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the reaction mixtures were analyzed by GC on the same column
as for the reduction products of cyclopropyl ketones and by
comparison with authentic samples prepared following ref 15.
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Phenylallene (PHA) reacts with 1,1-dichloro-2,2-difluoroethene (1122) to produce, in part, the two benzy-
lidene-containing cycloadducts 5 and 6, with the E isomer 5 predominating as expected. In addition, two
stereoisomeric 2:1 PHA-1122 adducts of structure 8 and 9 are formed by reaction of the PHA cyclodimers 10
with 1122. The reaction of PHA with diethyl fumarate (DEF) produces, in part, the two cycloadducts 15 and
16 in which the Z isomer 16 predominates. The major product 19 is formed by ring closure at an ortho position
of the aromatic ring in the E diradical intermediate, followed by an ene reaction of the intermediate with DEF.
The reaction of PHA with N-phenylmaleimide (NPMI) similarly produces cycloadducts 20 and 21 in which the
Z isomer 21 predominates. The major product 23 is formed by ring closure at an ortho position of the aromatic
ring followed by [1.5] hydrogen sigmatropic rearrangement and loss of hydrogen. The dominant formation of
the E isomer 5 with 1122 and the Z isomers 16 and 21, and 19 and 23, in the reactions with DEF and NPMI
indicate a highly reversible formation of the Z diradical intermediate 27. The cycloaddition of PHA with acrylonitrile
produces essentially only a normal distribution of cycloadducts, indicating that cleavage of the Z diradical

intermediate does not occur.

Recent studies in our laboratories have focused on the
factors affecting the rate of formation and stereochemistry
of the diradical intermediates formed in allene cyclo-
addition reactions and the factors affecting the relative
rates of cleavage (reversal), internal rotation, and ring
closure of the diradical intermediates.!® In the cyclo-
addition reactions with monoalkylallenes the Z diradical
intermediate 1 is formed preferentially over the E diradical
intermediate 2, the preference increasing with increasing
size of the alkyl group. This preference has been discussed
in terras of steric effects generated in the transition states
for the formation of 1 and 2.2 The relative rates of cleavage
are increased on destabilization of either radical center,
for example, with increasing steric conjestion in the allyl
radical portion as the size of the R group increases or in
the aliphatic radical portion as steric conjestion increases.!
In a continuation of these studies we have studied the

(1) Pasto, D. J.; Yang, S. H. J. Am. Chem. Soc. 1984, 106, 152.

(2) Pasto, D. J.; Heid, P. F.; Warren, S. E. J. Am. Chem. Soc. 1982,
104, 3676.

(3) Pasto, D. J.; Warren, S. E. J. Am. Chem. Soc. 1982, 104, 3670.
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cycloaddition reactions of phenylallene (PHA) with several
dienophiles. The results of these studies indicate that the
Z diradical intermediates formed in the cycloaddition re-
actions with diethyl fumarate (DEF) and N-phenylmale-
imide (NPMI) are formed in a highly reversible manner
but that in the diradical intermediates formed in the cy-
cloaddition reactions with 1,1-dichloro-2,2-difluoroethene
(1122) and acrylonitrile (ACN) reversibility is not observed.
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In addition, ring closure involving the aromatic ring is
observed in the reactions of PHA with DEF and NPML

Results

Cycloaddition of PHA with 1122. The reaction of
PHA with 1122 produces a mixture of the three (2 + 2)
1:1 cycloadducts 5-7 (87% total) in a 38:7:55 ratio. The
stereochemistry about the exocyclic benzylidene groups
in 5 and 6 is easily established on the basis of the relative
magnitudes of the long-range H-H and H-F coupling
constants.
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Also isolated were a mixture of two stereoisomeric 2:1
and 3:2 PHA-1122 adducts. The 2:1 adducts have been
assigned structures of 8 and 9 on the basis of their H and
1F NMR spectra which show resonance patterns charac-
teristic of the partial structure 13 in a molecule containing
a chiral center. The cis stereochemistry in the minor 2:1

F H
|
|
FH

13

adduct 8 is assigned on the basis of the larger vicinal
coupling constant (10.31 Hz) relative to that in the trans
isomer 9 (8:08 Hz). The stereochemistry about the spiro
carbon could not be determined from the NMR spectra.
The 3:2 PHA-1122 adduct is assigned the gross structure
11. The NMR spectrum of 11 indicates the presence of
two partial structures 13 and the partial structure 14.
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Only a single stereoisomer of 11 appears to be formed (by
NMR analysis of the crude reaction mixture and separated
fractions). The stereochemistry of 11 could not be unam-
biguously assigned from the NMR data.
Cycloaddition of PHA with Diethyl Fumarate
(DEF) and Diethyl Maleate (DEM). PHA reacts
cleanly with DEF to produce the four 1:1 cycloadducts
15-18 (47% in a ratio of 15:25:3:4) and a diastereomeric
mixture (5:2 ratio) of two 1:2 adducts (53%). The 1:1
cycloadducts were separated by rotating disk chromatog-
raphy and their stereochemistries assigned on the basis of
the relative magnitudes of vicinal and long-range coupling
constants! determined by using decoupling techniques.
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The major 1:2 adduct was isolated in a pure state by
further chromatography. The NMR spectrum of the major
isomer contained resonance patterns characteristic of AX
and ABMX spin systems and two terminal methylene
hydrogens long-range coupled to the two X protons. The
spectrum also contained the characteristic pattern for a
1,2-disubstituted aromatic system in which one of the
aromatic hydrogens appears at rather low field (the hy-
drogen adjacent to the ester function). The spectral data
is consistent with that expected for one of the diastereo-
mers of 19. The minor 1:2 adduct could not be isolated
free of the major isomer; its partial NMR spectrum is fully
consistent with structure 19. The vicinal coupling con-
stants between the hydrogens attached to the carbon atoms
bearing the carboethoxy groups are 9.25 and 8.57 Hz,
typical for a trans-diaxial relationship, indicating that the
two ester functions attached to the ring are trans. It is not
possible to assign the stereochemistry of the side chain
relative to the ring ester functions.

The NMR spectrum of the crude reaction mixture de-
rived from the reaction of PHA with an excess of DEM
showed the presence of unreacted DEM and DEF in a ratio
of ~1:5. The NMR spectrum contained only peaks
characteristic of the DEF adducts 15-19.

Cycloaddition of PHA with N-Phenylmaleimide
(NPMI). The reaction of PHA with NPMI produces a
mixture of the three 1:1 cycloadducts 20-22 in an ap-
proximate 1:2.5:0.5 ratio. The stereochemistries of 20 and
21 are assigned on the basis of long-range coupling con-
stants. Only one cycloadduct of general structure 22 is
formed. As the stereochemical assignments are made on
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the basis of a comparison of the coupling constants in
stereoisomerically related pairs of cycloadducts, the iso-
lation of only a single adduct of general structure 22 pre-
cludes an unambiguous assignment of stereochemistry.
Stereochemical arguments presented to rationalize the
product distributions derived from the cycloaddition re-
actions of monoalkylallenes, however, would suggest that
22 have an all-cis stereochemistry.
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The major product formed in the reaction of PHA with
NPMI has been assigned structure 23. The NMR spec-
trum was very simple, showing only a singlet at § 2.80 and
aromatic hydrogens. The aromatic region contained a very
low-field doublet representing an aromatic hydrogen ad-
jacent to the carbonyl group and an isolated aromatic
hydrogen. The mass spectrum indicated a molecular
weight of 287 for a 1:1 adduct minus two hydrogen atoms.

Cycloaddition of PHA with Acrylonitrile (ACN).
The reaction of PHA with ACN proceeds to cleanly form
a mixture of the three 1:1 cycloadducts 24-26 (95% of
total) in a ratio of 43:28:29, along with very minor amounts
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of a 1:2 (3%) adduct and a mixture of stereoisomeric 2:2
(2%) adducts (by NMR) whose structures could not be
derived. There was no detectable peak characteristic of
a methyl group in a structure similar to 23.

Discussion

The observed ratio of 5 to 6 of ~4:1 formed in the
reaction of PHA with 1122 is consistent with a diradical
intermediate process in which steric effects in the tran-
sition state for diradical intermediate formation favor the
formation of 1 over 2 (R = phenyl). This E-Z ratio is
larger than that observed of 2.75:1 in the reaction of 1122
with isopropylallene [R = CH(CH,),], and is consistent
with the generally accepted larger size of the phenyl com-
pared to the isopropyl group. The ring closure of 1 results
in the formation of 5 and 7, while the ring closure of 2
results in the formation of 6 and 7. Although the parti-
tioning of 1 (R = phenyl) to 5 and 7 and of that of 2 (R
= phenyl) to 6 and 7 is not known, the preference for
formation of the E adduct 5 is considered to be diagnostic
for a diradical intermediate pathway in which cleavage of
the diradical intermediate is not competitive with ring
closure.!® Cyclodimerization of PHA occurs competitively,
to a minor extent, with a cycloaddition with 1122 as evi-
denced by the formation of 8, 9, and 11.* The formation
of 8 and 9 involves the (2 + 2) addition of 1122 to cis- and
trans-10. The formation of 11 must involve two (2 + 2)
cycloadditions of 1122 to 12. The NMR spectrum of the
crude reaction mixture showed some very weak peaks that
do not belong to 5-9. These minor products, however, were
formed in such low yields that their isolation and identi-
fication were not possible.

The product distribution derived from the reaction of
PHA with DEF shows a distinctly different trend. The
ratio of the E and Z adducts 15 and 16 is inverted with
respect to that expected for a diradical intermediate pro-
cess in which there is no reversibility in the formation of
the diradical intermediate. From the results obtained in
the reaction of PHA with 1122 one would expect that the
diradical intermediate 27 should be formed in preference
to 28 and, thus, that 15 should be produced in a greater
amount than 16. The unusual 1:2 adduct 19 can be visu-
alized as being formed by ring closure at the ortho position
of the aromatic ring in the diradical intermediate 28 fol-
lowed by an ene reaction with DEF to produce 19. If this
is the mechanistic pathway for the formation of 19, it
requires that the rate of cleavage of the diradical inter-
mediate 27 is fast relative to the rates of ring closure. Prior
studies in our laboratories have shown that destabilization

(4) The cyclodimerization of PHA, as well as other substituted allenes,
is being studied independently in the author’s laboratories.
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of either radical center lowers the barrier for cleavage
relative to that for ring closure.! The more rapid cleavage
of 27 compared to 2 when R is alkyl must be due to ex-
treme steric congestion and to a lack of stabilization of the
allyl radical by the phenyl group. In order to stabilize the
allyl radical by resonance the phenyl ring must be coplanar
with the allyl radical portion of the intermediate. This is
precluded due to the adverse steric interactions generated
between the ortho ring hydrogens and the inwardly or-
iented hydrogen of the allyl radical. The phenyl ring is
thus required to be oriented perpendicular to the plane
of the allyl radical. In this conformation the phenyl group
must destabilize the diradical intermediate which lowers
the energy barrier for cleavage.! In the E diradical in-
termediate 28 the aromatic ring can exist in a coplanar
conformation with the allyl radical portion, making pos-
sible the resonance structures shown for 28. Models in-
dicate that in 28 the aliphatic radical center can reside
directly over the ortho position of the aromatic ring in an
excellent position for bond formation and ring closure to
occur. Thus, although the rate of formation of 27 is ex-
pected to be greater than that of 28, the reversibility of
formation of 27 allows for dominant product formation to
occur via the kinetically unfavored diradical intermediate
28.

Other evidence indicating the facile cleavage of 27 is the
extensive isomerization of the unreacted DEM to DEF
during the reaction of PHA with DEM (twofold excess of
DEM, final DEM-DEF ratio ~1:5!). Previous studies in
our laboratories have shown that this isomerization occurs
only in the presence of a substituted allene! and involves
internal rotation within the DEM-derived diradical in-
termediate to produce the DEF-derived intermediate,
which then undergoes cleavage. In the reaction of PHA
with DEM only trans diester products were isolated, in-
dicating that internal rotation occurred much faster than
ring closure.

An alternative mechanism for the formation of 19 (and
23 with NPMI) would involve a symmetry allowed, (.4, +
+2.) cycloaddition across the styrene chromophore of PHA
to directly form 29. This mechanism cannot be unam-
biguously ruled out. However, control experiments in our
laboratories have shown that styrene does not undergo (4
+ 2) cycloaddition with DEF to produce any characteriz-
able product under identical, or even more vigorous, re-
action conditions. Only polymerization of the styrene
appears to occur (even in the presence of an inhibitor). An
argument can be made that the styrene chromophore in
PHA is electronically different from that in styrene itself,
and thus different reactivities might be expected. An
analysis of spectral data and theoretical calculations have
shown that the orthogonal 7 systems of allene are virtually
identical with that of ethene.> Therefore, one would not
expect the styrene chromophore in PHA to be electroni-
cally different from that in styrene or to possess markedly
different properties. The reactivity of substituted allenes
toward (2 + 2) cycloaddition appears to be reasonably
facile due to the stabilization inherent in the allyl radical
portion of the diradical intermediate in the rather late
transition state developed along the reaction coordinate.?
All of the available evidence suggests that the reaction of
PHA with DEF (and NPMI) to form 19 (and 23) occurs
via ring closure in the diradical intermediate 28 to form
29, which undergoes subsequent reactions.

The results derived from the reaction of PHA and
NPMI are similar to those obtained with DEF'; the Z ad-
duct 21 being formed in preference to the E adduct 20.
The major product 23 is formed by the formal addition
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across the styrene chromophore of PHA. For the reasons
outlined above it is most reasonable to rationalize the
formation of 23 as occurring by ring closure in the diradical
intermediate 28 to form 29. In this case 29 undergoes [1.5]
sigmatropic rearrangement and the elimination of hydro-
gen to form 23, both reactions being symmetry allowed.
The [1.5] sigmatropic rearrangement in the intermediate
29 derived from DEF does not occur apparently due to
steric factors, both faces of the pentadienyl system being
sterically obstructed by a carboethoxy group. In addition,
the elimination of hydrogen is precluded due to the trans
relationship between the two hydrogens.

The reaction of PHA with ACN produced 24-26 as the
only isolable 1:1 adducts. The NMR spectrum of the crude
reaction mixture does not contain a methyl resonance
characteristic of the adduct similar in structure with 23,
and only a very weak low-field aromatic hydrogen doublet
is present, suggestive of the possible formation of a very
small amount (<1%) of an adduct similar in structure to
19. The NMR of the crude reaction mixture did contain
several weak signals in the vinyl hydrogen region, indi-
cating the possible formation of PHA-dimer ACN adducts.
No characterizable products other than 24-26 were isolated
by chromatographic techniques.

The E diradical intermediates 27 derived from PHA
with 1122 and ACN do not appear to undergo extensive
cleavage in competition with ring closure, and the E di-
radical intermediate 28 does not undergo ring closure at
the ortho position of the aromatic ring. It is not obvious
whether these differences in reactivity are steric or elec-
tronic in origin. Further studies on the structures and
electronic properties of such radical systems are in progress
in an attempt to gain an understanding of the factors
responsible for the observed behaviors of the diradical
intermediates.

Experimental Section

Reaction of Phenylallene (PHA) with 1,1,Dichloro-2,2-
difluoroethene (1122). To 200 uL (1.3 mmol) of PHA contained
in a thick-walled, 10-mm Pyrex tube was condensed ~0.6 mL of
1122. The contents of the tube were triply freeze-degassed, and
the tube was sealed under vacuum. The tube was placed in a sand
bath at 160 °C for 1 day. The tube was chilled and opened, and
the unreacted 1122 was allowed to evaporate. The 300-MHz NMR
spectrum of the reaction mixture was recorded in order to de-
termine the relative yields of the cycloadducts. The reaction
mixture was separated by rotating disk chromatography on a 1
mm thick plate of silica gel using hexane as eluent.

Fraction 1 (inseparable mixture of 5-7): MS (of mixture),
M+ caled for C;Hg¥CLF, 247.997, found 247.997.

5 (32.9%): 'H NMR (CDCl,) é 3.72 (dt, Juy = 2.66 Hz, Jyur
= 1.16 Hz, 2 H), 7.08 (apparent pentuplet, Jyy ~ Jyp ~ 2.7 He,
1 H), 7.3-7.5 (m).

6 (6.5%): 'H NMR (CDCl;) 4 3.52 (dt, Jyy = 2.33 Hz, Jup =
1.14 Hz, 2 H), 6.70 (br m, 1 H), 7.3-7.5 (m).

7 (47.2%): 'H NMR (CDCl,) 6 4.72 (dd, Jyy = 4.18, 3.26 Hz,
1 H), 5.66 (ddt, JHH =4.18 HZ, JHF = 2.22 HZ, JHngm ~ (0.6 HZ,
1 H), 6.07 (m, 1 H).

Fraction 2 {mixture of 8 and 9): MS (of mixture), M* caled
for C20H1635012F2 364060, found 364.059.

8 (4.7%): 'H NMR (CDCly) 6 2.57 (dddd, Jyy = 13.70, 0.86
Hz, Jyp = 18.32, 9.13 Hz, 1 H), 2.83 (dddd, Jyy = 18.70, 1.03 Hz,
Jur = 13.22, 6.98 Hz, 1 H), 4.46 (d, J = 10.30 Hz, 1 H), 4.83
(apparent double triplet, J = 10.30, 2.74 Hz, 1 H), 5.54 (ddd, J
= 2.70, 2.29, 1.01 Hz, 1 H), 5.61 (apparent double quartet, J =
3.16,1.02 Hz, 1 H), 7.3 (m) ; **F NMR (CDCl,, 5 relative to external
BF3'0(02H5)2) 8 -24.1 (ddd, JFF = 186.3 HZ, JHF = 1832, 13.22
Hz), -19.10 (ddd, Jep = 186.3 Hz, Jyp = 9.183, 6.98 Hz).

9 (6.0%): 'H NMR (CDCly) § 2.61 (dddd, Jyy = 13.62, 0.61
Hz, Jyr = 20.59, 8.58 Hz, 1 H), 2.74 (dddd, Jy = 13.62, 0.98 Hz,
Jyr = 14.44, 4.40 Hz, 1 H), 3.99 (d, J = 8.08 Hz, 1 Hz), 4.25
(apparent double triplet, J = 8.08, 2.77 Hz, 1 H), 5.35 (m, 1 H),
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5.63 (apparent double quartet, J = 3.02, 1.01 Hz, 1 H), 7.4 (m);
9F NMR (CDClg, 6 relative to external BF;-0(C,Hj;),) 6 —25.15
(ddd, JFF = 185.2 HZ, JHF = 2059, 14.44 HZ), -18.25 (ddd, JFF
= 185.2 Hz, Jyp = 8.58, 4.40 Hz).

Fraction 3 (11, 2.6%): 'H NMR (CDCl) 6 2.89 (ddd, Jyy =
13.84 Hz, Jyr = 14.31, 2.39 Hz, 1 H), 2.95 (ddd, Jyy = 13.35 Hz,
Jyr = 14.38, 2.65 Hz, 1 H), 3.08 (ddd, Jyuy = 13.35 Hz, Jyp = 21.7§,
7.25 Hz, 1 H), 3.65 (d, J = 7.71 Hz, 1 H), 3.87 (ddd, Jyy = 13.84
Hz, Jyr = 19.32, 9.95 Hz, 1 H), 4.30 (br s, 1 H), 4.49 (ddd, J =
7.41, 2.96, 1.97 Hz, 1 H), 5.32 (br s, 1 H), 5.58 (apparent double
quartet, J = 2.88 and ~ 1.0 Hz, 1 H), 7.25-7.5 (m); °F NMR
(CDCl,, § relative to external BF3O(CsH;),) 6 -29.20 (ddd, Jep
= 184.4 Hz, Jyp = 21.78, 14.38 Hz), -25.9 (ddd, Jr = 184.5 Hz,
Jyr = 19.32, 9.95 Hz), -20.08 (ddd, Jrr = 184.4 Hz, Jyp = 7.25,
2.65 Hz), -16.03 (ddd, Jpr = 184.5 Hz, Jyp = 9.95, 2.39 Hz).

Reaction of PHA with Diethyl Fumarate (DEF). To a
heavy-walled Pyrex tube containing 200 L (1.3 mmol) of PHA
was added 600 uL (2.8 mmol) of DEF. The contents of the tube
were triply freeze-degassed, and the tube was sealed under
vacuum. The tube was placed in a sand bath at 160 °C for 5 days.
The tube was opened, and the excess DEF was removed on a
vacuum line. The NMR spectrum of the residue was recorded,
and the product mixture was separated by rotating disk chro-
matography on a 1.0 mm thick plate of silica gel using hexane-
methylene chloride gradient elution. Five fractions were collected.

Fraction 1 (15, 14.5%): 'H NMR (CDCly) 4 1.05 (t, J = 7.22
Hz, 3 H), 1.27 (t, J = 7.22 Hz, 3 H), 3.06 (ddd, J = 16.11, 6.96,
2.46 Hz, 1 H), 3.21 (dddd, J = 16.11, 9.68, 3.17, 2.12 Hz, 1 H),
3.51 (ddd, J = 9.68, 6.96, 6.23 Hz, 1 H), 3.95 (dq, J = 17.13,7.22
Hz, 1 H), 3.97 (dq, J = 17.13, 7.22 Hz, 1 H), 4.35 (ddd, J = 6.23,
3.17, 2.60 Hz, 1 H), 6.29 (ddd, J = 2.60, 2.46, 2.12 Hz, 1 H), 7.3-7.5
(m, 5 H); MS, M* caled for Cy;Hy0, 288, found 288.

Fraction 2 (186, 25.5%): 'H NMR (CDCl,) 6 1.28 (t, J = 7.34
Hz, 3 H), 1.32 (t, J = 7.34 Hz, 3 H), 3.26 (ddd, J = 8.77, 3.05, 2.57
Hz {geminal coupling to § 3.27 proton could not be discerned),
1 H), 3.27 (dd, J = 8.83, 2.57 Hz, 1 H), 3.66 (dt, J = 8.77, 7.16
Hz, 1 H), 4.18 (q, J = 7.34 Hz, 2 H), 4.29 (q, J = 7.34 Hz, 2 H),
6.43 (dt, J = 2.57, 2.34 Hz, 1 H), 7.3-7.5 (m, 5 H) [the resonance
of one proton was obscured by the § 4.18 resonance]; MS, M* caled
for CI7H2004 288, found 288.

Fraction 3 (17, 3.4%): 'H NMR (CDCly) 6 1.23 (t, J = 7.16
Hz, 3 H), 1.30 (t, J = 7.16 Hz, 3 H), 3.60 (t, J = 8.72, Hz, 1 H),
4.06 (ddd, J = 8.72, 3.02, 2.12 Hz, 1 H), 4.16 (q, J = 7.16, 2 H),
4.22 (q,J = 7.16 Hz, 2 H), 4.91 (ddd, J = 3.02, 2.28, 1.14 He, 1
H), 5.15 (ddd, J = 2.61, 2.24, 1.14 Hz, 1 H), 7.3 (m, 5 H); MS, M*
caled for Ci;Hy0, 288, found 288.

Fraction 4 (18, 3.9%): 'H NMR (CDCly) 6 0.80 (t, J = 7.21
Hz, 3 H), 0.91 (t, J = 7.21 Hz, 3 H), 3.62 (ddt, J = 6.93, 2.75, 3.20
Hz, 1 H), 3.92 (dd, J = 10.68, 6.93 Hz, 1 H), 4.19 (q, J = 7.21 Hz,
2 H), 4.21 (q, J = 7.21 Hz, 2 H), 4.58 (dddd, J = 10.68, 3.20, 2.68,
2.43 Hz, 1 H), 5.06 (td, J = 2.68, 0.94 Hz, 1 H), 541 (ddd, J =
3.20, 2.68, 0.94 Hz, 1 H), 7.3 (m, 5 H); MS, M* calcd for C,;H,,0,
288, found 288.

Fraction 5 (5:2 mixture of diastereomers of 19, 32.2%)
[which was rechromatographed giving a pure sample of the major
isomer]: 'H NMR (of major isomer, CDCl,) § 1.08 (t, J = 7.25
Hz, 1 H), 1.21 (¢, J = 7.25 Hz, 3 H), 1.26 (t, J = 7.25 Hz, 3 H),
1.29 (t, J = 7.25 Hz, 3 H), 2.44 (dd, J = 16.80, 3.39 He, 1 H), 2.79
(dd, J = 16.80, 11.58 Hz, 1 H), 3.28 (ddd, J = 11.58, 8.68, 3.39
Hz, 1 H), 3.77 (br d, J = 8.68 Hz, 1 H), 3.95 (dd, J = 9.25, 1.71
Hz, 1 H), 4.01 (q, J = 7.25 Hz, 1 H), 4.06 (q, J = 7.25 Hz, 1 H),
4.09 (q, J = 7.25 Hz, 2 H), 4.19 (g, J = 7.25 Hz, 1 H), 4.21 (q, J
=17.25Hz, 2 H), 423 (q, J = 7.25 Hz, 1 H), 4.26 (d, J = 9.25 Hz,
1 H), 4.90 (br dd, J = 1.71, 0.89 Hz, 1 H), 5.08 (dd, J = 1.14, 0.89
Hz, 1 H), 7.04 (ddd, J = 5.36, 3.79, 1.56 Hz, 1 H), 7.17 (m, 2 H),
7.35 (ddd, J = 5.52, 3.45, 1.38 Hz, 1 H).

The minor isomer was not obtained free of the major isomer.
Characteristic peaks of the minor isomer appear at 6 2.48 (dd,
J = 16.69, 4.08 Hz), 2.78 (dd, J = 16.69, 11.19 Hz), 3.58 (br d, J
= 8.94 Hz), 4.82 (br s) and 5.04 (br s).

Reaction of PHA with Diethyl Maleate (DEM). The re-
action of PHA with DEM was carried out as described for the
reaction of PHA with DEF. The NMR spectrum of the crude
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reaction mixture showed the presence of unreacted DEM and DEF
(ratio of ~1.5). The NMR spectrum showed only peaks char-
acteristic of the DEF adducts 15-19.

Reaction of PHA with N-Phenylmaleimide (NPMI). In
a thick-walled Pyrex tube were placed 210 uL (1.0 mmol) of PHA,
0.34 g (2.0 mmol) of NPMI, and 1 mL of benzene-dg. The contents
of the tube were triply freeze-degassed. The tube was sealed under
reduced pressure and was placed in a sand bath at 160 °C for 7
days. The contents of the tube were removed, and the solvent
was removed on a vacuum line. The NMR spectrum of the
product mixture was recorded. The reaction mixture was sepa-
rated by rotating disk chromatography on a 1 mm thick silica gel
plate using methylene chloride-hexane gradient elution.

Fraction 1 (20,5%): 'H NMR (CDCl,) é 3.18 (dddd, J = 16.43,
4.81, 3.06, 2.09 Hz, 1 H), 3.48 (ddd, J = 16.43, 10.05, 2.04 Hz, 1
H), 3.61 (ddd, J = 10.05, 6.01, 4.81 Hz, 1 H), 4.36 (ddd, J = 6.01,
3.06, 2.58 Hz, 1 H), 6.43 (ddd, J = 2.58, 2.09, 2.04 Hz, 1 H), 7.3-7.5
(m, 10 H); MS, M* caled for CgH;;NO, 289.110, found 289.110.

Fraction 2 (21, 13%): 'H NMR (CDCl;) 6 3.32 (ddd, J = 16.29,
5.98, 3.10, 2.65 Hz, 1 H), 3.62 (ddd, J = 10.04, 6.30, 5.98 Hz, 1
H), 3.72 (ddd, J = 16.29, 10.06, 2.67 Hz, 1 H), 4.19 (ddd, J = 6.30,
3.10, 2.15 Hz, 1 H), 6.64 (ddd, J = 2.67, 2.65, 2.25 Hz, 1 H), 7.3-7.5
(m, 10 H); MS, M* caled for C;gH,;sNO, 289.110, found 289.110.

Fraction 3 (22,2%): H NMR (CDCl,) 6 3.47 (dd, J = 6.60,
5.08 Hz, 1 H), 4.14 (dddd, J = 6.60, 3.12, 2.32, 2.22 Hz, 1 H), 4.39
(dddd, J = 5.08, 3.12, 1.98, 1.65 Hz, 1 H), 5.24 (ddd, J = 2.32,
1.65, 1.55 Hz, 1 H), 5.60 (ddd, J = 2.22, 1.98, 1.53 Hz, 1 H), 7.3-75
{m, 10 H); MS, M* caled for C;,H;;NO, 289.110, found 289.110.

Fraction 4 (23, 80%): 'H NMR (CDCly) 6 2.85 (s, 3 H), 7.4-7.9
(m’s, 8 H), 7.95 (s, 1 H), 8.96 (d, 1 H); MS, M* caled for C,gH;3NO,
287.095, found 287.095.

Reaction of PHA with Acrylonitrile (ACN). In a 10-mm,
heavy-walled Pyrex tube was placed 150 uL (1.0 mmol) of PHA
and 600 L (9.0 mmol) of ACN. The contents of the tube were
triply freeze—degassed, and the tube was sealed under vacuum.
The tube was placed in a sand bath at 160 °C for 5 days. The
tube was opened, and the excess ACN was removed on a vacuum
line. The NMR spectrum of the crude reaction mixture indicated
the formation of a complex mixture of adducts. The relative yields
of the adducts were determined by integration of the NMR
spectrum. The mixture was subjected to rotating disk chroma-
tography on a 1.0 mm thick silica gel plate.

Fraction 1 (25,27%): 'H NMR (CDCl;) 6 3.06 (ddddd, J =
15.80, 6.06, 2.93, 2.14, 1.60 Hz, 1 H), 3.22 (dddd, J = 15.80, 9.21,
2.16, 1.66 Hz, 1 H), 3.53 (ddd, J = 9.38, 9.21, 6.06 Hz, 1 H), 4.51
(dddd, J = 9.38, 2.93, 2.09, 1.82 Hz 1 H), 4.98 (dddd, J = 2.18,
2.14, 2.09, 0.90 Hz, 1 H), 5.15 (dddd, J = 1.82, 1.66, 1.60, 0.90 Hz,
1 H), 7.8 (m, 5 H); MS, M* caled for C,,H;;N 169.089, found
169.089.

Fraction 2 (inseparable mixture of 24 and 26, 41% and
27%, respectively): MS (of mixture), M* caled for C,H ;N
169.089, found 169.089.

24: 'H NMR (CDCl; 6 3.25-3.35 (m, 2 H), 3.35-3.50 (m, 3 H),
6.21 (tt, J = 2.12, 1.09 Hz, 1 H), 7.3-7.5 (m, 5 H).

26: TH NMR (CDCl,) 6 3.13 (dddd, J = 16.58, 6.69, 2.57, 2.31
Hz, 1 H), ~3.16 and ~3.20 (partially obscured by the multiplet
of 24), 4.43 (dddd, J = 5.81, 2.98, 2.59, 2.09 Hz, 1 H), 4.87 (dddd,
J =259, 257, 2.09, 0.99 Hz, 1 H), 5.06 (dddd, J = 2.59, 2.31, 2.08,
0.88 Hz, 1 H), 7.3 (m, 5 H).

Fraction 3 (3%, unknown structure): ‘H NMR (CDCly)
51.96 (ddd, J = 14.35, 10.61, 5.64 Hz, 1 H), 2.06 (ddd, J = 14.35,
10.15, 6.20 Hz, 1 H), 2.39 (ddd, J = 16.89, 10.15, 5.64 Hz, 1 H),
2.49 (ddd, J = 16.89, 10.61, 6.20 Hz, 1 H), 2.74 (br d, J = 13.62
Hz, 1 H), 2.85 (br d, J = 13.62 Hz, 1 H), 2.92 (m, 1 H), 3.67 (d,
J =17.01Hz, 1 H), 531 (brs, 1 H), 537 (brs, 1 H), 7.3 (m); MS,
M* caled for Ci5HygN, 222.116, found 222.116.
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