc. 1981, 103, 6089.

(65) Wegman, R. W ; Brown, T. L. Inorg. Chem. 1983, 22, 183.

(66) (a) El Murr, N.; Chaloyard, A. Inorg. Chem. 1982, 21, 2206. (b)
Krusic, P. J; Jones, D. J.; Roe, D. C. Organometallics 1986, 5, 456.

(67) It was suggesied by Professor J. R. Norion thal the literature value
for 1this BDE is probably the most reliable value available at the present 1ime.
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in acetonitrile resulted in a poorly defined, broad wave from which no
useful oxidation potential data could be obtained. However, in di-
chloromethane, the oxidation process was well-defined. It was therefore
necessary to use the dichloromethane data, and these have been converted
to acetonitrile solution values by making the assumption that the oxida-
tion potential difference between (7°-CsHs)Mo(CO);™ and (n3-CsMes)-

Mo(CO);" is identical in the two solvents.
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Abstract: Pyrolysis at 280 °C isomerizes trans-1-methyl-2-(1-tert-butylethenyl)cyclopropane to 1-tert-butyl-4-methylcyclopentene
and 5,6,6-trimethyl-1,4-heptadiene in a 1:2 ratio. Monodeuteration of the exo methylene and optical activnty studies of the
rearrangement indicate that the cyclopentene is formed prlmarlly (greater than 72%) through a suprafac1al inversion pathway.
Deuterium substitution on the trans-methyl group resulted in A#/kP3 = 1.11 with no change in the ratio of cyclopentene to
diene, indicating no hydrogen transfer in the rate-determining step for formation of the diene. Dideuteration of the terminal
methylene gave k¥/kP2 = 1.13 for formation of cyclopentene and 1.03 for formation of diene. The equivalent isotope effects
with trans-1-methyl-2-vinylcyclopropane are 1.17 and 1.05, respectively, all with an average deviation of 0.03. The isotope
effect at the terminal methylene suggests substantial twisting of the methylene in the rate-determining transition state, suggesting
that the 1,3-shift of carbon in the vinylcyclopropane rearrangement is concerted.

Since the thermal rearrangement of 2,2-dichlorovinylcyclo-
propane to 4,4-dichlorocyclopentene was first discovered in 1959,!
many attempts have been made to elucidate the mechanism of
this first-order and presumably unimolecular 1,3-sigmatropic shift.
Wellington found that cyclopentene, 2, comprised 96% of the
pyrolysate from vinylcyclopropane, 1, and was formed with log
k(1/s) = 13.5-49700/2.3RT.2 The rest of the product mixture
consisted of dienes.
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Geometric isomerization of cis-2-deuterio- 1-vinylcyclopropane,
3, occurs with log k(1/s) = 14.5 - 48200/2.3RT.> Further, if
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only cleavage to C1 occurs, as is expected because of formation
of an allylic species, the geometric isomerization of 1-(trans-2-
deuteriovinyl)-trans,trans-2,3-dideuteriocyclopropane, 4, which
gives a near statistical ratio of the trans- and cis-dideuterio isomers,
appears to proceed via a randomized biradical intermediate.*
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Substituents that are cis on the double bond of vinylcyclo-
propane have been found to decrease the rate of cyclopentene
formation.> This suggests that for the 1,3 shift, the vinyl group
is cisoid in the activated complex and that the cis methyl desta-
bilizes this complex. This conclusion is not unreasonable because
a transoid complex would give a trans-cyclopentene! (See Scheme
L)

A hydrogen shift to cis-hexa-1,4-diene, 6 (Scheme II), is re-
sponsible for ca. 93% of the product from pyrolysis of trans-2-
methyl-1-vinylcyclopropane, 5, and this diene is the exclusive
product at lower temperatures when the corresponding cis isomer,
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