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ABSTRACT

5 o .~# o)
‘ .
Density functional calculations indicate that the rearrangement of fluorenyl allene oxide to the spiro fluorenyl cyclopropanone proceeds through

the reactive intermediate fluorenyl oxyallyl. The calculated energetics of this conversion are in agreement with that observed experimentally.
The spiro fluorenyl cyclopropanone was calculated to have a low activation energy for its conversion to fluorene and carbon monoxide.

Allene oxides and oxyallyls are thought to play a key role oxyallyl intermediat€. Subsequently Sorensen and Sun
as reactive intermediates in the biosynthesis of prosta-reportedcis-di-tert-butylcyclopropanone undergoes isomer-
glandinst~¢ However, they have remained elusive intermedi- ization to thetransdiastereomer, which lent further support
ates that have been very difficult to isolate and characterize.to the existence of oxyallyl as a reactive intermedidte.
Only one allene oxide has been isolated, 1,3-di-tert-butyl- In 1998 we reported that both CASSCF and DFT calcula-
allene oxide, and it was found to undergo isomerization at tions confirmed that the parent allene oxid¥) (should
100 °C to trans-2,3-di-tert-butylcyclopropanorieAllene rearrange first to another reactive intermediate, oxyaly|l (
oxides have also been observed in the gas phase which should subsequently very quickly close to give
rearrangement of allene oxides to cyclopropanones is thoughtcyclopropanoned) (Figure 1) Given the very low barrier
to involve oxyallyl as an intermediate (Scheme 1). Greene to ring closure it appears very unlikely that the parent
oxyallyl can be observed even at low temperature.

s Very recently Clay, Durber, and Schepp reported spectral

Scheme 1 evidence for the existence of fluorenylideneallene ox&je (
- o and a kinetic study for its first-order rearrangement to
0 o) o X
- , fluorenylidenecyclopropanone (8 They suggested that an
1 i’ B 2 ° ¢ 3 (4) Brash, A. R.; Baertschi, S. W.; Ingram, C. D.; Harris, T. Rfoc.

Natl. Acad. Sci. U.S.AL988,85, 3382.

(5) Song, W. C.; Baertschi, S. W.; Boeglin, W. E.; Harris, T. M.; Brash,
A. R. J. Biol. Chem1993,268, 6293.
. . . 6) Koljak, R.; Boutaud, O.; Shieh, B.-H.; Samel, N.; Brash, ASRience
and co-workers showed that enantiomerically enrichesas- 1957) e ! :
2,3-di-tert-butylcyclopropanone undergoes a thermal race- (7) Camp, R. L.; Greene, F. . Am. Chem. S0d.968,90, 7349.

; ; ; ; ; (8) Turecek, F.; Drinkwater, D. E.; McLafferty, F. W. Am. Chem. Soc.
mization and proposed that this reaction occurs via an 1990,112, 5892.J. Am. Chem. Sod991, 113, 5950.J. Am. Chem. Soc.
1991,113, 5958.

(1) Vick, B. A.; Zimmerman, D. CBiochem. Biophys. Res. Commun. (9) Sclove, D. B.; Pazos, J. F.; Camp, R. L.; Green, FJ.0Am. Chem.
1983,111, 470. So0c.1970,92, 7488.
(2) Corey, E. J.; d'Alarcao, M.; Matsuda, S. P. T.; Lansbury, PJ.T. (10) Sorensen, T. S.; Sun, Ean. J. Chem1997,75, 1030.
Am. Chem. Sod 987,109, 289. (11) Hess, B. A., Jr.; Eckart, U.; Fabian,J. Am. Chem. Sod 998,
(3) Hambert, M.Biochim. Biophys. Actd987,920, 76. 120, 12310.
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Figure 1. The DFT reaction pathway for the isomerization of allene
oxide (1) to cyclopropanones] via the intermediate oxyally2].
Energies are in kcal/mol.

oxyallyl (7) was a likely intermediate in this isomerization
shown in Scheme 2. The existence 6fsuggests the

Scheme 2

correlation functiok’ and the 6-31G* basis s&tZero point
energies were calculated with unscaled (U)B3LYP/6-31G*
frequencies. All stationary points (minima and transition
structures) were characterized by computation of their second
derivatives.

The allene oxides was found to have all of its atoms in
a plane except for the two hydrogens attached to the epoxide
ring (Cs symmetry). Comparison of the calculated DFT
geometry® of the allene oxide ir6 to that of allene oxide
(1) shows them to be very similar with the exception of the
carbon—carbon double bond of the allene oxide, which is
predicted to be 0.014 A longer if. On the other hand
oxyallyl 7 has a geometry significantly different from that
of its parent systen®] (see Figure 2). First of all the oxyallyl

Figure 2. DFT bond distances (in A) of oxyallyl and oxyallyl
2.

system is not planer irv, since it was found to have
significant twisting about the C€ bond that has one carbon
as a part of the five-membered ring. The three carbons of
the oxyallyl and the two carbons in the five-membered ring
have dihedral angles of 29.&nd—147.7. Furthermore the
C—CH, is significantly longer in7 than in2, and the other
C—C bond of the oxyallyl is significantly shorter (1.478 and
1.438 vs 1.453 A ir2 (see further the discussion below about
this point). This longer €C bond in7 is suggestive that
there might be significant delocalization of one of the
unpaired electrons into the fluorenyl system. The nonplanar

intriguing possibility that incorporation of oxyallyl into a
larger system might stabilize it to the point where it would
be observable since the fluorenyl radical is known to be
relatively stableé?

Therefore it was decided to undertake density functional
calculations on structure®—8 as well as on the transition
states that link therit

The DFT calculations were performed with the Gaussian
98W computational packatfaising Becke's three-parameter
functional® B3LYP or UB3LYP, with the Lee-Yang—Parr

(12) Clay, M.; Durber, J.; Schepp, N. Prg. Lett.2001,3, 3883.
(13) The bond dissociation energy of the €H hydrogen in fluorene

has recently been determined to be 81 kcal/mol: Rdmer, B.; Janaway, G.

A.; Brauman, J. I.J. Am. Chem. S0d.997,119, 2249.
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(14) The structures studied here are of such a size that a CASSCF
calculation is not feasible, but the good agreement between the CASSCF
and DFT calculations for allene oxide (ref 8) provide some confidence in
the DFT results presented here.

(15) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr,;
Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A.
D.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi,
M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.;
Ochterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick,
D. K.; Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.;
Ortiz, J. V.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi,
I.; Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A;
Peng, C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M.; Gill, P. M.
W.; Johnson, B. G.; Chen, W.; Wong, M. W.; Andres, J. L.; Head-Gordon,
M.; Replogle, E. S.; Pople, J. ASaussian 98; Gaussian, Inc.: Pittsburgh,
PA, 1998.

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

(17) Lee, C.; Yang, W.; Parr, R. ®hys. Rev. BL988,37, 785.

(18) Hariharan, P. C.; Pople, J. Aheor. Chim. Actdl 973,28, 213.

(19) See Supporting Information for details of the calculational results.
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geometry of7 is most likely caused by steric interactions || GKGTGTGTGNGNGNGNGEGEGEEEE

between the oxygen and one of the methylene hydrogens of
the allene oxide and two hydrogens on the benzene rings.
Since7 is nonplanar, the question arises as to what degree
this nonplanarity affects the electronic structure7af In
connection with another study on allene oxides, the rear-
rangement of cyclopentadienylideneallene oxide was exam-
ined?? In this case the corresponding oxyallyl is planar (there
is no steric effect). Also, not only are the-€ bond distances
of the two oxyallyls very similar, but the overall energy
profiles of the reactions of the two allene oxides are almost
identical. This suggests that steric effects do not play a major
role in the energetics of the rearrangemen6 of

The geometry of cyclopropanor&is unremarkable (€
symmetry). The two transition structuréBS67 and TS78,
which link their respective minima as shown in Figure 3,
were located on the potential surface. The transition structure
TS67for the ring opening of the epoxide &is quite similar
to transition structurd for the ring opening in allene oxide.
TS67has a CG-C—0 angle of 97.7, and that of4 is 98.5°.
On the other hand the transition structuf&{8) for the ring
closure of the oxyallyl in7 to cyclopropanond is further
along the reaction pathway than%n The closing G C—C
bond angle inTS78is 99.7°, whereas it is 104.8A 5.

Although the geometries of the minima and transition
structures for the two allene oxide rearrangements to cyclo-
propanones are quite similar, there is a noticeable difference
in the energetics of the reaction pathway. Most notable is
the significant stabilization of the oxyallyd compared to
oxyallyl 2. The former lies only 5.7 kcal/mol above the allene
oxide6, while the parent oxyallyl is 16.2 kcal/mol higher in
energy than allene oxide (and of course the steric straim in
mentioned above would presumably destabili@de It is
therefore apparent that the oxyallyl This stabilized by the

fluorenyl system. This stabilization is also suggestive that Figure 3. The DFT reaction pathway for the isomerization of

the structure of oxyallyl is more diradical than zwitterionic - orenylideneallene oxidesy to fluorenylidenecyclopropanons)(
in character, since the fluorenyl radical is quite st&tdad Energies are in kcal/mol.

the fluorenyl cation is not?=2°

Although the oxyallyl7 is significantly stabilized by the
fluorenyl group, the transition structure leading from the 7 suggests that isolable derivatives of oxyallyl with an even
allene oxide6 to 7 is only slightly more stabilized relative  better stabilizing substitutent might be found.
the parent systentg for 1 to 2 = 29.9 kcal/mol;E, for 6 to Finally, Schepp finds among the products from rearrange-
7 = 24.9). This relatively large activation energy for the ment of6 methylenefluorene (9), which he proposes arises
rearrangement of fluorenylideneallene oxide to oxyallyl  from the loss of carbon monoxide from the cyclopropanone
is in apparent agreement with the results of Schepp, sinceg. We have also examined this reaction and located the
he was able to observe the allene oxide spectroscopically as
well as study the kinetics of its rearrangement and reaction o
with nucleophiles. While the oxyallyl iry appears to be \/

significantly stabilized by the fluorenyl system, the transition O'O 0.0 + co
9

structure (TS78) for its conversion to cyclopropan@iees
only 4.3 kcal/mol abov&, which makes it unlikely that the

oxyallyl 7 will be observable. However, this stabilization of 8

(20) This was pointed out by a referee. transition structureTS89) for the loss of CO. These results

(21) Hess, B. A., Jr. Unpublished results. i i i i icj i
(22) Gurzadyan. G. G.. Steenken, Ghem. Eur. J2001,7, 1808. are summarized in Figure 4. It is not surprising that this

(23) Mladenova, G.; Chen, L.; Rodriquez, C. F.; Siu, K. W. M.; Johnston, '€action was found to occur by Schepp given its low

L. J.2;4Hog’l\<lin_ﬁor’:/,lAA.‘_C.; Lee-RFuffL, ECaﬂ- J. O’(lg-FEherLQ%Ol,GG, 1109. activation energy (18.7 kcal/mol). The intrinsic reaction
696(39')0 eill, M. A; Cozes, F. L.; Schepp, N. fretrahedron2000,56, coordinate pathwa§ leading from8 to 9 via TS89 was
(25) Mills, N. S.J. Am. Chem. S0d.999,121, 11690. followed. Points along the pathway are displayed in Figure
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Figure 4. The DFT reaction pathway for the loss of carbon
monoxide from fluorenylidenecyclopropanor8).(Energies are in
kcal/mol.

5, and it is seen thals symmetry is maintained throughout Figure 5. The DFT intrinsic reaction coordinate pathway for the
the reaction. There is a smooth opening of the three- {/ciJZSTgfsgargr?grn;g;gﬁgdtienflr(?:r;/&%c;renyl|denecyclopropanc8je(
membered ring leading 6S89followed by loss of CO with ' g )
the expected geometry reorganization taking place leading
to methylenefluorenedf. While this suggests this is the likely  yeported by Schepp for the fluorenyl allene oxide. It was
mechanism for the loss of CO, it does not rule out other found that oxyallyl 7 is significantly stabilized by the
possible mechanisms. It is interesting to note the pivoting presence of the fluorenyl system.
of C—O during the course of its expulsion from the
cyclopropanone ring. Supporting Information Available: Cartesian coordi-

In summary, the computational results presented here arenates, total energies, vibrational frequencies, and zero point
in good agreement with the experimental observations energies of6—9, TS67, TS78 and TS89. This material is
available free of charge via the Internet at http:/pubs.acs.org.

(26) (a) Gonzalez, C.; Schlegel, H. B. Chem. Phys1989,90, 2154.
(b) Gonzalez, C.; Schlegel, H. 8 Phys. Chem1990,94, 5523. OL016934P
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