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Theoretical investigations were carried out using ab initio
gradient techniques?* and the 3-21G basis set.?> The computed
structures of the reactants, an organolithium-ethylene complex,
8, and the transition structure 9 are shown in Figure 2. Energies
of the various species are given in Table I. The LiCH,F carbenoid
and ethylene form a complex, 8, which has only slight distortions
from reactant geometries and Li—C (ethylene) distances (2.49 and
2.52 A) only slightly different from those of the LiH complex.?
Although such a complex is expected to be stable in the gas phase,
it is not expected to be present in solution, where the carbenoid
is undoubtedly aggregated and solvated.”* Similarly, the products,
LiF and cyclopropane, form a complex that is 14.1 kcal/mol more
stable than the separated entities. This also would not be expected
to be present in solution.

The transition structure 9, is related to the “butterfly” 3 but
the CH, group is in a plane nearly parallel to the ethylene plane,
like the arrangement proposed by Closs. The methylene fragment
is aligned so that the LUMO can interact in an electrophilic sense
with the ethylene HOMO on one side and simultaneously with
a fluorine lone-pair on the other side. Li* is loosely associated
with the lone-pair HOMO on the methylene and bonded more
strongly to the departing fluoride. The CF bond is stretched by
0.58 A (35%), while the CLi bond is stretched by 0.12 A (6%)
and the LiF length is shortened by 0.14 A (8%). The LiF moiety
is substantially “decomplexed”, freeing the carbene character of
CH,. Transition structure 9 also resembles the transition structure
for isomerization of the carbenoid to the nearly linear isomer,
H,CLiF,*¢ which would have very strong electrophilic properties.
Other carbenoids, such as Cl;CLi, undergo isomerization to higher
energy isomers (Cl,CLiCl) with great ease.’ The transition
structures for carbenoid cycloadditions involving more nucleofugic
halogens are expected to have lower activation energies but involve
less advanced C~X bond breaking and earlier transition structures.

The CH, group does not invert (in the sense implied by 3)
during the reaction. Indeed, the carbenoid transition structure
9, is quite similar to the transition structures for free halocarbene
cycloadditions,'”!® except that the carbene fragment of 6 is less
strongly bound to ethylene in the transition structure.

Although carbenoids are expected to be aggregated’ and sol-
vated in solution,!® the essential features of the methylene-transfer
cycloaddition revealed by 9, namely a carbene-like transition
structure with advanced C~X bond breaking and loose coordi-
nation of Li* to electron-rich centers, are expected to be main-
tained in solution reactions.
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Thiocarbonyl dienophiles, ZC(R)==S where Z = acyl, CN,
carboethoxy, etc., react with donor-substituted unsymmetrical
dienes to give [4 + 2] cycloadducts with path b selectivity (Scheme
I).12  In contrast, carbonyl dienophiles react with high path a
selectivity.!

It has been reported that certain thioketones,* simple dithio-
esters,® and thermally generated PhCH=S% show little preference
for either path a or b. To probe the relationship between regio-
chemistry and the effect of thiocarbonyl substituents, we have
examined a series of thioaldehydes, ZCH==S, which retain high
dienophilic reactivity for Z = alkyl, aryl, H, acyl, etc. As sum-
marized in Table I, the regiochemistry of cycloaddition with
electron-rich dienes is reversed for Z = alkyl compared to Z =
acyl, CN, etc. Computations for representative thioaldehydes
provide an explanation for the variable regiochemistry observed
in these [4 + 2] cycloadditions.

Systematic comparisons have been made by using 2-(zert-bu-
tyldimethylsiloxy)-1,3-butadiene as the trapping agent for thio-
aldehydes generated by the photochemical method® (Table I).
In borderline cases where yields are low due to thioaldehyde
self-condensation, the more reactive Danishefsky diene has been
employed. To verify that thioaldehydes are generated with similar

Table I. Thioaldehyde Trapping from PhCOCH,SCH,Z, Av,
and Diene in Situ

yields, %

ZCH=S, Z 1 2 3 4 6
CNe 4 70
COC, H,*® 5 59 ¢ 901
C,H,*? 10 5 4% ¢
CH=CH, trace ¢ 7° ¢ 92¢
SiMe, 30 3
H 68 6 73
C(CH,),¢ 4.5 ¢ 258 ¢ 93
CH,CH,C,H, 23 c g4t ¢ 914

@ From ref le. P Yield after acid treatment to givea 2,3-
dihydrothiopyran-4-one, ¢ Isomeric adducts not detected.

Mixture of stereoisomers. € 2,2-Dimethylpropanethial has been
shown to survive in solution at 20 °C (ref 5). ! Yield of adducts
estimated by NMR vs. internal standard; chromatography or acid
treatment causes elimination to a mixture of unstable 2,4- and
2,6-dihydrothiopyran-3-ones. # See ref 3c for similar results.
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Vedejs, E.; Eberlein, T. H.; Varie, D. L. J. Am. Chem. Soc. 1982, 104, 1445,
(f) Bladon, C. M.; Ferguson, I. E. G.; Kirby, G. W.; Lochead, A. W;
McDougall, D. C. J. Chem. Soc., Chem. Commun. 1983, 423.

(3) (a) Ohno, A.; Ohnishi, Y.; Tsuchihashi, G. Tetrahedron 1969, 25, 871.
(b) Beslin, P.; Metzner, P. Tetrahedron Lett. 1980, 4657. (c) Baldwin, J. E.;
Lopez, R. C. G. Tetrahedron 1983, 39, 1487.

© 1983 American Chemical Society



7000 J. Am. Chem. Soc., Vol. 105, No. 23, 1983

Table IL.  Orbital Energies, 7qg and 7*cg Coefficients,? and Total Charges® for Thicaldehydes

Communications to the Editor

orbital energies coefficients 5
*
¢ (" g < (ng, < (s, ™cs mcs charges
ZCHS, Z LUMO) HOMO) SHOMO) C S C S C S
CN ~0.34 ~10.72 ~11.56 0.51 ~0.54 0.32 0.34 ~0.52 +0.32
CHO -0.21 -10.34 ~11.52 0.52 -0.52 0.34 0.36 -0.67 +0.26
Ph 0.78 -9.00 ~8.98 0.51 ~0.46 0.15 0.32 -0.54 +0.16
CH=CH, 0.92 ~-9.34 -9.60 0.53 -0.48 0.21 0.37 -0.56 +0.15
SiH, 0.88 -9.35 ~11.20 0.60 ~0.56 0.34 0.37 -0.96 +0.18
H 1.26 -9.66 ~11.29 0.68 ~0.57 0.35 0.38 -0.70 +0.17
Me 1.67 ~9.33 -10.72 0.70 ~0.55 0.34 0.40 ~0.65 +0.15

¢ Only the coefficients of the outer portion of the C2p and S3p orbitals are listed. The inner coefficients have the same relative magnitudes

as the outer coefficients listed here. ® Mulliken population analysis.
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efficiency in all examples, several trapping experiments have also
been performed in the presence of the highly reactive nitronate
ester 5.4 In the latter case, 1,3-dipolar cycloadducts of structure
6 are obtained, usually in >90% yield based on thioaldehyde
precursor (PhCOCH,SCH,Z).

According to Table I, path b is preferred only in those examples
where Z in ZCH==S is strongly electron withdrawing (CN and
COPh). Since the diene is the nucleophilic partner in these
reactions, the results suggest that the carbon of thioformaldehyde
is somewhat more electrophilic than sulfur and that C-alkyl
substituents reinforce this trend. Conjugating substituents (COPh,
CN) at carbon reverse the trend and make sulfur more electro-
philic than carbon.

Molecular orbital calculations on various model systems confirm
this conclusion. Ab initio molecular orbital calculations with the
split-valence 3-21G basis set® were performed. Thioformaldehyde
was fully optimized,” and the geometries of the substituted de-
rivatives were constructed by replacement of one of the hydrogens
of thioformaldehyde with the substituent in a standard geometry.?

The energies, coefficients, and charges of the frontier = orbitals

(4) Prepared by the method of: Calvin, E. W.; Beck, A, K.; Bastani, B,;
Seebach, D.; Kai, Y.; Dunitz, J. D. Helv. Chim. Acta 1980, 63, 697.

(5) Vedejs, E.; Perry, D. A. J. Am. Chem. Soc. 1983, 105, 1683.

(6) Binkley, J. S.; Pople, J. A.; Hehre, W. J. J. Am. Chem. Soc. 1980, 102,
939

(7) The 3-21G geometry of thioformaldehyde (res = 1.638 A, rey = 1.073
A, ZHCH = 116.5°) is in reasonable agreement with that determined by
microwave spectroscopy: Johnson, D. R.; Powell, F. X,; Kirchhoff, W. H. J.
Mol. Spectrosc. 1971, 39, 136 (rcs = 1.611 A, rcg = 1.093 A, ZHCH =
116.9°).

(8) Pople, J. A.; Beveridge, D. L. “Approximate Molecular Orbital
Theory”; McGraw-Hill: New York, 1970.

of thioformaldehyde and substituted derivatives are shown in Table
II. The vacant n*cg orbital energy calculated for thioform-
aldehyde is 2.8 eV lower than that calculated for the 7*cg vacant
orbital energy of formaldehyde. The sulfur lone-pair orbital is
the HOMO and is calculated to be 2.1 eV higher in energy than
the ng lone-pair on oxygen in formaldehyde. The mcg orbital is
calculated to be 3 eV higher in energy than the m¢q orbital of
formaldehyde. These trends are in qualitative accord with ex-
perimental comparisons, where available.® Thiocarbonyl com-
pounds are both more electrophilic (lower LUMO) and nucleo-
philic (higher HOMO) than carbonyl compounds.

The substituent effects on these orbital energies are in general
accord with the substituent effects on alkenes and carbonyls. !
Thus, the electron-donating methyl group raises the energy of the
wes orbital the most and the #*cg orbital to a lesser extent.
Electron-withdrawing groups (CHO, CN) lower the energies of
all orbitals in the order 7*cg > ng > wcs. Conjugating substituents
(Ph, vinyl) lower the 7*g orbital energy and dramatically raise
the mcg orbital energy. The SiH; group is unique, lowering the
w*cs orbital energy to a moderate extent but having little effect
on the 7cg orbital.

The relative magnitude of the coefficients of the 7* -5 molecular
orbitals of these molecules vary according to the substituents. For
thioformaldehyde, the = and «* orbitals are polarized in the same
direction but to a smaller extent than for formaldehyde. The
charges are decidedly in the opposite direction. The electron-
donating methyl group accentuates the LUMO polarization,
electron withdrawers such as CN tend to reverse the polarization,
and conjugating groups and H,Si reduce it.

The orientation of cycloadditions of unsymmetrical electron-rich
dienes is related to the LUMO coefficients in the thiocarbonyl,
which is invariably the electrophilic partner in such reactions. The
stabilization of the two regioisomeric transition states arising from
this HOMO-LUMO interaction depends upon interaction terms
C,CyYap5.0 where C, and C, are coefficients of frontier orbitals
at centers a and b, S, is the overlap integral for atomic orbitals
at the centers, and v, is the proportionality between overlap and
stabilization for a given atom pair.!! Since details of transi-
tion-state geometry are not known, we cannot evaluate +y,p.
However, a comparison of the trends in Tables I and II shows
that regioselectivity reverses from path a to path b when the
ZCH==S LUMO coefficient at sulfur equals or exceeds that at
carbon (Z = CHO; CN).12

With this caveat, the 7*c5 coefficients shown in Table II ra-
tionalize the trends shown in Table I. Strong electron-withdrawing
groups make the S terminus more electrophilic by enlarging the
S LUMO coefficient. Milder electron-withdrawing groups lower
the difference between S and C electrophilicity, while conjugating

(9) Solouki, B.; Rasmus, P.; Bock, H. J. Am. Chem. Soc. 1976, 98, 6054.
Ionization potentials of 9.38 and 11.76 eV reported for n and = orbitals of
thioformaldehyde, respectively.

(10) Houk, K. N. Acc. Chem. Res. 1975, 8, 365 and references therein.

(11) Houk, K. N.; Sims, J.; Watts, C. R.; Luskus, L. J. J. Am. Chem. Soc.
1973, 95, 7301.

(12) This imples that ycgScs is larger than yccSce but may reflect instead
our neglect here of electrostatic and closed-shell repulsion influences on re-
gioselectivity.
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groups make C somewhat more electrophilic than S. Electron
donors enhance the greater electrophilicity of C that is already
present in thioformaldehyde. Furthermore, the selectivity of the
more reactive Danishefsky diene is greater than for 2-alkoxy-
butadiene, in accord with greater frontier orbital control for the
diene which has the higher energy HOMO.!°
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Fatty acid hydroperoxides arise in mammalian tissue by lipid
peroxidation and by the action of lipoxygenases on unsaturated
fatty acids.! Cleavage of the hydroperoxide group concomitant
with cyclization to an adjacent double bond generates several
different epoxide-derived products including leukotrienes, epoxy
alcohols, and trihydroxy fatty acids.2 The pathways of leukotriene
biosynthesis are well understood because of the importance of
leukotrienes as mediators of inflammatory and hypersensitivity
reactions.” Less information is available on the synthesis of epoxy
alcohols (eq 1). Pace-Asciak et al. have recently demonstrated

R R R R
/ OOH . H p R OH
R\:/=} R\=S__2\o + R>_//_2\o + »__//J;H (1)
HO HO
I I. Ir. '

= =
R=CgHyy . R=(CH ), COOH

that both hydroperoxide oxygens are retained in the conversion
of 12-hydroperoxy-5,8,10,14-¢icosatetraenoic acid to epoxy al-
cohols and triols by subcellular fractions of rat lung.* This
observation raises the intriguing question of how the terminal
peroxide oxygen is transferred to carbons four and six atoms
removed from the peroxide group. We have been studying the
reaction of fatty acid hydroperoxides with hematin [hydroxo-
(porphyrinato)iron(III)], the prosthetic group of several hydro-
peroxide-metabolizing enzymes.> We wish to report that hematin
catalyzes the rearrangement of I to isomeric 9- and 11-
hydroxy-12,13-epoxyoctadecenoic acids in which both the hydroxyl
and epoxide oxygens derive from the hydroperoxide group. The

(1) Gardner, H. W. In “Autoxidation in Food and Biological Systems”;
Simic, M. G., Karel, M., Eds.; Plenum Press: New York, 1980; pp 477-504.
(b) Bus, J. S.; Gibson, J. In “Reviews in Biochemical Toxicology”; Hodgson,
E. et al., Eds.; Elsevier: North Holland 1979; pp 125-149. (c) Svingen, B.
A.; Buege, J. A;; O'Neal, F. D.; Aust, S. D. J. Biol. Chem. 1979, 254,
5892-5899.

(2) (a) Falardeau, P.; Hamberg, M.; Samuelsson, B. Biochim. Biophys.
Acta 1976, 441, 193-200. (b) Walker, I. C.; Jones, R. L.; Wilson, N. H.
Prostaglandins 1979, 18, 173-178. (c) Powell, W. S. J. Biol. Chem. 1981,
257, 9465-9470. (d) Bryant, R. W.; Simon, T. C.; Bailey, J. M. /bid. 1982,
257, 14937-14943. (e) Samuelsson, B.; Borgeat, P.; Hammarstrom, S;
Murphy, R. C. In “Advances in Prostaglandin and Thromboxane Research”;
Samuelsson, B. et al., Eds.; Raven Press: New York, 1980; pp 1-18.

(3) Samuelsson, B. Science (Washington, D.C.) 1983, 220, 568-575.

(4) (a) Pace-Asciak, C. R.; Mizuno, K.; Yamamoto, S.; Granstrom, E.;
Samuelsson, B. In “Advances in Prostaglandin, Thromboxane and Leukotriene
Research”; Samuelsson, B. et al., Eds.; Raven Press: New York; 1983; Vol.
II, p 133-139. (b) Pace-Asciak, C. R.; Granstrom, E.; Samuelsson, B. J. Biol.
Chem. 1983, 258, 6835-6840.
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Scheme L. Proposcd Mechanism for the Hematin-Catalyzed
Conversion of Hydroperoxy Fatty Acids to Epoxy Alcohols®
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@ For simplicity, hydroxylation is only considered at the allylic
terminus proximal to the epoxide.
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most likely mechanism for this transformation is a unique example
of an oxygen rebound in which the metal complex reduces the
hydroperoxide group to an alkoxyl radical and transfers the hy-
droperoxy oxygen to intermediate carbon-centered radicals gen-
erated by alkoxyl radical cyclization.

Hematin (5 X 107 M) and I8 (5 X 10° M) were stirred at 25
°C in 0.1 M sodium phosphate (pH 7.8) containing 2 X 10 M
Tween 20. After 10 min, the solution was acidified to pH 3.5
and products extracted into ethyl acetate. Solvent was removed
in vacuo, the residue was methylated with diazomethane, and the
products were isolated and purified by a combination of reversed-
and normal-phase HPLC. The purified product zones were si-
lylated and analyzed by gas chromatography-mass spectrometry
(GC-MS).” Five products were identified; the two major ones
were 11-hydroxy-12,13-epoxy-9-octadecenoic acid (II) and
9.12,13-trihydroxy-10-octadecenoic acid (IV). Together, they
account for 66% of the identified products.® Triol IV is presumed
to arise via hydrolysis of the unstable allylic epoxy alcohol III and,
in fact, a trace of III is detected.

Experiments were performed in which ['#0,]-1° was reacted
with hematin under an %0, atmosphere. The 11-hydroxyl of II
retained 93% '#0 and the 9-hydroxyl of IV retained 66%. When
['%0,]-I was reacted with hematin under an *O, atmosphere, the
11-hydroxyl of II contained 18% 80, and the 9-hydroxyl of IV
contained 32% '80. The results of these experiments indicate that
the 11-hydroxyl oxygen of II and the 9-hydroxyl oxygen of IV
are derived predominantly from the hydroperoxide.” A percentage
of the hydroxyl oxygens in II and IV is derived from O,. The
incorporation of hydroperoxide oxygen is higher at carbon 11 than
at carbon 9 in both IT and III.

The possibility of an intermolecular hydroperoxide oxygen
transfer was evaluated by reacting hematin with an equal mixture
of [*#0,]-I and ['%0,]-I followed by determination of the isotopic
composition of epoxyol II. Intermolecular transfer would yield
IT containing one atom of '®0 and one atom of %0 whereas
intramolecular transfer would produce II with two atoms of either
isotope but not one of each. The relative intensities of the mo-

(6) (a) Funk, M. O.; Isaacs, R.; Porter, N. A. Lipids 1976, 11, 113-116.
(b) Marnett, L. J.; Bienkowski, M. J.; Pagels, W. R. J. Biol. Chem. 1979, 254,
5077-5082.

(7) The details of product identification will be the subject of a separate
publication. Epoxy alcohol II was identical chromatographically and spec-
troscopically with an authentic standard provided by Dr. H. W. Gardner.

(8) The other products were 13-keto-9,11-octadecadienoic acid and 13-
hydroxy-9,1 1-octadecadienoic acid. In addition, 18% of hydroperoxide 1 was
recovered.

(9) The epoxide oxygen of II and the 13-hydroxyl oxygen of IV are derived
quantitatively from the hydroperoxide, as expected.
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