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Scheme IV chemistry at carbons 1, 3, and 4'% as in 1 but where the methoxy
CH, and hydroxy groups at C-1 and C-3 have been interchanged. The
o " preferential formation of 14 is reasonable'® and indeed, prolonged
treatment with mild acid only further enriched the mixture in 14
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absolute as well as relative asymmetric induction at the same time
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Reaction of 3 with catalytic osmium tetraoxide and N-
methylmorpholine N-oxide afforded the triol 12 in high yield with
excellent stereo- and regiochemical control (Scheme IV).
Cleavage with periodate and further oxidation with nonbasic silver
oxide!? followed by esterification with excess diazomethane af-
forded diester 13.1'  Oxidation of 13 with ozone followed by
catalytic reduction exposed all of the functionality represented
in 2. The unique lactone, acetal-hemiacetal system present in
the natural product was then formed upon extended treatment
with mild acetic acid in methanol (Scheme V).1*!* A regioisomer,
isoxylomollin (14), was also produced with the same stereo-

(10) The use of nonbasic silver oxide is critical here. Standard procedures
for the preparation of this reagent invariably employ excess base and use of
such material for the oxidation of the intermediate dialdehyde derived from
12 afforded very low yields of diacid.

(11) Repeated attempts to effect lactonization of 13 by using a variety of
reaction conditions were unsuccessful, with migration of the double bond into
conjugation with the ester functionality occurring more rapidly than ring
closure. Apparently the strain induced by the presence of the double bond
in the bicyclic, trans-fused hydrindane lactone is substantial. A simpler model,
lacking the unsaturation, closed spontaneously.!?

(12) Baldwin, S. W.; Crimmins, M. T. Tetrahedron Lett. 1978, 4197.

(13) It is not clear at this time whether xylomollin is an artifact of the
isolation procedure (that involved extraction with methanol) or is present in
the fruit.

(14) Both carbon-13 and proton NMR spectra of synthetic xylomollin were
identical with those obtained on a sample of natural material kindly provided
by Professor Nakanishi. The melting points were also essentially identical
(137-139 °C (MeOH), synthetic; 138-139 °C (EtOH, authentic), while the
optical rotation was slightly low ([a]p -40.0° (¢ 0.42, MeOH) vs. —44.3°
(concentration not specified, MeOH)). However, the synthetic sample slowly
converted to isoxylomollin in neutral methanol over time and the rotation of
the latter is lower ([a]p -25.2 (¢ 0.5, MeOH). The sample recovered after
the rotation measurement was in fact contaminated with isoxylomollin.
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adduct with either net inversion or retention at the secondary
carbinol center expands the scope of applications for our asym-
metric ene reaction.

Acknowledgment. We are grateful for support of this research
by the National Institutes of Health (GM-31750) and by the
Robert A. Welch Foundation (F-626).

Supplementary Material Available: Experimental details for
the preparation of and spectral data for all intermediates (16
pages). Ordering information is given on any current masthead

page.

(15) The axial orientation of the Cl hydroxyl group is presumably dictated
by the anomeric effect and avoidance of a peri interaction with the C-10
methyl group. Equatorial orientations for the remaining groups would then
be expected.

(16) Assuming fixed stereochemistry,!® it might be anticipated that the
methoxy group would be preferred in an axial and the hydroxy group in an
equatorial orientation based on the preference for 8- over a-glucose and a-
over S-methyl glucoside.
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The energetics of nonspectroscopic species on excited-state
surfaces, as well as the energies of highly strained, short-lived
transients on ground-state surfaces, have generally been accessible
only through indirect arguments.>* Such information, however,

* Authors to whom inquiries should be addressed.
(1) University of Colorado.
(2) University of Texas at Dallas.

© 1986 American Chemical Society



6804 J. Am. Chem. Soc., Vol. 108, No. 21, 1986

Scheme I
2 7
L7 >pn
-1
Ph
4
. { H*/ MeOH
Ph2CO|{rs 3
hy
A
Ph OMe
Ph 2
c-1

Table I. Deconvolution Fitting Parameters for the Photosensitized
Isomerization of cis-1-Phenylcyclohexene®®

methanol cyclohexane
¢ 0.34 £ 0.04¢ 0.36 £ 0.04
s 0.47 £ 0.03 0.44 £ 0.04
T, NS 64 £ 7 66 £ 8
3 0.19 £ 0.02 0.20 £ 0.02
T3, U8 9.7 £2.0 94+£25

%, values are defined as the fraction of the photon energy (84.8
kcal/mol for 337-nm excitation) released as heat for the relaxation
process n. #337 nm, <20 nJ, 300 K, 1073 M benzophenone, 0.1 M c-1.
7, is defined as 1 ns which is the limit of the transducer resolution,
4Errors are lo; values are from at least four separate experiments,
where each experiment is carried out at five different photolysis ener-
gies.

is clearly critical to defining the potential energy surfaces and is
a necessary prelude to understanding reaction dynamics. We now
report the application of time-resolved photoacoustic calorimetry>?
to the triplet sensitization of cis-1-phenylcyclohexene to determine
the relaxed triplet energy and the enthalpy of isomerization to
the highly strained trans-1-phenylcyclohexene.

The photochemistry of cis-1-phenylcyclohexene has been well
studied.!>'*  The triplet photosensitization of cis-1-phenyl-
cyclohexene (c-1) generates the triplet state of 1, °1, The triplet
state decays, 7, = 65 ns,!*!7 to give a mixture of cis- and trans-1.
The unstable -1 then isomerizes to ¢-1, 73 = 9 us,'"!2 Scheme
I

Pulsed time-resolved photoacoustic calorimetry*? affords re-
action enthalpies for photoinitiated reactions. Deconvolution of
the experimental waveforms allows the simultaneous determination
of the dynamics and energetics of photoinitiated .reactions by

(3) Benson, S. W. Thermochemical Kinetics, 2nd ed.; Wiley: New York,
1976.

(4) Burkert, U,; Allinger, N. Molecular Mechanics; ACS Monograph 177;
American Chemical Society: Washington, DC, 1982.

(5) Rothberg, L. J.; Simon, J. D.; Bernstein, M.; Peters, K. S. J. Am.
Chem. Soc. 1983, 105, 3464,

(6) Simon, J. D.; Peters, K. S. J. Am. Chem. Soc. 1983, 105, 5156.

(7) Bernstein, M.; Simon, J. D.; Peters, K. S. Chem. Phys. Lett. 1983, 100,
241.

(8) Grabowski, J. J.; Simon, J. D.; Peters, K. S. J. Am. Chem. Soc. 1984,
106, 4615.

(9) Rudzki, J. E.; Goodman, J. L.; Peters, K. S. J. Am. Chem. Soc. 1988,
107, 7849.

(10) (a) Kropp, P. J. J. Am. Chem. Soc. 1969, 91, 5783, (b) Fujita, S.;
Hayashi, Y.; Nomi, T.; Nozaki, H. Tetrahedron 1971, 27, 1607.

(11) Bonneau, R.; Joussot-Dubien, J.; Salem, L.; Yarwood, A. J. J. Am.
Chem. Soc. 1976, 98, 4329.

(12) Dauben, W. G.; van Riel, H. C. H. A,; Hauw, C.; Leroy, F.; Jous-
sot-Dubien, J.; Bonneau, R. J. Am. Chem. Soc. 1979, 101, 1901.

(13) Dauben, W. G.; van Riel, H. C. H. A.; Robbins, J. D.; Wagner, G.
J. J. Am. Chem. Soc. 1979, 101, 6383.

(14) Bonneau, R. J. Photochem. 1979, 10, 439,

(15) Caldwell, R. A.; Cao, C. V. J. Am. Chem. Soc. 1982, 104, 6174,

(16) We have measured the lifetimes of 31 to be 63 £ 2 ns in methanol
and 67 + 1 ns in heptane by transient absorption spectroscopy.

(17) Bonneau, R.; Herran, B. Laser Chem. 1984, 4, 151.
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Figure 1. Deconvolution of the waveform from the 337-nm irradiation
of 107 M benzophenone in the presence of 0.1 M cis-1-phenylcyclo-
hexene in methanol. (A) T wave-transducer reponse, ferrocene; E
wave—experimental (solid line); C wave—convoluted (dotted line). (B)
Diagnostics of the convolution.

measuring the time evolution of heat deposition. The details of
the methodology are presented in ref 9. The experimental
waveform obtained from ¢-1 (0.1 M) sensitized by benzophenone
(103 M, 337 mm, 5 ns, <20 uJ, 300 K) in argon-outgassed
methanol or cyclohexane is shown in Figure 1. The kinetic, 7,
and enthalpic, ¢, fitting parameters are obtained from the de-
convolution of the experimental acoustic wave,® Table I. Three
transients were employed in the deconvolution analysis in order
to obtain an acceptable fit to the experimental wave, as shown
in Figure 1. In assessing the accuracy of the five fitting param-
eters, which were each independently varied, there are three
experimental observables to serve as a check. The first two ob-
servables are the olefin triplet and trans olefin lifetimes. The third
observation is that since there is no net chemistry, the sum of the
three enthalpic amplitudes should be 1.0.

The first rate, 7 & 1 ns,'® corresponds to the triplet energy
transfer to form *1 and its rapid thermalization. The energy of
31 can be obtained from the relationship Ex = E,, (1 - ¢,) where
Ey is the energy of *1, and E,, is the photon energy (84.8 kcal /mol
at 337 nm). The average value of ¢, = 0.34 % 0.04 gives a triplet
energy of 56.0 & 3.4 kcal/mol in methanol. The second rate, 7,
= 64 % 7 ns, associated with the decay of the olefin triplet, is in
agreement with the triplet lifetime'#!7 of 65 ns determined by
flash photolysis.

The parameter 73, 9.7 & 2.5 us, is in agreement with flash
spectroscopic determinations of the -1 lifetime.!»'> The heat of
isomerization of ¢-1 to -1, E._,, can be obtained from the rela-
tionship E.; = ¢3 X Ey,/ Prorm. Where ¢, is the quantum yield
of benzophenone-sensitized isomerization of ¢-1to r-1. We have
measured ¢¢,.m by scavenging ¢-1 with H,SO, (0.004-0.25 M)

(18) The measured triplet-triplet energy transfer rate is ~7 X 10° M~!
s7!, and thus 31 should be populated in ca. 1.4 ns, using 0.1 M ¢-1.
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in methanol to afford 1-phenyl-1-methoxycyclohexane (2), via the
1-phenylcyclohexyl carbocation.!®!! Extrapolation of the dou-
ble-reciprocal plot of the quantum yield of formation of 2 vs.
[H,S0O,]. after correction for *Ph,CO quenching by H,SO, and
for the small (2.2%) inefficiency of conversion of the carbocation
to ether,!® affords ¢y = 0.36 = 0.01 (2¢)% and thus a value of
44.7 £ 5 keal/mol for E.,. The sum of the amplitude factors,
¢, + ¢, + ¢3, equals unity, indicating all the photon energy is
recovered as heat within experimental error. Results in cyclo-
hexane are almost identical. However, the inability to measure
drorm IN aprotic solvent prevents a computation of E,., in cyclo-
hexane.

The values of Ey and E, are the first experimental mea-
surements of the relaxed energy of a short-lived twisted alkene
triplet?! and of the heat of geometric isomerization to the most
strained cycloalkene known, respectively. The Ey value of 56 £
3.4 keal/mol is but slightly lower than the expected® spectroscopic
triplet energy of 60 kcal/mol. We believe that this corresponds
to partial relaxation (i.e., <90° rotation) of the triplet.'® Therefore,
the triplet surface is nearly flat, similar to the trans to perpen-
dicular region for stilbene triplet.??

The energy E,; of 44.7 kcal/mol is remarkably close to the
prediction of molecular mechanics (MM) for trans-cyclohexene
(E., = 42.4 kcal/mol).* Given the AHgc-1) = -4.0 £ 1.6
kcal/mol? and the strain energy Ey(¢c-1) = 1.2 keal/mol,?° then
AH{t-1) = 41 % 5 kcal/mol and E(z-1) = 46 £ 5 kcal/mol. We
note the structural prediction by MM of substantially pyrami-
dalized vinyl carbons in these and related compounds.*?* The
implications of this for the chemistry of trans-cyclohexenes and
for dynamics on the ground-state surface will be discussed in a
future report.

In conclusion, we have demonstrated the applicability of
time-resolved photoacoustic calorimetry to the study of alkene
ground and triplet surfaces. Further studies should allow a wealth
of thermochemical information on relaxed olefin triplets and
strained ground-state isomers.
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Despite the widespread occurrence of intramolecular C-H
activating!? cyclometalation processes® (eq 1) and the possibility

/"H
M

SR

= wm) + R-H (1

that they may enjoy an “intramolecular advantage™* over com-
peting intermolecular processes, relevant comparative thermo-
dynamic (AH, AS) and kinetic (AH*, AS*) information is sur-
prisingly sparse. For one rhodium system, Jones and Feher®
showed that an intramolecular process enjoyed a slight thermo-
dynamic (only AG® could be measured) advantage but also a slight
kinetic disadvantage (only in AH*). We recently reported ki-
netic/mechanistic studies of intermolecular alkane activation’ and
closely related intramolecular cyclometalation® at thorium centers
(eq 2-4). C-H scission was found to be rate-limiting, and

1
Cp/,ThCH,CMe,CH, + RH— Cp/,Th(R)CH,CMe; (2)
1 2
— 1
Cp’zTh(CHsze:;)z - Cp’zThCHzCMCzCHz + CMC4 (3)
3 1

1
Cp’zTh(CstiMe3)2 = Cp’zThCstiMe2CH2 + SiMe4 (4)
4 5

Cp’ = n*-MesCs

thermochemical data (AH)® suggest that eq 3 and 4 are entrop-
ically driven. We now report that the reversibility of eq 4 can
be rendered observable, presenting a unique opportunity to
quantify, in toto, thermodymamic and kinetic aspects of the in-

(1) (a) Crabtree, R. H. Chem. Rev. 1988, 86, 245-269. (b) Halpern, J.
Inorg. Chim. Acta 1985, 100, 1-48. (c) Bergman, R. G. Science (Washington,
D.C.) 1984, 223, 902-908. (d) Shilov, A. E. Activation of Saturated Hy-
drocarbons by Transition Metal Complexes; D. Reidel: Hingham, MA, 1984.
(e) Parshall, G. W. Acc. Chem. Res. 1975, 8, 113-117.

(2) (a) Buchanan, J. M.; Stryker, J. M.; Bergman, R. G. J. Am. Chem.
Soc. 1986, 108, 1537-1550. (b) Watson, P. L.; Parshall, G. W. Acc. Chem.
Res. 1988, 18, 51-55. (c) Jones, W. D,; Feher, F. J. J. Am. Chem. Soc. 1984,
106, 1650-1663. (d) Hoyano, J. K.; McMaster, A. D; Graham, W. A. G.
J. Am. Chem. Soc. 1983, 105, 7190-7191. (e) Janowicz, A. H.; Bergman,
R.G.J. Am. Chem. Soc. 1983, 105, 3929-3939. (f) Baudry, D.; Ephritikine,
M.; Felkin, H.; Holmes-Smith, R. J. Chem. Soc., Chem. Commun. 1983,
788-790.

(3) (a) Rothwell, 1. P. Polyhedron 1988, 4, 177-200. (b) Constable, E.
C. Polyhedron 1984, 3, 1037-1057. (c) Shilov, A. E. Pure Appl. Chem. 1978,
50, 725-733. (d) Bruce, M. I. Angew. Chim., Int. Ed. Engl. 1977, 16, 73-86.
(e) Parshall, G. W. Acc. Chem. Res. 1970, 3, 139-144,
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(6) Jones, W. D.; Feher, F. J. J. Am. Chem. Soc. 1985, 107, 620-631.

(7) Fendrick, C. M.; Marks, T. J. J. Am. Chem. Soc. 1986, 108, 425-437.

(8) Bruno, J. W.; Smith, G. M.,; Marks, T. J.; Fair, C. K,; Schultz, A. J.;
Williams, J. M. J. Am. Chem. Soc. 1986, 108, 40-56.

(9) Bruno, J. W.; Marks, T. J.; Morss, L. R. J. Am. Chem. Soc. 1983, 105,
6825-6832.

© 1986 American Chemical Society



