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phosphorus atoms (185 0C, Figure If)- Upon cooling, the spectral 
changes reversed.11 

A crystal structure of the complex showed that it has a 
"four-legged piano stool" structure as shown schematically below.12 

Because the C5Ph4H ring is unsymmetrically substituted, the 
phosphorus atoms are inequivalent, as shown. Rotation of the 
ring will "exchange" the phosphorus atoms, and fast rotation of 
the ring will make the two phosphorus atoms magnetically 
equivalent. Therefore, we attribute the dynamic ESR spectrum 
to rotation of the C5Ph4H ring. By approximating the effect of 
the ring rotation as a "two-site exchange" case,13 we were able 
to calculate the rate constants for the ring rotation. (Table I in 
the Supplementary Material lists the rate constants at various 
temperatures.) A plot of \n(k/T) vs 1 /T yielded the following 
activation parameters: AH* = 2.2 ± 0.1 kcal mol"1, AS* = -22.9 
± 0.3 cal K-1 mol"1. 

To confirm our assumption that ring rotation caused the dy
namic ESR spectrum of the (71'-C5Ph4H)Mo(CO)2L2 complex, 
we synthesized the 19-electron (775-C5Ph5)Mo(CO)2L2 complex 
(note the symmetrically substituted C5 ring).14 The ESR spec
trum of this complex was a 1:2:1 triplet, consistent with a structure 
in which the two phosphorus atoms are magnetically equivalent 
because the ring is symmetrically substituted. 

The rotation of cyclopentadienyl and other rings in organo-
metallic complexes has been widely reported.15 In general, the 
energy barrier to ring rotation is very small. That barrier which 
does exist is generally attributed to intermolecular forces. In 
contrast, the activation barrier observed for C5Ph4H ring rotation 
in (77'-C5Ph4H)Mo(CO)2L2 is largely due to unfavorable intra
molecular steric interactions. Molecular models of the complex 
showed that the major barrier comes from the interaction between 
the phenyl rings on the C5 ring and the phenyl rings bonded to 
the phosphorus atoms. For the C5 ring to rotate freely, the phenyl 
groups on the C5 ring and on the phosphorus atoms must rotate 
cooperatively in a "gearing" fashion.16 Such a dynamic process 
would require a transition state of highly organized structure, 
resulting in a large negative activation entropy. The molecular 
models also showed that the alternative phosphorus-exchange 
pathway involving a trigonal-bipyramidal transition state was 
unlikely because of unfavorable steric interactions between the 
phenyl groups on the C5 ring and the phenyl groups on the 
phosphorus atoms. The large negative activation entropy can also 
rule out a phosphorus-exchange mechanism that takes place via 

(10) Castellani, M. P.; Wright, J. M.; Geib, S. J.; Rheingold, A. L.; Tro-
gler, W. C. Organometallics 1986, 5, 1116-1122. 

(11) The complex decomposed slowly in o-dichlorobenzene at temperatures 
above about 155 0C. The spectrum of the sample on cooling was therefore 
less intense than on warming if spectra above 155 0C were measured. The 
qualitative features of the spectra were identical (and reversible) on warming 
and cooling, however. There was no diminuation of the spectrum intensity 
if 155 0C was not exceeded, and the spectral features were quantitatively 
reversible. 

(12) Mao, F.; Weakley, T.; Tyler, D. R., manuscript in preparation. 
(13) Sandstrom, J. Dynamic NMR Spectroscopy; Academic: London, 

1982. 
(14) This molecule was prepared in a manner analogous to that of the 

(T)S-C5Ph4H)Mo(CO)2L2 complex.7 

(15) (a) Mann, B. E.; Spencer, C. M.; Taylor, B. F. J. Chem. Soc, Dalton 
Trans. 1984, 2027-2028. (b) Howard, J.; Robson, K.; Waddington, T. C. J. 
Chem. Soc, Dalton Trans. 1982, 967-975. (c) Howard, J.; Robson, K.; 
Waddington, T. C. J. Chem. Soc, Dalton Trans. 1982, 977-984. (d) 
Campbell, A. J.; Fyfe, C. A.; Smith, D. H.; Jeffrey, K. R. MoI. Cryst. Liq. 
Cryst. 1976, 36, 1-23. (e) Bohn, R. K.; Haaland, A. J. Organomet. Chem. 
1966, 5, 470-476. 

(16) Iwamura, H.; Mislow, K. Ace. Chem. Res. 1988, 27, 175-182. 

the dissociation of one end of the chelate ligand; this type of 
dissociative mechanism would result in a positive, rather than a 
negative, activation entropy. 
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We wish to report the reaction of a low-valent metal complex 
with ethylene oxide that is phenomenologically related to met
al-induced oxirane reactions reported earlier.1"10 However, in 
the present case direct detection of an intermediate demonstrates 
that the reaction takes place by initial C-H activation, rather than 
by attack at a ring C-O bond, leading to a metalated oxirane. 
In addition, we have found that conversion of the metalated 
intermediate to the final reaction product, a C-bond rhodium 
enolate, involves predominant 1,2-rearrangement of hydrogen 
rather than rhodium. 

In analogy to the photochemical reaction of Cp*(L)RhH2 (1, 
Cp* = (77'-C5Me5); L = PMe3) with alkanes," irradiation of 1 
in ethylene oxide at -60 0 C also leads to products too sensitive 
to survive warming to 25 0C, and these materials have therefore 
been characterized by low-temperature spectroscopy. Thus, when 
1 was irradiated for 3 h in excess ethylene oxide (2a) in a sealed 
NMR tube held at temperatures below -60 0C, and the tube 
transferred into a spectrometer probe precooled to this temper
ature, we observed the clean formation of the two disastereomeric 
(both the rhodium center and a-carbon atom are stereocenters) 
metalated epoxides Cp*(L)Rh(H)(CHCH2Q), 3a, in over 95% 

(1) Groves, J. T.; Ann, K.-H.; Quinn, R. J. Am. Chem. Soc. 1988, 110, 
4217. 

(2) (a) Spirin, Y. L.; Getmanchuk, Y. P.; Dryagileva, R. I.; Doroshenko, 
N. P. Sin. Fiz.-Chim. Poilm. 1972, 24. (b) Foil, G. E. Soc. Chem. lnd. 
{London) 1967, 26, 128. 

(3) DePasquale, R. J. / . Chem. Soc, Chem. Commun. 1973, 157. 
(4) Alper, H.; Arzoumanian, H.; Petrognani, J. F.; Saidana-Maldonado, 

M. J. Chem. Soc. Chem. Commun. 1985, 340. 
(5) (a) Bartok, M.; Notheisz, F. J. Chem. Soc. Chem. Commun. 1979, 744. 

(b) Lauterbach, G.; Posselt, G.; Schaefer, R.; Schnurpfeil, D. J. Prakt. Chem. 
1981, 323, 101. (c) Eisch, J. J.; Im, K. R. J. Organomet. Chem. 1977, 139, 
C45. 

(6) Berry, M.; Davies, S. G.; Green, M. L. H. J. Chem. Soc, Chem. 
Commun. 1978, 99. 

(7) Serafin, J. G.; Friend, C. J., submitted for publication. 
(8) Milstein, D.; Buchman, O.; Blum, J. J. Org. Chem. 1977, 42, 2299. 
(9) Murai, T.; Kato, S.; Murai, S.; Toki, T.; Suzuki, S.; Sonada, N. J. Am. 

Chem. Soc. 1984, 106, 6093. 
(10) (a) Milstein, D.; Calabrese, J. C. J. Am. Chem. Soc. 1982,104, 3773. 

(b) Milstein, D. Ibid. 1982, 104, 5227. See, also: (c) Blum, J.; Zinger, B.; 
Milstein, D.; Buchman, O. J. Org. Chem. 1978, 43, 2961. 

(11) (a) Jones, W. D.; Feher, F. J. Organometallics 1983, 2, 562. (b) 
Periana, R. A.; Bergman, R. G. Organometallics 1984, 3, 508. 
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NMR yield (NMR data provided as Supplementary Material). 
Warming the tube slowly to 0 0C induces the rearrangement of 
3a to a ring-opened product (80% yield by 1H NMR) whose 
structure is assigned on the basis of spectroscopic properties as 
the carbon-bound metal enolate Cp+(Me3P)Rh(H)(CH2CHO), 
4a (Scheme I).12 The rearrangement also occurs when ethylene 
oxide is removed at low temperature and replaced by toluene 
solvent. This demonstrates that the hydrido enolate is formed 
by intramolecular rearrangement of 3a, rather than by reversible 
reductive elimination to generate free epoxide and Cp*RhL, 
followed by a slower conversion of these species to 4a.13'14 

Addition of CHI3 to a solution of 3a at -78 0C results in 
replacement of the hydride ligand by iodide, leading to Cp*-
(Me3P)Rh(I)(CHCH2O) 5a. The chemistry of 3a and 5a are also 
analogous: at room temperature, 5a rearranges to the iodorhodium 
enolate Cp*(Me3P)Rh(I)(CH2CHO), 6a (81% yield by NMR). 
At this stage, material stable at room temperature is finally 
reached, and 6a can be isolated in 36% yield after two recrys-
tallizations from EtjO/hexanes. This complex has been char
acterized by conventional methods as well as by X-ray diffraction;15 

an ORTEP diagram of the complex is illustrated in Scheme I. 

(12) For an earlier observation of the conversion of epoxides to rhodium 
hydrido enolates, see ref 10b. 

(13) Control experiments demonstrated that irradiation of 1 in the presence 
of 2 equiv of ethylene oxide in toluene- ;̂ solution gave essentially exclusively 
toluene insertion products and little or none of 3 or its rearrangement product 
4. 

(14) No free acetaldehyde was formed during the conversion of 3a to 4a. 
Allowing solutions of 4a to warm to room temperature gave a complex mixture 
of products, but again NMR analysis indicated that acetaldehyde was not 
among them. 

(15) The structure of 6a was solved by Dr. F. J. Hollander of the UC 
Berkeley College of Chemistry X-ray diffraction facility (CHEXRAY). 
Serious disorder problems were encountered for the iodine atom and the small 
organic ligand. The disorder found in the carbonyl group is illustrated in the 
ORTEP diagram; for clarity the additional disorder in the structure is not 
represented in the drawing. Structural data for 6a: space group Pbca; a = 
16.0047 (21) A, b = 12.7997 (16) A, c = 18.0965 (23) A. R = 3.99%, Rn 
= 6.03%, GOF = 2.87. Details of the structure determination are provided 
as Supplementary Material. 

Treatment of hydride rearrangement product 4a with CHI3 also 
leads to 6a (68% NMR yield), identical with material obtained 
in the rearrangement of 5a. 

The above experiments demonstrate clearly that 3a is an ob
ligatory intermediate in the conversion of dihydride 1 and ethylene 
oxide to hydrido enolate 4a and that 5a undergoes an analogous 
rearrangement to 6a. Thus the conventional mechanism involving 
initial attack of Rh on the C-O bond (to give either a ring-opened 
zwitterion10a,b or a four-membered oxametallacycle1'6'16) cannot 
operate in this case. Two general classes of mechanism for the 
second step in the reaction (the conversion of metalated epoxide 
to enolate) are illustrated at the bottom of Scheme I. In path 
(i), 1,2-metal migration assists C-O bond cleavage, and rear
rangement takes place via a transition state such as A. In path 
(ii), rhodium-assisted C-O bond cleavage occurs initially to give 
zwitterionic intermediate B, and then 1,2-hydrogen shift gives the 
final product 8. 

As shown in Scheme I, isotope labeling can be used to distin
guish these two pathways. Irradiation of 1 in the presence of 
ethylene oxide-/,Ud1 (98.3% d2, 1.5% du 0.2% d0 by mass spectral 
analysis) gave a mixture of 3b and 3c (ratio = 40:60); these in 
turn were converted with iodoform to a mixture of 5b and 5c. 
Rearrangement of each of these mixtures was allowed to occur, 
and then the products were analyzed by 1H NMR spectrometry. 
Analysis of the pattern attributable to the aldehyde hydrogen in 
the rearranged product, along with spin decoupling experiments, 
allowed us to determine that at least 93% (and possibly all) of 
the product of rearrangement of the 5b/5c mixture is formed by 
hydrogen-migration path (ii) in Scheme I. Examination of the 
NMR spectrum of the product formed from rearrangement of 
the mixture of 3b and 3c gives similar results: the data are once 
again consistent with a predominant or exclusive preference for 
1,2-hydrogen rather than 1,2-rhodium migration.17'18 

(16) (a) Hase, T.; Miyashita, A.; Nohira, H. Chem. Lett. 1988, 219. (b) 
Klein, D. P.; Hayes, J. C; Bergman, R. G. J. Am. Chem. Soc. 1988,110, 3704 
and references cited there. 
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The sensitivity of hydride 3 frustrated attempts to study this 
reaction kinetically. However, rearrangement of the somewhat 
better behaved iodides gave reproducible rate data, and these 
provided support for a ring-opening mechanism involving polar 
zwitterionic intermediates such as B. The rate of conversion of 
5a to 6a was measured by UV-vis spectroscopy. The rear
rangement is first order in [5a] and is accelerated by polar solvents 
(rate constrants at 20 0C in toluene, THF, and acetone, respec
tively: 2.1, 4.4, and 10 X 10"4 s"1; estimated error ±10%). In 
toluene solution, the reaction has a large negative entropy of 
activation,19 further supporting the intervention of a change-
separated transition state.20 

In summary, our results demonstrate that epoxides react sim
ilarly to cyclopropanes11'21 with the intermediate generated pho-
tochemically from dihydride 1 by initial oxidative addition of 
rhodium into a three-membered ring C-H bond. Once metalated, 
however, the small ring compounds lead to different final products: 
the cyclopropylrhodium compound gives metallacyclobutane,21 

while the expoxyrhodium complex rearranges to an enolate, ap
parently by a hydrogen-shift rather than a rhodium-shift mech
anism.22 Whatever the precise mechanism of the 3a —• 4a and 
5a —• 6a rearrangements, however, the experiments described here 
demonstrate that at least in some instances, overall metal-induced 
ring-opening reactions of small heterocyclic organic compounds 
need not begin by cleavage of the ring. 
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(17) A referee has asked us to mention that C-H oxidative addition was 
suggested in an early paper (ref 8) as the initial step in a rhodium-catalyzed 
rearrangement of stilbene oxides to deoxybenzoins at high temperature 
(150-210 0C). However, the second step postulated in the previous mecha
nism involved 1,3-transfer of rhodium-bound hydride to the epoxide carbon 
atom to open the ring, followed by extrusion of the metal. This mechanism 
cannot be operating in the 3a to 4a rearrangement, because it would lead to 
products that are not observed (an acyl hydride or acetaldehyde), nor can it 
be operating in the rearrangement of iodide 5a to 6a, since in this case iodide, 
rather than hydride, is attached to rhodium. We suggest that a hydrogen-
migration mechanism analogous to the one described here may also operate 
in the stilbene oxide-to-deoxybenzoin rearrangement. 

(18) Interestingly, a similar mechanism has been postulated to occur 
through a carbenoid species in the rearrangement of alkali-metalated epoxides 
to enolates; cf.: (a) Thummel, R. P.; Rickborn, B. J. Org. Chem. 1972, 37, 
3919. (b) Crandall, J. K.; Apparu, M. Org. React. 1983, 29, 345, and 
references cited therein. 

(19) Activation parameters in toluene solvent were determined by meas
uring rate constants over the temperature range from 0-35 0C: AH* = 12.0 
Kcal/mol; AS* = -34.5 eu. 

(20) Chock, P. B.; Halpern, J. J. Am. Chem. Soc. 1966, 88, 3511. 
(21) Periana, R. A.; Bergman, R. G. / . Am. Chem. Soc. 1986,108, 7346. 
(22) A referee has inquired about the products formed on irradiation of 

Cp*(L)RhH2 with methyl-substituted epoxides. We have briefly investigated 
the reaction with 2,2-dimethyloxirane; observation by low-temperature NMR 
indicates that insertion occurs into both the methyl and ring C-H bonds (as 
it does with cyclopropane), but warming leads to a complex mixture of 
products. Because of this and the fact that photochemical conversions were 
lower than with ethylene oxide itself, this reaction has not been investigated 
further. 
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A family of exceptionally potent antitumor agents were recently 
isolated from soils found in Texas and Argentina. Elegant 
structural and mechanistic studies by Lederle1 and Bristol-
Myers/Cornell2 teams have characterized the active agents as the 
highly unsaturated bicyclics calicheamicin 7! (Ia) and esperamicin 
A2 (lb), respectively. Biological action is intimately linked to 
double-stranded DNA cleavage.3,4 Nicolaou and co-workers have 
prepared a highly simplified monocyclic analogue of 1 ( 4 , Z = 
(CHCH2OH)2) and shown it both to cyclize in benzene and to 
cause scission of a variant of DNA at 37 °C.5 Other total 
synthetic efforts are likewise underway.6 The current mechanistic 
hypothesis1"3 is that 1 binds to the minor groove of the double 
strand, undergoes Michael addition to give 2, and finally expe
riences spontaneous Bergman ring closure7 to the fugitive but lethal 
biradical 3. The latter is thought to abstract hydrogen from the 
DNA polymer to produce oligonucleotide fragments and the 
corresponding benzannelated structures as intermediate metab
olites. 

R1 R2 SMe 

a OSugar H 
b OSugar OSugar' 

In an attempt to define the pathway from 4 to 7, the present 
work describes a quantum mechanical model for cyclization to 
the biradicaloid transition state 5. Two important questions 
concern (1) the degree of biradical character in 6 and (2) whether 
the pathway is least motion or not. The transformation of several 

(1) Lee, M. D.; Dunne, T. S.; Siegel, M. M.; Chang, C. C; Morton, G. 
O.; Borders, D. B. J. Am. Chem. Soc. 1987, 109, 3464-3466. Lee, M. D.; 
Dunne, T. S.; Chang, C. C; Ellestad, G. A.; Siegel, M. M.; Morton, G. O.; 
McGahren, W. J.; Borders, D. B. J. Am. Chem. Soc. 1987,109, 3466-3468. 

(2) Golik, J.; Clardy, J.; Dubay, G.; Groenewold, G.; Kawaguchi, H.; 
Konishi, M.; Kirshnan, B.; Ohkuma, H.; Saitoh, K.-i.; Doyle, T. W. J. Am. 
Chem. Soc. 1987, 109, 3461-3462. Golik, J.; Dubay, G.; Groenewold, G.; 
Kawaguchi, H.; Konishi, M.; Krishnan, B.; Ohkuma, H.; Saitoh, K.-i.; Doyle, 
T. W. / . Am. Chem. Soc. 1987, 109, 3462-3464. 

(3) Zein, N.; Poncin, M.; Nilakantan, R.; Ellestad, G. A. Science 1989, 
244, 697-699. Zein, N.; Sinha, A. M.; McGahren, W. J.; Ellestad, G. A. 
Science 1988, 240, 1198-1201. Hawley, R. C; Kiessling, L. L.; Schreiber, 
S. L. Proc. Natl. Acad. Sci. U.S.A. 1989, 86, 1105-1109. 

(4) Neocarzinosatin chromophore, a related antitumor antibiotic, likewise 
cleaves DNA upon aerobic incubation: Kappen, L. S.; Ellenberger, T. E.; 
Goldberg, I. H. Biochemistry 1987, 26, 384-390. Myers, A. G.; Proteau, P. 
J.; Handel, T. M. J. Am. Chem. Soc. 1988, 7212-7214. 

(5) Nicolaou, K. G; Ogawa, Y.; Zuccarello, G.; Kataoka, H. J. Am. Chem. 
Soc. 1988, 110, 7247-7248. 

(6) (a) Carter, P. A.; Magnus, P. J. Am. Chem. Soc. 1988, 110, 
1626-1628. Magnus, P.; Lewis, R. T.; Huffman, J. C. Ibid. 1988, 110, 
6921-6923. (b) Danishefsky, S. J.; Mantlo, N. B.; Yamashita, D. S. J. Am. 
Chem. Soc. 1988, 110, 6890-6891. Danishefsky, S. J.; Yamashita, D. S.; 
Mantlo, N. B. Tetrahedron Lett. 1988, 4681-4684. (c) Schreiber, S. L.; 
Kiessling, L. L. / . Am. Chem. Soc. 1988,110, 631-633. Tetrahedron Lett. 
1989, 433-436. (d) Kende, A. S.; Smith, C. A. Tetrahedron Lett. 1988, 
4217-4220. (e) Tomioka, K.; Fujita, H.; Koga, K. Tetrahedron Lett. 1989, 
851-854. 

(7) (a) Lockhart, T. P.; Comits, P. B.; Bergman, R. G. J. Am. Chem. Soc. 
1981,103, 4082-4090. (b) Bergman, R. G. Ace. Chem. Res. 1973, 6, 25-31. 
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