J. Am. Chem. Soc. 1992, 114, 10897-10902

Table IX. Vibrational Frequencies of the Species Involved in the
Reaction HOC* — HCO**#

LDA HPF LDA HF
HOC* o 3119 3463 HCO* o 3142 3317
5 1968 1997 o 2238 2288
x 317 620 n 786 1051
TS A’ 2102 2208
1896 2056
1278

4The unit is cm™.. °Reference 41.

calculations.

HF/5-31G//MP3/6-31G**

in Table VIII. Geometries optimized by the LDA and the NL
agree with experiment fairly well. The discrepancies are within
0.005 A. The geometries for the transition state obtained by the
LDA and the NL are similar, but the latter is closer to the
MP3/6-31G** geometry, as shown in Table VIII.

Nobes et al.*! studied the basis set and CI effects on the the-
oretical energy barriers. The results obtained by different ab initio
calculations ranged from 77.0 kcal/mol at the HF/4-31G level
to 39.4 kcal/mol for MP3/6-311G***//MP3/6-31G**. The
study revealed that a larger basis set and a higher level of theory
always decreased the barrier. The value of 42.8 kcal/mol listed
in Table VIII was obtained*! by MP3/6-31G**//MP3/6-31G**.
Being corrected by the zero-point energy, the best result that
Nobes et al.*! has obtained is 35.9 kcal/mol. Our calculations
by LDA generate a lower barrier of 27.2 kcal/mol. The nonlocal
corrections slightly raise this barrier to 27.5 kcal/mol. The in-
fluence of the nonlocal corrections to the energy barrier for the
isomerization reaction E is thus negligible. The zero-point energy
corrected barrier for the NL is 26.0 kcal/mol, which is 9.9
kcal/mol lower than the value of 35.9 kcal/mol obtained by
MP3/6-311G***. It is possible that such a discrepancy will be

(52) Snyder, L. E.; Hollis, J. M,; Lovas, F. J.; Ulich, B. L. Astrophys. J.
1976, 209, 67.
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reduced when more extensive CI is included in the ab initio
calculations. The vibrational frequencies calculated by the LDA
are given in Table XI.

IV. Concluding Remarks

We have studied the hydrogen abstraction reactions A and B.
The local density functional theory predicted lower energy barriers
than the experimental observations, but the nonlocal corrections
successfully rectified the underestimated barriers yielding re-
markable agreement with the experiment. The reaction mecha-
nisms proposed by the LDA and NL schemes are qualitatively
different, and it is suggested that the double-well reaction profile
introduced by LDA with two intermediates is incorrect and is an
artifact of the local approximation, which is known to overestimate
bonding between atoms. The nonlocal corrections, on the other
hand, seem to represent the experimental findings and should be
used in studies on reactions involving a transition state with a
three-center, three-electron bond.

The dissociation reaction C is appropriately described by the
LDA scheme. The influence of the nonlocal corrections is much
smaller for reaction C than for either A or B. It is encouraging
to see that DFT-based methods are able to handle “symmetry-
forbidden” reactions with a high barrier, where interactions be-
tween two or more configurations are of importance, Figure 6.
More work is needed to understand how DFT-based methods are
able to treat this category of processes.

The isomerization reactions D and E are also described well
by the DFT-based methods, and the nonlocal approximations
provide a small but significant improvement. It can be concluded
that the nonlocal method due to Becke?* and Perdew?® demon-
strates considerable promise as a practical tool in kinetic studies
on organic reactions.
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Abstract: The ring opening and isomerization of cyclopropane are shown by ab initio calculations to be catalyzed by complexation
with Be**. The reactions proceed via a common metallacyclobutane radical cation intermediate formed in a reaction that
is endothermic by 12.3 kcal mol™! relative to the cyclopropane-Be'* complex. From this intermediate, three alternative reaction
paths were examined, two isomerizations to give a propene-Be** complex and a C-C bond cleavage forming a carbene-
ethylene—Be** species. These reactions are found to be exothermic by 5.4 and 5.2 kcal mol™! relative to the cyclopropane-Be'*
complex, respectively. The isomerization of cyclopropane to give propene is calculated to be exothermic by 8.0 kcal mol™!
(exptl 7.9 kcal mol™'). Remarkable parallels to transition-metal catalyzed reactions were found for all the reactions examined.

Introduction

The ability of transition-metal complexes to effect structural
changes in organic substrates is widespread in organometallic
chemistry, examples are the metal-assisted rearrangements of
strained-ring molecules, particularly the reactions of cyclopropanes
to olefins, and the metal promoted isomerization of olefins.! In
this paper we focus our attention on the conversions of cyclo-

(1) For a review, see: Bishop, K. C. Chem. Rev. 1976, 76, 461.

0002-7863/92/1514-10897$03.00/0

propanes. The related isomerization of olefins will be the subject
of further work.

The gas-phase thermal isomerization and ring-opening of cy-
clopropane require activation energies of 60-61 and 64-65 kcal
mol™!, respectively.? Yamaguchi et al.* and Getty et al.’® found

(2) Activation energy for the reaction to give propene: Klein, 1. E.; Ra-
binovitch, B. S.; Chem. Phys. 1978, 35, 439. Rabinovitch, B. S. Chem. Phys.
1982, 67, 201. The difference between the activation energies was determined
to be 3.7 kcal mol"!: Waage, E. V.; Rabinovitch, B. S. J. Phys. Chem. 1972,
76, 1965. See, also: Doering, W. Proc.Natl. Acad. Sci. US.A. 1982, 78, 5279.

© 1992 American Chemical Society
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Table I. Activation Energies (in kcal mol™') for the Reactions Examined®

Alex and Clark

PUHF (UHF) PMP2 (MP2) PMP3 (MP3) PMP4 (MP4(SDTQ)) QCISD(T) (QCISD) +ZPE*
E, 31.3 (31.9) 38.0 (38.4) 35.5 (35.8) 33.6 (33.9) 312 31.1) 29.0
E. 21.8 (20.4) 33.3 (32.4) 322 (31.6) 32.1 (31.5) 31.6 (27.6) 30.7
E,s 2.5 (3.9) -0.7 (0.4) 0.4 (1.0) -0.8 (-0.2) -0.2 (0.8) -0.7
E.; 24.3 (24.3) 327 (32.7) 30.8 (30.8) 30.5 (30.5) 30.2 (30.3) 29.0
Eg 22.6 (22.6) 25.0 (25.0) 24.5 (24.5) 24.6 (24.6) 24.4 (24.1) 24.1
Ey 30.1 (30.1) 26.8 (26.8) 26.7 (26.7) 26.4 (26.4) 26.3 (26.4) 24.9
E.o0 32.4 (34.4) 43.8 (45.2) 40.5 (41.3) 40.7 (41.5) 40.0 (39.1) 36.8
E. 19.8 (20.4) 24.1 (24.4) 23.8 (24.0) 24.0 (24.3) 24.2 (23.9) 22.7
E.. 33.6 (27.9) 13.4 (8.6) 15.3 (11.8) 13.9 (10.4) 13.1 (14.6) 14.4

4The QCISD(T)/6-31G*//6-31G*-calculated energy corrected for the zero-point energies calculated at UHF/6-31G*//6-31G*. ®All calculations

used the 6-31G* basis set at the UHF/6-31G*-optimized geometries.

Table II. Reaction Energies (in kcal mol™!) for the Reactions Examined®

PUHF (UHF) PMP2 (MP2) PMP3 (MP3) PMP4 (MP4(SDTQ)) QCISD(T) (QCISD) +ZPE*
AE, —46.9 (-46.9) —57.2 (-57.2) -56.9 (-56.9) —58.2 (-58.2) ~58.2 (-56.8) -57.3
AE, 12.8 (14.2) 18.3 (19.3) 15.1 (15.8) 15.1 (15.7) 14.4 (14.1) 123
AE, -24.7 (-25.9) -19.3 (-20.1) -18.5 (-19.0) -18.7 (-19.3) -18.7 (-18.9) -177
AE, 50.9 (50.7) 54.0 (53.8) 54.9 (54.8) 55.5 (55.3) 55.5 (54.9) 54.7
AEq -24.3 (-24.6) -14.4 (-14.7) -16.9 (-17.2) -16.1 (-16.4) -16.2 (-16.9) -17.5
AE, 62.7 (62.7) 65.8 (65.8) 66.0 (66.0) 65.7 (65.8) 65.2 (64.8) 63.2
AE,, -32.3 (-26.1) -19.5 (-14.2) -19.8 (-16.1) -20.2 (-16.4) -18.6 (~18.7) -21.1
AE,, 7.6 (0.1) 0.2 (-5.8) 1.3 (-3.0) 1.4 (-2.8) -0.1 (-0.2) 3.4

¢The QCISD(T)/6-31G*//6-31G*-calculated energy corrected for the zero-point energies calculated at UHF/6-31G*//6-31G*. ® All calculations

used the 6-31G* basis set at the UHF/6-31G* optimized geometries.

an activation energy of 61.6 kcal mol™' in ab initio calculations.
Trimethylene has been ruled out as a stable intermediate by high
level ab initio calculations.* The electrophilic ring-opening of
cyclopropane has been studied extensively experimentally® and
theoretically.’»®"¢ The ring opening of the cyclopropane radical
cation has also been studied both experimentally’ and theoreti-
cally.! The activation energy for this reaction was calculated
by Borden et al.? to be 36.1 kcal mol™!. In semiempirical calcu-
lations on the ring-opening of substituted cyclopropane radical
anions, formation of a stable trimethylene radical anion inter-
mediate with an activation energy of 4-5 kcal mol! was found.!®
These radical anion intermediates are also known experimentally.!!
Because the activation energies for the ring openings of the radical
cation and the radical anion are much lower than that of the
neutral reaction, they should be catalyzed by complexation with
a group 2 metal radical cation such as Be**. In a previous paper,
we investigated the catalysis of the dimerization of ethylene by

(3) (a) Yamaguchi, Y.; Schaefer, H. F. 111; Baldwin, J. E. Chem. Phys.
Lett. 1991, 185, 143. (b) Getty, S. J.; Davidson, E. R.; Borden, W. T. J. Am.
Chem. Soc. 1992, 114, 2085.

(4) Doubleday, C.; Mclver, J. W.; Page, M. J. Phys. Chem. 1988, 92,
4367.

(5) (a) Coxon, J. M.; Battiste, M. A. In The Chemistry of the Cyclopropyl
Group; Rappoport, Z., Ed.; Wiley: New York, 1987. (b) Vogel, P. Carbo-
cation Chemistry; Elsevier, Amsterdam, 1985; p 331. (c) Saunders, M.; Vogel,
P.; Hagen, E. L.; Rosenfeld, J. Acc. Chem. Res. 1973, 6, 53. (d) Lias, S. G.;
Liebmann, J. L,; Levin, R. D. J. Phys. Chem. Ref. Data 1984, 13, 695; Table
3.3,p 703. (e) Chon, S.-L.; Franklin, J. L. J. Am. Chem. Soc. 1972, 94, 6347.
(f) Viviani, D.; Levy, J. B. Int. J. Chem. Kinet. 1979, 11, 1021. (g) Schulz,
J. C.; Houle, F. A.; Beauchamp, J. L. J. Am. Chem. Soc. 1984, 106, 3917.
(h) Wiberg, K. B.; Kass, S. R, J. Am. Chem. Soc. 1985, 107, 988.

(6) (a) Radom, L.; Poppinger, D.; Haddon, R. C. In Carbonium Ions;
Olah, G. A., Schleyer, P. v. R, Eds.; Wiley: New York, 1976; Vol. 5, Chapter
38, p 2303. (b) Dewar, M. J. S.; Healy, E. A.; Ruiz, J. M. J. Chem. Soc.,
Chem. Commun. 1987, 943. (c) Raghavachari, K.; Whiteside, R. A.; Pople,
J. A, Schleyer, P.v. R. J. Am. Chem. Soc. 1981, 103, 5649. (d) Radom, L.;
Pople, J. A.; Buss, V.; Schleyer, P. v. R. J. Am. Chem. Soc. 1972, 94, 311.
(e} Koch, W,; Liu, B; Schleyer, P.v. R. J. Am. Chem. Soc. 1989, 111, 3479.
(f')ngmabe, S.; Minato, T.; Seki, M.; Inagaki, S. J. Am. Chem. Soc. 1988,
110, 6047.

(7) Sack, T. M.; Miller, D. L.; Gross, M. L. J. Am. Chem. Soc. 1988, 107,
6795. Qin, X.-Z.; Williams, F. Chem. Phys. Lett. 1984, 112,79. Qin, X.-Z,;
Williams, F. Tetrahedron 1986, 42, 6301.

(8) Wayner, D. D. M,; Boyd, R. J.; Arnold, D. R. Can. J. Chem. 1983,
61,2310. Wayner, D. D. M.; Boyd, R. J; Arnold, D. R. Can. J. Chem. 1985,
63,3283, Hrovat, D. A;; Du, P.; Borden, W. T. Chem. Phys. Lett. 1986, 123,
337.

340(69) Du, P.; Hrovat, D. A; Borden, W. T. J. Am. Chem. Soc. 1988, 110,
(10) Hansele, E. Diplomarbeit; Universitit Erlangen-Nurnberg, 1988.
(11) Boche, G.; Wintermayr, H. Angew. Chem. 1981, 93, 923.

Scheme 1. Proposed Mechanisms for the Ring-Opening and
Isomerization of Metallacyclobutanes and Cyclopropanes by

Transition-Metal lons!5&?
R‘
== HAH (Inversion)
R H

NR? (Retention)

(‘2\ H !H
—.. = A (Retention)
HE, ; H HF{."-. s RZ
M M

group 2 metal radical cations!'? and found a major catalytic effect
compared to the neutral reaction.

We now report model ab initio molecular orbital calculations!?
on the ring-opening and isomerization of cyclopropane and the

(12) Alex, A.; Clark, T. J. Am. Chem. Soc. 1992, 114, 506.

(13) All calculations used the Convex, the Cray, and the 1BM version of
the Gaussian 88 (Frisch, M. J.; Head-Gordon, M.; Schlegel, H. B.; Ragha-
vachari, K.; Binkley, J. S.; Gonzalez, C.; DeFrees, D. J.; Fox, D. J.; Whiteside,
R. A; Seeger, R.; Melius, C. F.; Baker, J.; Kahn, L.; Stewart, J. J. P.; Fluder,
E. M.; Topiol, S.; Pople, J. A., Gaussian Inc.. Pittsburgh, PA, 1988) and
Gaussian 90 programs (Frisch, M. J.; Head-Gordon, M.; Trucks, G. W.;
Foresman, J. B; Schlegel, H. B.; Raghavachari, K.; Robb, M.; Binkley, J. S.;
Gonzalez, C.; Defrees, D. J.; Fox, D. J.; Whiteside, R. A.; Seeger, R.; Melius,
C. F.; Baker, J.; Martin, R. L.; Kahn, L. R.; Stewart, J. J. P.; Topiol, S.; Pople,
J. A.; Gaussian, Inc.: Pittsburgh, PA, 1990) on Convex C220s, Cray YMP
8/16, and 1BM 3090-120, and the Convex- and Cray-version of Cadpac 4.1
(Amos, R. D.; Rice, J.; CADPAC: The Cambridge Analytical Derivatives
Package, Issue 4.1, Cambridge, 1987). Geometry optimizations were per-
formed at the unrestricted Hartree-Fock level using the 6-31G* basis set
(Hariharan, P. C.; Pople, J. A. Theor. Chim. Acta 1973, 28, 213. Francl, M.
M.; Pietro, W. J; Hehre, W. J; Binkley, J. S.; Pople, J. A. J. Chem. Phys.
1982, 77, 3654) for C, H, and Be. Optimized structures were characterized
by diagonalization of the UHF/6-31G* force constant matrix. The energies
given in the text and in the figures refer to quadratic configuration interaction
including single, double, and triple excitations (QCISD(T), Pople, J. A.;
Head-Gordon, M.; Raghavachari, K. J. Chem. Phys. 1987, 87, 5986). All
MP4 energies refer to fourth order Moller—Plesset correction for electron
correlation including single, double, triple, and quadruple exciations
(MP4SDTQ: Meller, C.; Plesset, M. S. Phys. Rev. 1934, 46, 618. Binkley,
J. S.; Pople, J. A. Int. J. Quant. Chem. 1975, 9, 229 and references therein.
Pople, J. A.; Binkley, J. S.; Seeger, R. Int. J. Quant. Chem. Suppl. 1976, 10,
1 and references therein. Frisch, M. J.; Krishnan, R.; Pople, J. A. Chem. Phys.
Lett. 1980, 75, 66). The core orbitals were not included in the calculation of
the MP4 correction.
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Table I1I. Absolute Energies (in au) of 1-17°
PUHF (UHF)* PMP2 (MP2) PMP3 (MP3)  PMP4 (MP4sdtg) QCISD(T) (QCISD)  ZPE*  NIMAG

1 —78.03172 —78.28435 —78.30536 —78.31870 —78.32095 (78.31238) 34.37 0

2 -117.05887 —117.44820 -117.47640 -117.49407 -117.49569 54.76 0
(-117.48342)

3 -117.07147 —117.45472 —117.48496 -117.50436 -117.50687 53.62 0
(-117.49404)

4 -131.40918 —131.81468 —131.84266 —-131.86240 -131.86395 55.71 0
(~131.40905) (-131.81478) (-131.84260) (-131.86234) (-131.84943)

5 -131.35925 —131.75432 -131.78608 —-131.80889 -131.81430 53.27 1
(-131.35820) (-131.75358) (-131.78556) (-131.80837) (-131.79994)

6 -131.38882 -131.78564 -131.81853 —-131.83839 —131.84093 53.34 0
(-131.38643) (-131.78404) (-131.81746) (-131.83732) (-131.82703)

7 —131.35411 -131.73253 -131.76719 -131.78719 —131.79060 52.38 1
(-131.35389) (-131.73239) (-131.76710) (-131.78710) (-131.78300)

8 -131.42817 —-131.81635 —131.84803 -131.86824 -131.87074 54.47 0
(-131.42777) (-131.81603) (-131.84781) (-131.86802) (-131.85709)

9 —131.38483 -131.78679 -131.81794 —131.83967 —-131.84128 52.80 1
(-131.38028) (-131.78346) (-131.81590) (-131.83763) (-131.82579)

10 -131.42757 —131.80862 -131.84541 —131.86405 -131.86673 51.87 0
(-131.42571) (-131.80754) (—131.84483) (-131.86346) (-131.85388)

11 —53.29586 —53.41946 —53.43482 —53.44058 —53.44138 15.26 0

(-53.29401) (-53.41839) (-53.43422) (-53.43997) (-53.43830)

12 -131.37316 -131.77495 -131.80359 -131.82314 —-131.82506 55.32 1
(-131.37302) (-131.77487) (-131.80353) (-131.82308) (-131.81103)

13 -131.36127 -131.77222 —-131.80009 -131.82033 -131.82210 54.20 1
(-131.36106) (-131.77210) (-131.80000) (-131.82024) (-131.80734)

14 -131.37041 -131.76277 -131.79351 -131.81372 -131.81576 54.35 1
(-131.37026) (-131.76267) (-131.79345) (-131.81366) (-131.80109)

15 -131.35749 —131.74485 -131.77807 -131.79747 —-131.80025 52.13 1
(-131.35428) (-131.74278) (-131.77683) (-131.79623) (-131.78713)

16 -131.35723 -131.74730 -131.78064 —-131.80008 -131.80234 51.67 1
(-131.35390) (~131.74508) (-131.77923) (-131.79867) (—131.78898)

17 —-131.44022 -131.81671 -131.85010 -131.87051 —-131.87065 50.56 0
(-131.42797) (-131.80673) (-131.84310) (-131.86352) (-131.85681)

18 —-131.38669 -131.79537 -131.825877 —131.84840 —131.84984 52.04 1

(-131.38350)

(-131.79307)

(-131.82437)

(~131.84701)

(-131.83358)

@ ]-3 were calculated at the RHF/6-31G* level. ®The QCISD(T)/6-31G*//6-31G* calculated energy corrected for the zero-point energies

calculated at UHF/6-31G*//6-31G*. ©All calculations used 6-31G* basis set on the UHF/6-31G* optimized geometries.

isomerization of a metallacyclobutane on the [BeC;H,]** potential
energy surface. This work is intended to provide a further example
of catalysis of organic reactions by a group 2 metal radical cation,
Be'*. A part of this study is the reexamination of the Be**-
catalyzed unimolecular 1,3-hydrogen shift in propene at a higher
level than that used previously.!4

Experimental studies both in the gas phase and in solution have
revealed several different products for the reaction of metal cations
with cyclopropane. These include metallacycles,!*™" carbene—
olefin species,162c4f pi.allyl-metal-hydride complexes,'¢¢ or
[MC;H]* adducts.!®® These species are proposed to be inter-
mediates in catalytic processes such as olefin metathesis.l” Of
special interest are the carbene species because of their use in
cyclopropane synthesis.!®* The carbene-transfer reaction was

(14) Clark, T. J. Am, Chem. Soc. 1989, 111, 761.

(15) (a) Al-Essa, R. J.; Puddephatt, R. J.; Thompson, P. J.; Tipper, C. F.
H. J. Am. Chem. Soc. 1980, 102, 7546. (b) Puddephatt, R. J.; Quyser, M.
A.; Tipper, C. F. H. J. Chem. Soc., Chem. Commun. 1976, 626. (c) Casey,
C. P; Scheck, D. M.; Shusterman, A. J. J. Am. Chem. Soc, 1979, 101, 4233.
(d) Lambert, J. B.; Chelius, E. C. J. Organomet. Chem. 1989, 379, 187. (e)
Gillard, R. D.; Keeton, M.; Mason, R,; Pilbrow, M. F.; Russell, D. R. J.
Organomet. Chem. 1971, 33, 247, (f) Periana, R. A.; Bergman, R. G. J. Am.
Chem. Soc. 1986, 108, 7346. For reviews on metallacycles, see: (g) Chappell,
S. D.; Cole-Hamilton, D. J. Polyhedron 1982, 1, 739. (h) Puddephatt, R. J.
Comments Inorg. Chem. 1982, 2, 69.

(16) (a) Armentrout, P. B.; Beauchamp, J. L. J. Am. Chem. Soc. 1981,
103, 6628. (b) Jacobson, D. B.; Freiser, B. S. J. Am. Chem. Soc. 1983, 105,
7492. (c) Byrd, G. D.; Freiser, B. S. J. Am. Chem. Soc. 1982, 104, 5944, (d)
Pecke, D. A.; Gross, M. L.; Ridge, D. P. J. Am. Chem. Soc. 1984, 106, 4307.
(e) Tulip, T. H.; lbers, J. A. J. Am. Chem. Soc. 1979, 101, 4201, (f) Thorn,
D. L. Organometallics 1982, /, 879. (g) Armentrout, P. B. In Bonding
Energetics in Organometallic Compounds;, Marks, T. J., Ed.; American
Chemical Society: Washington, DC, 1990.

(17) McDermott, J. X.; White, J. F.; Whitesides, G. M. J. Am. Chem. Soc.
1976, 98, 6521. lvin, K. J. Olefin Metathesis; Academic Press: London, 1983.
Dotz, K. H. Angew. Chem. 1984, 96, 573.

studied theoretically at the GVB level by Rappé and Goddard!®
and by Upton and Rappé!®®< with a TiCl,~cyclopropane species
and by Anslyn and Goddard!™ with MoCl, and MoCl;* as model
systems. Their results will be compared to ours below. Several
theoretical studies on cyclopropane—metal complexes have been
published in the past decade.?® In the study most relevant to this
work, Siegbahn et al.2%f examined the ring-opening of cyclo-
propane by various Pd species. Corner attack was calculated to
be favorable for Pd® and edge attack for PdCl*.PdCl, and PdCl,>
seem to be inactive under normal conditions. The ring-opening
of cyclopropane by Cl* and Br* has also been examined by ab
initio theory® and was found to proceed via a “zigzag” reaction
path. The metallacyclobutane species for Lit and Na* were also
optimized in C,, symmetry but characterized to be second order
stationary points.5’ Recently, Bauschlicher, Freiser, Hill, and
Langhoff?! examined the bonding of, for example, C,H, isomers
to the singly charged and dipositive ions of Sc, Y, and La theo-
retically and experimentally. They found that the dipositive ions

(18) For a review, see: Brookhart, M.; Studabaker, W. B. Chem. Rev.
1987, 87, 411. Brookhart, M.; Liu, Y.; Goldman, E. W.; Timmers, D. A.;
Williams, G. D. J. Am. Chem. Soc. 1991, 113, 927. Brookhart, M.; Liu, Y.
J. Am. Chem. Soc. 1991, 113, 939,

(19) (a) Rappé, A. K.; Goddard, W. A, 111 J. Am. Chem. Soc. 1982, 104,
297. (b) Rappé, A. K.; Upton, T. H. Organometallics 1984, 3, 1440. (c)
Upton, T. H.; Rappé, A. K. J. Am. Chem. Soc. 1985, 107, 1206. (d) Anslyn,
E. V.; Goddard, W. A. Organometallics 1989, 8, 1550.

(20) (a) Eisenstein, O.; Hoffmann, R.; Rosei, A. R. J. Am. Chem. Soc.
1981, 103, 5582. (b) Rappé, A. K.; Goddard, W. A. 111 J. Am. Chem. Soc.
1980, /02, 5144. (c) Rappé, A. K.; Goddard, W. A. 111 J. Am. Chem. Soc.
1982, 104, 297. (d) Rappé, A. K.; Goddard, W. A. 111 J. Am. Chem. Soc.
1982, 104, 448. (e) Béckvall, J.-E.; Bjorkman, E. E.; Petterson, L.; Siegbahn,
P. E. M.; Strich, A. J. Am. Chem. Soc. 1988, 107, 7408. (f) Blomberg, M.
R. A.; Siegbahn, P. E. M,; Bickvall, J.-E. J. Am. Chem. Soc. 1987, 109, 4450.

(21) (a) Bauschlicher, C. W, Jr.; Langhoff, S. R. J. Phys. Chem. 1991,
95, 2278. (b) Hill, Y. D.; Freiser, B. S.; Bauschlicher, C. W., Jr. J. Am.
Chem. Soc. 1991, 113, 1507.



10900 J. Am. Chem. Soc., Vol. 114, No. 27, 1992

Be'" . cyclopropane

o
T

1 + ethylene

T

TTTT

-40 F
-50 |

-60 |-

relative energy in kcal mol
&
3
¥
&

70 F

I ST BN WA SP ST I AT NP IV S W NN IS I ATAE W )

reaction coordinate

Figure 1. Energy diagram for the isomerization of cyclopropane to
propene and the abstraction of ethylene catalyzed by complexation with
a Be'* radical cation. Starting point is Be** + cyclopropane; end points
are Be** + propene and 11 + ethylene.

bind only electrostatically to olefins, whereas the singly charged
ions insert into a C—C w-bond to form a three-membered ring.

In a series of experimental studies, Puddephatt et al.!®" and
Casey et al.,!* among others, have proposed a mechanism for the
ring-opening of cyclopropane by platinum complexes. This
mechanism (shown in Scheme I) forms the basis of our investi-
gation and will be compared to our results and discussed in detail
below. As will be shown, there are significant parallels between
experimental results and our calculations that suggest the simple
prototype system [BeC,H]** to be a far better model for tran-
sition-metal catalyzed open-shell processes than might be expected,
as we also found for ethylene dimerization.!?

Results and Discussion

The energy profile calculated for the Be**-catalyzed isomeri-
zation pathways of cyclopropane to propene and the alternative
reaction via a carbene-olefin species to give ethylene is shown in
Figure 1. It is quite similar to those found in general for gas
phase reactions of metal cations with neutral molecules.”> The
activation energies are listed in Table I and the reaction energies
in Table II. The absolute energies for all stationary points
characterized are summarized in Table III. The numbering used
for activation energies corresponds to that used for reaction en-
ergies.

The first step in the mechanism is the complexation of Be'*
to cyclopropane (2) to form species 4 with C; symmetry. The
corresponding C;, species has the same total energy within 103
au but is a transition state. The complexation energy is calculated
to be -57.3 kcal mol™! (AE,). The Be is edge-bound to the
cyclopropane. The following ring-opening reaction requires an
activation energy of 29.0 kcal mol™! (E,,) via transition state §
(C)) in a reaction that is endothermic by 12.3 kcal mol™! (AE;)
to give the metallacycle!8* 6 (C;), which we reported in an earlier
paper.* 4 and 6 were also optimized in C,, symmetry at the
MP2/6-31G* level and were characterized to be minima on the
MP2 potential energy surface by diagonalization of the MP2 force
constant matrix. Symmetry breaking in such complexes appears
to be common at UHF/6-31G*. The reaction energy changes
from +12.3 (AE,, UHF/6-31G*) to +23.0 kcal mol! at
MP2/6-31G*; the MP2-optimized atomic distances are given in
parentheses. The correlation effect for species 4 is very small,
for 6 it is more significant. We note that the local minima
calculated with UHF are also present on the MP2 potential energy
surface. In both cases 6 is a reactive intermediate. Therefore
the more economical UHF calculations should also give reasonable
results. The spin-contamination of the wave functions of all species

(22) Eller, K.; Schwarz, H. Chem. Rev. 1991, 91, 1121. Armentrout, P.
B.; Beauchamp, J. L. Acc. Chem. Res. 1989, 22, 315. See, also: van Koppen,
P. A. M.; Bowers, M. T.; Beauchamp, J. L.; Dearden, D. V. Bonding Ener-
getics in Organometallic Compounds; Marks, T. J., Ed.; American Chemical
Society: Washington, DC, 1990; pp 34.
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is small, but we nevertheless report the PUHF? total energies.
PUHF has been shown to reproduce experimental data well.2*
However, the influence of spin-contamination on the geometries
is expected to be small.?*

The ring-opening catalyzed by Be** proceeds via a “corner-
attack”, as previously calculated by Siegbahn et al.* for PdCI*.
The second step is a 1,2-hydrogen shift from 6 via transition state
7 (C,) with an activation energy of 30.7 kcal mol™! (E,;) to give
the propene complex 8 (C,) in a reaction that is exothermic by
17.7 kcal mol™! (AE,). The complexation energy of propene (3)
to Be'* is calculated to be 54.7 kcal mol™! (AE,). The isomeri-
zation path has no point higher in energy than the starting point
Be** + cyclopropane. The total reaction is calculated to be
exotl:ermic by 8.0 kcal mol™}; the experimental value? is 7.9 kcal
mol.

An alternative reaction is the C-C cleavage to give ethylene
(1) and a Be**—carbene species. This was observed experimentally
by Armentrout and Beauchamp!® for Co* and by Byrd and
Freiser'® for the Rh*—cyclopropane system. It is fairly common
for the transition-metal cations of Cr-Cul®® and is denoted as
reaction path A in Scheme 1. The metallacyclic ring is opened
in a reaction via transition state 9; the calculated activation energy
(E,s) decreases from 3.9 kcal mol! (UHF/6-31G*//6-31G*) to
—0.7 keal mol! (QCISD(T)/6-31G* + ZPE). The reaction
energy to form the carbene—olefin species 10 is —17.5 kcal mol™
(AE;). However, Upton and Rappé found titanacyclobutane to
be 11.5 kcal mol™! more stable than the metal-carbene—olefin
species.]®® Anslyn and Goddard!® found a similar result for
MoCl,, but calculated the metallacycle to be more stable in the
case of MoCl;*. The energy required for the decomplexation of
ethylene to give the carbene complex 11 is 63.2 kcal mol™! (AE,).
The ring-opening reaction from cyclopropane and Be** to give
11 and ethylene is calculated to be 0.8 kcal mol™! endothermic,
according to gas-phase experiments for Co*.1¢ Carbene complexes
of transition-metal ions such as Cr* or Ru* were studied exten-
sively by the Goddard group.?’ They found low-lying excited
states for these species. The QCI calculation for 11 shows that
it can be described well by the UHF single determinant approach.
This was also found for the methylene species 9 and 10.

Experimentally, the isomerization of platinacyclobutanes was
found to occur with retention of configuration on the ring.!%2¢ This
is only possible if the rotation of the carbene group and the olefin
occur simultaneously. Olefin rotation in Pt complexes has been
examined experimentally?® and theoretically?® and was found to
be more favorable than the rotation around the metal-carbene
bond.*® Additionally, no olefin is found as product in experimental
studies on Pt complexes.!5< However, in our model system, there
is little or no activation energy for formation of the olefin—carb-
ene—complex, suggesting that Be'* is not a good model for Pt
complexes. Inversion on metallacyclobutanes does, however, occur
for other metals, and olefins were found as products.162¢

Mechanism B is described in the literature as a “concerted”
mechanism, in which the metal interacts directly with the §-carbon
atom!*? to give retention on the ring. This type of rearrangement
could not be found in our calculations. Species 12, a transition
state for a metal-assisted rotation of a methylene group in cy-

(23) PUHF: Amos, T,; Hall, G. G. Proc. Royal Soc. (London) 1961,
A263,483. PMP4: Sosa, C.; Schlegel, H. B. Int. J. Quant. Chem. 1986, 29,
1001. Schlegel, H. B. J. Chem. Phys. 1986, 84, 4530. Koga, N.; Yamashita,
K.; Morokuma, K. Chem. Phys. Lett. 1991, 184, 359.

(24) Gonzalez, C.; Sosa, C.; Schlegel, H. B. J. Phys. Chem. 1989, 93, 2435,
Sosa, C.; Schlegel, H. B. Int. J. Quant. Chem. 1986, 29, 1001, Schlegel, H.
B. J. Chem. Phys. 1986, 84, 4530.

(25) For examples, see: Farnell, L.; Pople, J. A.; Radom, L. J. Phys.
Chem. 1983, 87, 79.

(26) Cox, J. D.; Pilcher, G. Thermochemistry of Organic and Organo-
metallic Compounds; Academic Press: London, 1970.

(27) Carter, E. A.; Goddard, W. A. 111 J. Am. Chem. Soc. 1986, 108,
2180. Carter, E. A; Goddard, W. A. 111 J. Am. Chem. Soc. 1986, 108, 4746.

(28) Holloway, C. E.; Hulley, G.; Johnson, B. F. G.; Lewis, J. J. Chem.
Soc. (A) 1969, 53. Holloway, C. E.; Hulley, G.; Johnson, B. F. G.; Lewis,
J. J. Chem. Soc. (A4) 1970, 1653.

(29) Hay, P. J. J. Am. Chem. Soc. 1981, 103, 1390.

(30) Chisholm, M. H.; Clark, H. C. Inorg. Chem. 1971, 10, 1711.
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clopropane is found to be 29.0 kcal mol™! (E,;) higher in energy
than 4. The interaction with the 8-carbon atom is very strong.
Inversion on the ring should occur. There is a strong catalytic
effect for the isomerization of cyclopropane. The neutral reaction?
is activated by more than 60 kcal mol™'. A species similar to 12
was calculated by Schleyer et al. to be a transition state for
rotation of a methyl group in C;H,*.

Mechanism C includes an “edge to edge” isomerization of the
metallacyclic species. The ring recloses to 4 and the Be** migrates
over the hydrocarbon ring. There are two possible modes of
rearrangment. In the first possibility, a transition state (13, C,)
with the Be'* “corner-bound” to the ring is calculated to be 24.1
kcal mol™! (E,5) less stable than 4. The alternative path is via
a “face-bound” Be** (14, C,) with an activation energy of 24.9
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keal mol™! (E,5). When the ring is reopened, both processes give
retention on the ring, in accord with experimental results.15

We also found another transition state (15) for the direct
cis-trans isomerization of the metallacycle. In contrast to the
isomerization mechanisms shown before, no ring-closure to cy-
clopropane is required. The activation energy of 36.8 kcal mol™!
(E.10) is 7.8 kcal mol™! higher than that calculated for reaction
path A. Therefore we conclude that the cis-trans isomerization
of the metallacycle proceeds via transition state 12.

Another reaction mechanism for the isomerization of cyclo-
propane includes 8-hydrogen shift to form a n*-allyl-metal-hydride
complex as an intermediate. For Ir a crystal structure for such
a species is known!% and for Fe®! and Rh!%? allylic species have
been observed in the gas phase. Several theoretical investigations
of the 8-hydride shift have been published in the past decade.?
Recently, Bauschlicher et al. have calculated the symmetrically
bridged HMC,H,"* species (M = Sc, Y, La; n = 1, 2).2'2 This
type of structure was also reported for the MC;H; species (M
= Li—Cs)*2 and allylborane.’** We found a similar geometry for
the Be'* system, a n°-allyl-metal-hydride complex 17 (C,) that
is surprisingly the most stable species calculated in this work. The
activation energy from 6 via transition state 16 is 22.7 kcal mol™
(E,11), and the reaction is exothermic by 21.1 kcal mol™ (AE),)).
Note that the metallacyclobutane ring is opened in the transition
state to give the 0° BeCCH dihedral angle required for a §-hydride
shift. The ring reclosure gives the allyl-hydride species. The final
step is a 1,2-hydrogen shift from 17 via transition state 18 to give

(31) Jacobson, D. B.; Freiser, B. S. J. Am. Chem. Soc. 1983, 105, 7484,

(32) Beauchamp, J. L.; Stevens, A. E.; Corderman, R. R. Pure Appl.
Chem. 1979, 51, 967.

(33) Grima, J. Ph,; Choplin, F.; Kaufmann, G. J. Organomet. Chem. 1977,
129, 221, Thorn, D. L.; Hoffmann, R. J. Am. Chem. Soc. 1978, 100, 2079.
Koga, N.; Obara, S.; Morokuma, K. J. Am. Chem. Soc. 1984, 106, 4625.
Obara, S.; Koga, N.; Morokuma, K. J. Organomet. Chem. 1984, 270, C33.
Koga, N.; Obara, S.; Kitaura, K.; Morokuma, K. J. Am. Chem. Soc. 1985,
107, 7109. Antoloric, D.; Davidson, E. R. J, Am. Chem. Soc. 1987, 109, 5828.
Koga, N.; Jin, S. Q.; Morokuma, K. J. Am. Chem. Soc. 1988, 110, 3417.
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1988, 110, 3773.
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Organomet. Chem. 1991, 409, 307. See also; Winchester, W. R.; Bauer, W.;
Schleyer, P. v. R. J. Chem. Soc., Chem. Commun. 1987, 177. (b) Buehl, M.;
Schleyer, P. v. R.; Ibrahim, M. A.; Clark, T. J. Am. Chem. Soc. 1991, 113,
2466.
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A. E.; Weinstock, R. B.; Weinhold, F. J. Chem. Phys. 1988, 83, 735. Reed,
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A.; Weinhold, F. Chem. Rev. 1988, 88, 899.
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the product 8, the propene complex of Be**. The activation energy
is 14.4 kcal mol™ (E,,,), and the reaction is endothermic with
3.4 kcal 1'1'101-1 (AEIZ)'

Following the model used to treat the dimerization of ethylene,'?
both reductive and oxidative catalysis should be possible. Oxidative
catalysis was not found in the reactions examined. The NBO
charges® on the metal for all species calculated were in the range
of +0.9 to +1.6 indicating a charge transfer from the metal radical
cation to the organic moiety. For the ring-opening of 4 to give
the metallacyclobutane 6, the NBO charge on Be in the cyclo-
propane complex 4 is 0.96 but increases from the transition state
5 (1.08) to the product 6 (1.55). Species 6 can thus be written
as [Be?*:C,H¢"]. Reductive catalysis is found for the reaction
examined, analogously to our previous results.!> The general
scheme for redox-catalysis presented previously!? is also found
to be valid in the present work.

Summary

Only corner attack by Be** was found in the ring-opening of
cyclopropane. The formation of a reactive metallacyclic inter-
mediate is suggested. A facile reaction path for the catalysis of
the ring-opening and isomerization of cyclopropane with group
2 metal radical cations clearly exists. Again we find remarkable
analogies to the experimentally observed transition-metal catalyzed
processes. We also find an energetically reasonable reaction path
involving a 8-hydride shift for Be**. This type of reaction is usually
thought of as a typical transition metal reaction. There are two
energetically equivalent pathways for isomerization of cyclo-
propane to propene with and without direct involvement of the
metal cation, but there is no doubt that involvement of the metal
is more favorable for transition-metal cations. The most re-
markable point is the redox catalysis from 4 to 8, the isomerization
of cyclopropane to propene. The metal charges in educt and
product are nearly equal (0.96 and 0.91, respectively) but increase
in the reactive intermediate 6 to 1.55, indicating that Be plays
a true catalytic role as a one-electron reductive catalyst.
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