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Abstract; The singlet and triplet excited states of diphenylvinylene carbonate (V) react with conjugated dienes to produce 2 +
2 cycloadducts. The singlet reaction occurs with retention of diene stereochemistry via a singlet exciplex intermediate. Singlet
cycloaddition is only moderately regioselective and stereoselective, indicative of a loosely bound exciplex intermediate. The
‘triplet cycloaddition occurs with substantial loss of diene stereochemistry and high regioselectivity. The high triplet regioselec-
tivity is a consequence of selective collapse of the more substituted biradical rather than selective bonding to the less substitut-
ed diene terminus. The regioselectivity of initial bonding is the same for the singlet and triplet reactions.

The hypothesis of an oriented = complex or exciplex inter-
mediate in photochemical cycloaddition reactions was origi-
nally advanced by Corey? to rationalize the regioselectivity of
triplet enone-olefin cycloaddition reactions.? Singlet4-¢ and
triplet”8 exciplexes have subsequently been postulated as in-
termediates in a large number of photochemical cycloaddition
reactions, In most cases evidence for exciplexes has been in-
direct and based on inferences derived from kinetic or product
studies. The absence of observable exciplex fluorescence in
cycloaddition reactions led some investigators to question the
existence of exciplex intermediates.® Recently there have been
several reports of concurrent exciplex fluorescence and cy-
cloaddition*-® and conclusive demonstration of the inter-
mediacy of singlet exciplexes in several .25 + .25 photocy-
cloaddition reactions.* It is also evident from several recent
studies that the orientation and efficiency of photochemical
cyc{‘oalsddition can be determined by the nature of the excip-
lex.42

We have observed that diphenylvinylene carbonate (V)
undergoes efficient .25 + 2, photochemical cycloaddition with
conjugated dienes!® and enol ethers!! from both its singlet and
triplet excited states. The reactions with conjugated dienes
provide a wealth of stereochemical information about both the
singlet and triplet reactions. Direct spectroscopic evidence for
an exciplex intermediate in the singlet cycloaddition has been
obtained and will be presented in detail in a subsequent pub-
lication.!2 Eviderice for a triplet exciplex as the precursor of
a 1,4-biradical intermediate can be inferred from the reg-
ioselectivity of the triplet cycloaddition reaction.

Results

Excited State Properties. The uv absorption spectrum of V
consists of a broad, structureless band with Ap.x 295 nm (e 1.37
X 104, C4Hg). The fluorescence spectrum of V in benzene so-
lution displays a single maximum at 378 nm. Comparison of
the corrected fluorescence spectrum with that of quinine sul-
fate!3 provides a value for the fluorescence quantum yield of
0.13 £ 0.02 at 20 °C in benzene solution. The singlet lifetime
of Vis 0.5 & 0.2 ns, as determined by single photon counting
using deconvolution by the method of moments.!4 The quan-
tum yield for intersystem crossing of the lowest eXcited singlet
state of V is <0.01, based upon comparison of the direct and
triplet sensitized quantum yields for adduct formation with
1-hexene (vide infra). No emission other than short-lived
fluorescence is observed for V at room temperature or 77 K.
The 77 K phosphorescence of benzophenone in a methylcy-
clohexane glass is quenched by V, but no new emission is ob-
served. The room temperature phosphorescence of benzo-
phenone, biacetyl, and benzil can be quenched by V. The rate
constant for quenching of benzil triplet by V (2.6 X 108 M~!

s~1) is similar to that reported by Sandros!5 for biacetyl
quenching of benzil (2.7 X 108 M~1s~1), Thus the triplet en-
ergly) (1)5f V is probably similar to that of biacetyl (56 kcal/
mol).

Preparative Photochemistry. Irradiation of benzene solutions
of V in the presence of iodine or oxygen leads to the formation
of phenanthrene carbonate as the major product (eq 1).!1¢ In
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the absence of oxygen, V undergoes very slow conversion to
benzil and several unidentified products.!62 Addition of excess
alkene (ethylene, 1-hexene, 2-butene, or 2,3-dimethyl-2-bu-
tene) does not result in the formation of new products or en-
hanced destruction of V.17 No products were observed upon
triplet sensitized photolysis of V using several different sensi-
tizers, including benzophenone, Michler’s ketone, and benzil.
Sensitized photolysis in the presence of excess ethylene or
terminal alkenes resulted in cycloadduct formation (eq 2);
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however, no adducts were observed with more highly substi-
tuted alkenes. The product of V with ethylene is assigned
structure 1 on the basis of ir and NMR spectral data (see Ex-
perimental Section) and its conversion to cis-1,2-diphenyl-
1,2-cyclobutanediol (2) upon reduction with lithium aluminum
hydride. Diol 2 was identical with the product of 1,4-diphe-
nyl-1,4-butanedione (3) pinacolization.!® Sensitized cy-
cloaddition of V with 1-propene or 1-hexene results in the
formation of two adducts in approximately 3:1 ratio (eq 3). The
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basis for stereochemical assignments is discussed at the con-
clusion of this section.

In contrast to the behavior of V with alkenes, direct pho-
tolysis in the presence of conjugated dienes results in rapid and
quantitative adduct formation. Direct photolysis with sym-
metrically substituted dienes leads to the formation of two
adducts (eq 4-7). The adducts of V with 2,5-dimethyl-2,4-
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hexadiene and cyclopentadiene were isolated and character-
ized. The two adducts of V with trans,trans-2 4-hexadiene
were not isolated, but differ in VPC retention time from the
pair of adducts obtained with cis,cis-2,4-hexadiene. Recovered
diene shows no isomerization even at high conversions of V to
cycloadducts. Benzil-sensitized irradiation of V in the presence
of 2,5-dimethyl-2,4-hexadiene does not result in adduct for-
mation. Sensitized irradiation of V with cyclopentadiene yields
the two adducts obtained upon direct photolysis; however, the
product ratio is substantially altered. Neither direct nor sen-
sitized addition with cyclopentadiene afforded 2 + 4 adducts,
as judged by the absence of norbornene-type protons in the
NMR spectra of the photolysis mixtures. Benzil sensitized
irradiation of V with trans,trans-2,4-hexadiene gives pre-
dominantly the products of direct photolysis albeit in altered
ratio, along with 4% of a product identical in VPC retention
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time with a minor product of the direct photolysis of V with

cis,trans-2 4-hexadiene. In contrast, sensitized irradiation of
V with cis,cis-hexadiene gives only 10% of the two direct
photolysis products and 90% of two products identical in VPC
retention time with the major and one minor product of the
direct photolysis of V with cis,trans-2,4-hexadiene. The
product ratios for sensitized photolysis in eq 6 and 7 are de-
termined by VPC at low conversions of V (<10%). Product
ratios change at higher conversions, and recovered diene is
increasingly isomerized.

Direct photolysis of V with nonsymmetric dienes leads to
formation of four isomeric 2 + 2 adducts. The three major
adducts from cis-1,3-pentadiene were isolated and the struc-
tures of all four adducts assigned on the basis of ir and NMR
spectra of isolated adducts or adduct mixtures (eq 8). Addition
to the monosubstituted double bond accounts for 68% of the
adduct mixture. Addition to the disubstituted double bond is
stereospecific, within the limits of NMR and VPC detection.
Similar results are obtained with trans-1,3-pentadiene (eq 9).
Sensitized photolysis of V with either cis- or trans-1,3-pen-
tadiene results in ~95% addition to the monosubstituted double
bond. The minor products are assumed to be adducts of the
disubstituted double bond, but were not isolated or charac-
terized. The two major adducts obtained upon direct or sen-
sitized addition of V with 4-methyl-1,3-pentadiene were iso-
lated and characterized as adducts of the monosubstituted
diene double bond (eq 10). The two miflor products are as-
sumed to be adducts of the trisubstituted double bond. Similar
product ratios were obtained for direct and sensitized addition
of V with isoprene (eq 11). The two major products were iso-
lated and characterized as adducts of the disubstituted diene
double bond. Direct photolysis of V and isoprene using
monochromatic light (313 nm) resulted in the formation of an

Ph FPh
30

additional primary product (24% of the product mixture), not
observed under other photolysis conditions. Spectral data for
this product differ markedly from that for the 2 + 2 cycload-
ducts and are consistent with the y-benzoyl-vy-butyrolactone
structure 30,

Stereochemical Assignments. The regioselectivity of cy-
cloadducts with nonsymmetric dienes is readily assigned on
the basis of the 'H NMR spectra of the vinyl protons in con-
junction with spin decoupling. Assignment of cyclobutane
stereochemistry is complicated by the equivocal nature of cis
and trans vicinal coupling constants in substituted cyclobu-
tanes.!? The primary basis for stereochemical assignments is
the known shielding effect of a 8-cis-pheny! group on protons°
or methyl groups.?! Assignments were both internally con-
sistent (for a single adduct) and externally consistent (e.g., all
major adducts from the direct photolysis reactions have cis-
phenyl-vinyl stereochemistry). In several cases stereochemical
assignments were corroborated by use of the lanthanide shift
reagent Eu(fod)s.22 It is assumed that the shift reagent coor-
dinates with the carbonate group, resulting in larger shifts for
cyclobutane substituents cis to carbonate.

Singlet Cycloaddition. Quantitative Studies. Quantum yields
for cycloadduct formation were determined for degassed
benzene solutions of V (4.4 X 103 M) at 25 °C using 313-nm
irradiation. The variation in total adduct quantum yield with
diene concentration is shown in Figure 1 for several dienes.
These linear plots are of the form given in the following
equation:
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where &; is the quantum yield at infinite diene concentration
and kg7 is the usual Stern-Volmer constant obtained from the
intercept/slope ratio. Values of &;and kg7 are given in Table
1. For nonsymmetric dienes, the quantum yield for addition
to each double bond is included. Values of k47 can also be
obtained by quenching the fluorescence of 1 by dienes, a far
less tedious procedure than quantum yield measurements. The
two methods provide values which are in good agreement.
Measurement of the product quantum yield at a single con-
centration and k47 from fluorescence quenching permits cal-
culation of &;. Quantum yield data for several dienes obtained
by this method is included in Table I.

Triplet Cycloaddition. Quantitative Studies. Conjugated
dienes are known to be efficient quenchers of benzophenone
and other triplet sensitizers with triplet energies >60 kcal/
mol.23 Competitive quenching of the sensitizer by diene can
be avoided by using benzil as the triplet sensitizer (53 kcal/
mol'?) and appropriate choice of the concentrations of V and
diene. Quenching of the room temperature phosphorescence
of benzil in degassed benzene provides the Stern-Volmer
quenching constants, kq7, given in Table II. The rate constants
for triplet quenching can be calculated from kg7 values and
the measured lifetime of benzil (58 us, lit.!5 70 us). Benzil
fluorescence was unaffected by V or the dienes at the con-
centrations employed. The variation in triplet cycloaddition
quantum yield with diene concentration for solutions 0.04 M
in benzil and 0.05 M in V irradiated at 365 nm are shown in
Figure 2 for several dienes. The diene concentrations employed
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insure that competitive quenching of benzil by diene is negli-
gible. Values of k.7, obtained from the ratio of slope to inter-
cept and extrapolated values of &, are summarized in Table
II1. No sensitized adduct formation was observed for 2,5-
dimethyl-2,4-hexadiene.

Quantum yields for isomerization of recovered diene were
determined for the benzil-sensitized addition of V (0.055 M)
with cis,cis-2,4-hexadiene (0.055 M). The concentration of
cis,trans- and trans,trans-24-hexadiene increases with pho-
tolysis time as shown in Figure 3. There is an induction period
for formation of trans,trans-2,4-hexadiene, indicative of its
formation from cis,trans-2,4-hexadiene. Extrapolation of the
quantum yield for c¢is,trans-2,4-hexadiene formation to zero
conversion gives a value of 0.53 £+ 0.05. Since 0.055 M
cis,cis-hexadiene quenches only 65% of the excited states of
triplet V (Table III), the corrected quantum yield for diene
isomerization is 0.81 + 0.1.

Discussion

The photochemical conversion of diphenylvinylene car-
bonate (V) to phenanthrene carbonate is analogous to the re-
actions of cis-stilbene?3 and 1,2-diphenylcyclopentene 2423
In its spectroscopic properties V resembles trans-stilbene
(Table 1V),2 rather than cis-stilbene which does not fluoresce
at room temperature. Incorporation of the cis-27 or trans-
stilbene?® chromophore into a rigid ring system is known to
increase the fluorescence quantum yield by inhibiting the
major pathway for nonradiative decay, twisting about the
central double bond.23 Unlike V and 1,2-diphenylcyclobutene,
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Table I. Quantum Yields and Kinetics for Singlet Reactions

kqr,@ kqr€

Diene o @,,b @, M7 MT

2,5-Dimethyl-2,4-hexadiene  0.93 3.5 3.5
1,3-Cyclohexadiene 1.9
trans,trans-2 4 -Hexadiene 0.86 1.8 1.7
4 Methyl-1,3-pentadiene 0.817 0.59 0.22 1.7
trans-1,3-Pentadiene 0.83 0.61 022 0.65 0.68
cis-1,3-Pentadiene 0.83S 0.56 0.27 0.72
Cyclopentadiene 0.55
Isoprene 0.53/ 041 0.12 0.30

@ Obtained from intercept of plots shown In Figure 1, except as
noted. Limits of error +10%. » Quantum yield for addition to the
C(1)C(2) diene double bond. ¢ Quantum yield for addition to the
C(3)C(4) diene double bond. 4 Stern—Volmer constant obtained
from the intercept/slope ratio from Figure 1. Limits of error £20%.
€ Slopes of fluorescence quenching plots (:10%)./Estimated values
from the quantum yield in 2.0 M diene and qu values from fluor-
escence quenching.

Table II. Quenching of Benzil Room Temperature Phosphorescence
by V and Conjugated Dienes4

Quencher 10’kq1-, M™ IOEkq, M™s™
A% 150 2.6
2,5-Dimethyl-2 4-hexadiene 30 0.52
1,3-Cyclohexadiene 160 2.8
trans,trans-2 4 -Hexadiene 6.1 0.11
cis,cis-2 4-Hexadiene 17 0.29
4-Methyl-1,3-pentadiene 7.3 0.13
trans-1,3-Pentadiene 1.2 0.021
cis-1,3-Pentadiene 1.9 0.032
Cyclopentadiene 0.77 0.013
Isoprene 0.60 0.010

@ Degassed solutions of 0.009 M benzil in benzene, 7 = 58 us.

Table III, Quantum Ylelds and Kinetics for Triplet Reactions
qu
Diene @4 <1>112b ‘1’:,40 M—d
trans,trans-2 4-Hexadiene 0.18 79
cis,cis-2 ,4-Hexadiene 0.13 270
4-Methyl-1,3-pentadiene 0.63 0.63 <0.01 315
trans-1,3-Pentadiene 0.63 0.60 0.03 115
cis-1,3-Pentadiene 0.57 0.54 0.03 205
Cyclopentadiene 040 24
Isoprene 0.70 0.53 0.17 60
1-Hexene 0.15 0.3

a Obtained from intercept of plots shown in Figure 2. Limits of
error £20%. b See Table I, footnote b. €See Table I, footnote c.
d Stern—Volmer constant obtained from the intercept/slope ratio
from Figure 2. Limits of error £40%.

1,2-diphenylcyclopentene does not fluoresce detectably at room
temperature, but rather undergoes very efficient dihydro-
phenanthrene formation (& = 0.58 at —70 °C).27 Apparently
the electrocyclic reaction is far more facile for the cyclopentene
than for the cyclobutene or cyclic carbonate. The triplet life-
times of 1,2-diphenylcycloalkenes are not a simple function
of ring size, as is the case for the 1-phenylcycloalkenes.??
Singlet 2 + 2 cycloaddition reactions have previously been
reported for trans-stilbene!® and 1,2-diphenylcyclobutene3®
with conjugated dienes. The failure of singlet cis-stilbene and
triplet cis- and trans-stilbene to react with dienes!® and elec-
tron-rich alkenes?! has been attributed to very rapid twisting
about the central double bond. The twisted singlet and triplet
states fail to undergo cycloaddition in spite of having sub-
stantially longer lifetimes32-33 than the planar excited singlet
state. The present report provides the first instance of singlet
and triplet 2 + 2 cycloaddition with conjugated dienes.3* In-
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Figure 1. Variation in quantum yield for singlet cycloadduct formation
with diene concentration.

i
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Figure 2. Variation in quantum yield for triplet cycloadduct formation with
diene concentration.

corporation of the stilbene chromophore into a small ring ap-
parently increases the lifetime of both the planar singlet (Table
IV) and triplet states. The absence of intersystem crossing
following direct excitation of V greatly simplifies the analysis
of the singlet and triplet products and reaction mechanisms.

The abundance of stereochemical information available for
the singlet and triplet cycloaddition reactions of V with con-
jugated dienes aids in establishing the reaction mechanisms.
The triplet reaction displays stereochemical features expected
for product formation via a long-lived 1,4-biradical interme-
diate. The adducts are formed with substantial loss of diene
stereochemistry (eq 6, 7), and, in the case of cis,cis-2,4-hex-
adiene, recovered diene is substantially isomerized (Figure 3).

Lewis, Hirsch / Photochemical Cycloaddition of Diphenylvinylene Carbonate
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Figure 3. lsomerization of cis,cis-2,4-hexadiene during the benzil-sensi-
tized addition with diphenylvinylene carbonate.

Table IV. Photophysical Properties of Stilbene Singlet States

g Tg, NS TR, NS
trans-Stilbene 0.084 1.5 19
1,2-Diphenylcyclobutene 1.00 4c 4
Diplhienylvinylene carbonate 0.13 0.5¢ 4
1,2-Diphenylcyclopentene <0.0014

2Values from ref 26. b Values from ref 27. ¢Measured by single
photon counting. 4Value from ref 24.

In all the triplet cycloadditions, the major products have the
minimum number of c¢is-1,2-dialkyl or alkyl-phenyl interac-
tions and thus are the thermodynamically more stable ad-
ducts.!® Finally, the regioselectivity of triplet cycloaddition
with several nonsymmetric dienes (Table II1) closely resembles
that for a numbeér of singlet and triplet 1,2-cycloaddition re-
actions known to occur via biradical intermediates.??

The cycloaddition reactions of singlet V with conjugated
dienes display the stereochemical features normally associated
with a concerted cycloaddition. Diene stereochemistry is re-
tained both in the cycloadducts (eq 6-9) and the recovered
dienes. If a singlet biradical is involved, it must cyclize or col-
lapse to ground state reactants faster than rotations about
single bonds (kyo; << kcyc). The ratio kcye/kro: is highly variable
for singlet 1,4- and 1,3-biradicals.’¢-*8 The only claim of
completely stereospecific singlet 1,4-biradical reactions is for
the type 1I reactions of alkanones;*® however, complete
breaking of the ¥ C-H bond in the singlet reaction has been
questioned.*® The regioselectivity of singlet cycloaddition with
the 1,3-pentadienes (Table I) is much lower than that for triplet
cycloaddition (Table III). We recently reported that cy-
cloaddition of singlet trans-stilbene occurs preferentially at
the more substituted diene double bond,*! a result in accord
with the principle of maximum frontier orbital overlap for a
concerted cycloaddition reaction.*? The preferred formation
of the thermodynamically less stable adducts with cis-1,2-
phenyl-vinyl stereochemistry in the singlet cycloaddition re-
actions of V and trans-stilbene!? is also consistent with frontier
orbital theory for a concerted cycloaddition with secondary =
orbital overlap*? between the phenyl and vinyl groups lowering
the energy of the transition state leading to the less stable
product.

10,0 T+

log k T
q —\—\. ° =/
[ ]
9.0} O
[ ]
B.ST
} | s ' + :
7.8 8.0 8.2 8.4 8.6 8.8

Diene IP, eV

Figure 4. Correlation of fluorescence quenching rate constants with diene
vertical ionization potential.

Turning from stereochemical to kinetic evidence, both the
Stern-Volmer constants for fluorescence quenching of V by
dienes and the extrapolated singlet quantum yields for adduct
formation decrease with decreasing diene substitution (Table
I). Quantum yields less than unity require an intermediate
capable of decaying to ground state V and diene, yet a biradical
intermediate is not consistent with the stereochemical evidence.
The fluorescence quenching data give a moderately good
semi-log correlation with diene ionization potential (Figure
4). Similar correlations for fluorescence quenching of aromatic
hydrocarbons,** alkanones,*® and azoalkanes*6 by dienes have
been attributed to exciplex formation. Yang®47 has recently
reported the observation of exciplex emission from several
substituted anthracenes in the presence of dienes. Chapman3!
had previously shown that the Stern-Volmer constant for in-
teraction of electron-rich alkenes with singlet trans-stilbene
has a negative temperature dependence, providing circum-
stantial evidence for an exciplex intermediate. Weak but dis-
tinct exciplex emission can be observed when the fluorescence
singlet V is quenched by dienes in benzene solution.!? Fur-
thermore, the Stern-Volmer constant for fluorescence
quenching of V by trans-1,3-pentadiene shows zero tempera-
ture dependence, indicative of a reversibly formed exciplex
intermediate.#®

The mechanism for formation of cycloadducts via a singlet
exciplex is given in Scheme I, where E is the exciplex and A the

Scheme I.  Singlet Cycloaddition via an Exciplex Intermediate

\

T
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cycloadducts. Expressions for the variation in adduct quantum
yield (eq 13, 77! = kq + k¢) and fluorescence quantum yield
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(eq 14) with diene concentration have been derived by Chap-
man and Lura.3!2 Equation 13 is of the same form as eq 12

1 _katke  Keetkatke 13)
&, k, Tk, k[D]
&0 ke(ka + kea)7[D]
20 _ 4 kelka t ke)7(D] (14)
&y (k—e + kit ked)

and provides kinetic expressions for ® [k./(ka + ked)] and
kq [intercept/slope = ke(ka + ked)/(ka + kea + k—e)]. The
intercept/slope ratio from eq 13 provides the same kinetic
expression as the slope from eq 14. The results in Table I show
the excellent agreement between the ky7 data obtained from
product quantum yields and fluorescence quenching.
Quantum yields for singlet adduct formation (Table I) de-
crease with increasing diene ionization potential (Figure 4).
This decrease could reflect either a decrease in k, or an in-
crease in keg (eq 13). Exciplex stability increases with de-
creasing diene ionization potential;!2#4 thus the most stable
exciplex forms cycloadducts most efficiently 4249 This con-
clusion illustrates the parallelism between charge transfer
stabilization of an exciplex and bond interchange in a cy-
cloaddition reaction, first emphasized by Fukui.*?2 Since the
same frontier orbital interactions which stabilize the cy-
cloaddition transition state stabilize the exciplex, the stereo-
chemical consequences of adduct formation via an exciplex
should be similar to those for a concerted cycloaddition. A
particularly nice example of the operation of maximum frontier
orbital overlap in singlet exciplex cycloaddition reactions is the
exclusive formation of adduct (31) from singlet 9-cyanophe-
nanthrene and §-methylstyrene (eq 15).42 The decrease in

W

fluorescence quenching rate constant with increasing diene
ionization potential (Figure 4) could reflect either a decrease

in k. or an increase in the reversibility of exciplex formation

(eq 14). The conventional assumption of decreasing k.** has
recently been shown to be incorrect in several cases.*8-°0 The
weaker exciplexes formed with high ionization potential dienes
form cycloadduct less readily, but dissociate more readily.
The mechanism for triplet cycloaddition via an irreversibly
formed triplet biradical intermediate (B) is given in Scheme
1I. According to this mechanism, the intercept of a plot of ®,~!
vs. [D]~! (Figure 3) provides the efficiency of product for-
mation from the biradical intermediate (k,/(k, + kpg)) and
the intercept/slope ratio provides a value of ky7 (eq 16).

Scheme II. Triplet Cycloaddition via a Biradical Intermediate

ky

V' + D 25 Bl g
lkdsw lkbd

\ V+D

1 ka+kbd( 1 ) as)

®, ~ " & k,7[D]
Comparison of the singlet and triplet quantum yields (Tables
I and II) shows similar values for addition to terminal double
bonds, but greatly diminished triplet quantum yields for ad-
dition to 1,2-disubstituted double bonds. No triplet addition
is observed with the trisubstituted double bonds of 4-methyl-
1,3-pentadiene or 2,5-dimethyl-2,4-hexadiene. Similarly,
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triplet addition is observed for terminal alkenes but not for
1,2-disubstituted alkenes.

The behavior of the 1,4-biradical intermediates formed from
triplet V and cis,cis-2,4-hexadiene is summarized in Scheme
II1. Diene isomerization must result from collapse of a birad-
ical intermediate rather than energy transfer from triplet V
or the triplet sensitizer, benzil. Triplet sensitization of
cis,cis-2,4-hexadiene leads to direct formation of trans,~
trans-2,4-hexadiene as well as cis,trans-2 4-hexadiene,5!
whereas we observe no formation of trans,trans-2 4-hexadiene
in the early stages of the reaction of triplet V with cis,cis-
2,4-hexadiene (Figure 3).52 It appears that biradical formation
from triplet V and cis,cis-2,4-hexadiene occurs with unit ef-
ficiency, since cycloadducts and isomerized diene account for
94% of the excited triplets. Assuming that the residual ineffi-
ciency is due to biradical collapse to nonisomerized diene (keq),
biradical collapse is moderately sfereoselective (kia/kca ~ 13).
Biradical cyclization displays similar stereoselectivity with
respect to the C(3),C(4) bond (Scheme I11), both for cis,cis-
2,4-hexadiene adducts (ki/kca ~ 9) and for trans,trans-
2,4-hexadiene adducts (kia/kca ~ 16). The stereoselectivity
of C(1),C(4) bond formation in the biradical is low for addition
to terminal double bonds (eq 8-11) and moderate for addition
to more highly substituted double bonds (eq 4-7). These ob-
servations are analogous to previous results for the 1,4-birad-
icals formed upon photochemical vy-hydrogen abstraction in
a-methylbutyrophenone (eq 17) and valerophenone (eq 18).%3

u Ph,
OH \
v . H
? L.) . —_— O:I:] only (17)
Ph Ph
H
L - .
Ph Ph

Ph\ Ph\\ -
— HO=TT™ 4 HO™TT e
31
Since the C(1),C(4) bond is only partially formed in the
transition state for biradical cyclization, incipient steric re-
pulsion between substituents at the radical centers is smaller
than that between substituents at adjacent bonded carbons.53
In this connection it is interesting to note the absence of 4 +

2 adducts from triplet V and cyclopentadiene (eq 5). The two
possible 4 + 2 adducts (32, 33) both have cis endo substituents.

0
Ph O~
Ph 0
N\ AN
0 Ph
o~< Ph
0
32 33

Kramer and Bartlett’s>4 investigation of the addition of triplet
cyclopentadiene to the isomeric 2-butenes indicates that
biradical closure to cis endo substituted norbornenes is steri-
cally unfavorable.

Addition of triplet V to the 1,3-pentadienes is highly reg-
ioselective (eq 8-10). It is commonly assumed that regiose-
lective 1,2 cycloaddition to the pentadienes results from se-
lective bonding to the less substituted diene terminus, leading
to the formation of the more stable bifunctional intermediate.3>
We find that the regioselectivity of triplet V is instead the result
of selective collapse of the more substituted biradical inter-
mediate. The behavior of the biradical intermediate formed
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Scheme III. Triplet Biradical Behavior
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upon addition of triplet V to cis,cis-2,4-hexadiene (Scheme I11)
can be used as a model for the biradical formed upon addition
to the disubstituted double bond of cis-1,3-pentadiene. If only
139% of these biradicals form cycloadduct, then the observed
quantum yield for adduct formation (0.03) indicates that the
quantum yield for biradical formation is approximately 0.23.
This value is within the experimental error of the quantum
yield for singlet cycloaddition to the disubstituted double bond
(0.27). Similar analysis for triplet addition to the disubstituted
double bond of trans-1,3-pentadiene provides a quantum yield
of 0.17 for formation of the more substituted biradical, in
reasonable agreement with the singlet quantum yield (0.22).
Thus, the regioselectivity of initial bonding is the same for
singlet and triplet V.33 Steric destabilization of the transition
state for cycloaddition3%¢ is apparently responsible for se-
lective collapse of the more substituted biradical intermediate
to ground state V and diene as well as stereoselective biradical
cyclization. The addition of triplet V with isoprene proceeds
with high quantum yield and with regioselectivity similar to
that for singlet addition. Since both isoprene double bonds are
terminal, little or no selectivity of biradical collapse would be
expected. We suspect that some previous reports of highly
regioselective biradical addition to dienes?® may also reflect
selective collapse of the more substituted biradical. The extent
of biradical collapse to isomerized diene is apparently highly
dependent upon the attacking species and reaction tempera-
ture.’’

Values of k47 for reaction of dienes with triplet V (Table I1I)
increase with decreasing ionization potential; however, the
correlation is inferior to that obtained for fluorescence
quenching (Figure 4). The absence of a pronounced steric ef-
fect on the triplet reaction is in accord with the observation of
similar singlet and triplet regioselectivity of initial bonding.
This suggests the possibility that the triplet cycloaddition, like
singlet cycloaddition, is preceded by formation of an exciplex.
Triplet exciplex intermediates in cycloaddition reactions have
not been observed spectroscopically; however, convincing ki-

Scheme IV. Triplet Cycloaddition via Exciplex and Biradical
Intermediates

iy
—_—

T ke ky
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. k_e
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netic evidence for their existence has recently been presented

by Caldwell” and Farid.® Triplet cycloaddition via a reversibly

formed exciplex (Scheme IV) yields the complex expression
shown in eq 19 for the dependence of adduct quantum yield

upon diene concentration.

1 _ (ka+ kpa)(kbt Kea)
&, kaky

(ka + kbd)(kb + k—e + ked)
kakvke[D]7

For addition to mono- or disubstituted double bonds, the ex-
trapolated quantum yields for biradical formation are high (ky
> keg). Thus the intercept reduces to the same form as in eq
16. The intercept/slope ratio remains a complex kinetic ex-
pression as long as reversible exciplex formation is considered
a possibility.

In summary, the cycloaddition of singlet V with conjugated
dienes occurs via a reversibly formed singlet exciplex inter-
mediate. The cycloadducts are formed with complete retention
of diene stereochemistry, indicative of synchronous bond for-
mation. The low regioselectivity of singlet cycloaddition in-
dicates that there cannot be a single lowest energy exciplex
geometry leading to adducts, as appears to be the case in other
exciplex cycloaddition reactions.*2 It is possible that a single
sandwich type exciplex leads to all four adducts observed for
nonsymmetric dienes (eq 8-11). Alternatively, several exciplex
energy minima may be responsible for the different adducts,
minima with secondary & orbital overlap being somewhat more
stable (34 vs. 35). We favor the latter interpretation since it

+

(19)

explains both the moderately stereoselective formation of the
thermodynamically less stable adducts and the increase in
singlet quantum yield with exciplex stability. Evidence for an
exciplex intermediate in the addition of triplet V with conju-
gated dienes is tenuous at present, resting primarily upon the
similar regioselectivity of singlet and triplet bonding.
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Experimental Section

General Procedures. Preparative photolyses were carried out using
a 450-W Hanovia medium-pressure mercury lamp in a Pyrex im-
mersion well. Samples were contained in either a Pyrex annulus or test
tubes under an argon atmosphere. In cases where monochromatic light
was used, the 313-nm mercury line was isolated using a potassium
chromate solution filter and the 365-nm mercury line using Corning
glass filters 7-54 and 0-52 in combination. Dienes were obtained from
Chemical Samples or Aldrich and distilled prior to use. Irradiated
solutions were monitored by GC with a Hewlett-Packard 5750 dual
flame gas chromatograph using a 5 ft X Y% in. column containing 5%
SF 96 on Chromosorb G. In most cases, irradiation was continued until
all the initial diphenylvinylene carbonate was consumed. Diene
isomerization was monitored using a 10 ft X 4 in. column containing
25% dimethylsulfolane on Chromosorb P. Infrared spectra were re-
corded on a Beckman IR 5 spectrophotometer, NMR spectra on a
Perkin-Elmer R20B 60 MHz, Bruker 90 MHz, or Varian HR-220
spectrometer,® emission spectra on a Perkin-Elmer MPF-2A spec-
trophotometer, and ultraviolet absorption spectra on a Cary 14
spectrophotometer.

Direct photolysis quantum yields were determined for degassed
benzene solutions of V (4.4 X 10-3 M) containing various concen-
trations of diene. Samples were contained in sealed 13-mm o.d. Pyrex
tubes and irradiated on a merry-go-round apparatus immersed in a
thermostated water bath (23 & 1 °C) using monochromatic 313-nm
light. The benzene solvent was spectrograde, twice distilled from
phosphorus pentoxide. Samples were analyzed for product formation
after 3-10% conversion using a GC column calibrated with pure
samples of the cycloadducts vs. eicosane internal standard. Light in-
tensities were determined using benzophenone-benzhydrol acti-
nometry.>® Triplet quantum yields were determined for degassed
solutions of V (0.05 M) containing benzil (0.04 M) and varying
amounts of diene. Monochromatic 365-nm light from a Hanovia
200-W mercury lamp was used to selectively excite benzil. The room
temperature phosphorescence of degassed benzene solutions of benzil
(0.009 M) was quenched by added V or dienes. The total emission
spectrum was corrected for the contribution of unquenched fluores-
cence. The phosphorescence lifetime of benzil was measured using
the signal averaging apparatus previously described.60

Diphenylvinylene Carbonate V. Diphenylethylene carbonate was
prepared by the method of Overberger and Drucker.®! Reaction of
hydrobenzoin (40.9 g, 0.19 mol) and diethyl carbonate (34.0 g, 0.29
mol) in the presence of sodium methoxide yielded 32.6 g of product
(71%) upon recrystallization from 95% ethanol: mp 123-126 °C (lit.6!
126.5-128 °C). Diphenylethylene carbonate was converted to di-
phenylvinylene carbonate via bromination-dehydrobromination. To
a stirred refluxing solution of diphenylethylene carbonate (24.0 g, 0.1
mol) in ethanol-free chloroform (200 ml) irradiated with a GE 150-W
reflector flood lamp was added a solution of bromine (16 g, 0.1 mol})
in carbon tetrachloride over a period of 1.5 h. Illumination was dis-
continued 10 min after addition was complete, and the solvent was
removed yielding a greenish residue. Two recrystallizations from
methanol gave colorless plates (15.4 g, 81%): mp 77.5-79.0 °C (lit.162
71-73°Q).

Sensitized Addition of Ethylene. A solution of V (0.30 g, 1.25 mmol)
and benzophenone (0.29 g) in benzene was saturated with ethylene
and irradiated through Pyrex (Hanovia 450-W medium-pressure
mercury lamp) while ethylene was continuously bubbled through the
solution. After 34 h GC analysis indicated approximately 50% un-
reacted V and a single adduct of slightly longer GC retention time.
The reaction mixture was separated on 12 g of silica gel (hexane-
benzene). Adduct 1 was obtained as a white solid (0.1 g, 31%): mp
113-119 °C;ir (CHCI3) 5.55 u; NMR (CDCl;) 6 2.83 (m, 4 H), 7.09
(s. 10 H).

Treatment of carbonate 1 with lithium aluminum hydride in ben-
zene-ether gave [,2-diphenyl-1,2-cyclobutanediol (2} as a white solid:
mp 155.5-157.0 °C (from chloroform). This material was identical
with a sample prepared by the method of Griffin and Hager:'® mp
158-159 °C (lit.'® 148-150 °C). Ir dilution studies show a strong
bound OH (3535 cm™!) for 0.09 M 2. The AA’BB’ spectrum of 2
resembles that of ¢is- rather than trans-1,2-dibromo-1,2-dicarbo-
methoxycyclobutane 62

Sensitized Addition of Propene, A solution of V (0.36 g, 1.5 mmol)
and Michler’s ketone (0.001 g) in 20 ml of benzene was saturated with
propene at 10 °C, sealed with a serum cap, and irradiated for 12 h.
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GC analysis indicated 65% conversion of V and formation of two
products (30:70 ratio). The solution was filtered through alumina to
remove Michler’s ketone, the solvent removed, and the residue crys-
tallized from hexane to yield a mixture of 4 and 5 (0.14 g, 33%): mp
135-145 °C. Fractional crystallization from carbon tetrachloride gave
the major isomer 4 as white needles (0.094 g, 22%): mp 158-162 °C.
The filtrate was chromatographed on 16 g of silica gel (10% ben-
zene-hexane) to yield the minor isomer 5. The NMR spectra of 4 and
5 and lanthanide-induced shifts of the methyl and methine protons
are given in Table V.

Sensitized Addition of 1-Hexene. A solution of V (0.5 g, 2.1 mmol),
1-hexene (14 ml), and Michler’s ketone (0.005 g) in benzene (14 ml)
was irradiated for 12 h, GC analysis indicated the formation of two
products (ratio 25:75). Filtration through alumina, removal of the
solvent, and bulb-to-bulb distillation, followed by crystallization from
hexane gave a mixture of 6 and 7 (0.49 g, 73%): mp 90-95 °C. Frac-
tional crystallization from hexane gave the major adduct 6 as colorless
needles: mp 93-95 °C; ir (KBr) 5.55 u. The filtrate contained a
mixture of 6 and 7 enriched in 7. Attempts at further purification of
7 by a number of chromatographic techniques were unsuccessful. The
NMR spectra of 6 and 7 are included in Table V.

Addition of 2,5-Dimethyl-2,4-hexadiene. Direct irradiation of V
(3.1 g, 13.1 mmol) and 2,5-dimethyl-2,4-hexadiene (2.3 g, 20.7 mmol)
in 80 ml of benzene for 16.5 h resulted in quantitative conversion of
V and formation of a single product peak (GC analysis). Removal of
the solvent and a single crystallization from hexane gave 4.36 g (96%)
of crystalline material. Fractional crystallization from hexane gave
the major isomer (8) as colorless hexagonal prisms: mp 126-128 °C;
ir (KBr) 5.55 . Anal. Calced for C3H1403: C, 79.28; H, 6.94. Found:
C,79.40; H, 7.15. NMR analysis of the crude photolysis mixture in-
dicated the formation of two products (ratio 71:29 by NMR). The
minor product 9 was not isolated; however, its structure was apparent
from the NMR spectrum of the mixture by subtracting the spectrum
of 8, The NMR spectra of 8 and 9 and the lanthanide-induced shifts
of the vinyl and methine protons are included in Table V.

Sensitized irradiation of a solution of V (0.1 g, 0.4 mmol), diene
(1 ml), and Michler’s ketone (0.3 mg) in benzene (6 ml) for 48 h gave
a product mixture identical with that obtained upon direct photolysis
as judged by GC and NMR. Benzil-sensitized photolysis using
monochromatic 365-nm light did not result in detectable product
formation.

Addition of Cyclopentadiene. Direct irradiation of V (0.25 g, 1.04
mmol) and cyclopentadiene (1.4 g, 21 mmol) in benzene (18 ml) for
7 h resulted in complete conversion of V. GC analysis indicates the
formation of two products (80:20 ratio). Filtration through alumina
and removal of the solvent yielded a yellow oil. Attempts to separate
the mixture of 10 and 11 by fractional crystallization or chromatog-
raphy on silica gel were unsuccessful. The NMR spectrum of the
major isomer 10 was assigned from the spectrum of the mixture (see
Table V).

Sensitized irradiation of V (0.11 g, 0.45 mmol), cyclopentadiene
(0.13 g, 1.7 mmol}), and benzil (0.076 g, 0.32 mmol) in benzene (10
ml) with monochromatic 365-nm light resulted in complete conversion
of V after 9 h. GC analysis indicated the formation of two products
(10:90 ratio) with identical retention time with the products of direct
photolysis. Filtration through alumina, removal of solvent, and crys-
tallization from methanol yielded the major product 11: mp 120-122
°C; NMR, see Table V.

Addition of trans,trans-2,4-Hexadiene. Direct irradiation of V (0.1
g,0.42 mmol) and diene (0.38 g, 4.5 mmol) in benzene (6 ml) for 12
h resulted in conversion to two products (GC ratio 72:28). The NMR
spectrum of the photolysis mixture shows two sets of methyl doublets
at 6 0.76, 1.47 (tentatively assigned to adduct 12) and 1.12, 1.36
(assigned to adduct 13). Photolysis of an identical solution containing
Michler’s ketone (0.3 mg) using 365-nm monochromatic light resulted
in the formation of four products (GC ratio 36:55:6:3). GC coinjection
showed the major products of the sensitized photolysis coincide in
retention time with the direct photolysis products.

Addition of cis,cis-2,4-Hexadiene. Direct photolysis of V (0.1 g)
and diene (0.38 g) in benzene (6 ml) for 12 h results in formation of
two products (GC ratio 67:33). The NMR spectrum of the photolysis
mixture showed two sets of methyl doublets at § 0.70, 1.55 (assigned
toadduct 14) and 1.17, 1.64 (assigned to adduct 15). Neither the GC
retention times nor the NMR chemical shifts correspond to those of
the trans,trans-2,4-hexadiene adducts. Sensitized photolysis (0.3 mg
Michler’s ketone) results in the formation of four products (GC ratio
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Table V. NMR Spectra of Cycloadducts

&, ppm J, Hz §,ppm J, Hz
‘H Ph c 1.50brd Jez = 5.
c 0.81d Jxc=63 H H Ph ab 300,; 7 i8'6
a 23-32m q " 3.85 m oo
X 313 m “H,C ] 0 v,z 520m
7.10 m H O l\o 7.02 m
16
"H
. Ph _ [ 140brd Jeg =54
H c 1.324d Jye = 6.5 €z ’
o a 23-33m * zb  300m Jey=ca. 06
c o] X 322m X 80m
e _&o 7.10 m zy 5.58m
5 7.05 m
El{(fod)s LIS, minor isomer, § LIS, major isomer, 4 c 0.70d Jac =73
equivalence ring proton CH,ring proton  CH, a 3.29m
0.00 193 79 188 S0 X 3.77t Jox =Jay = 9.8
0.19 98 54 ‘0 5.05 m
)H .
039 224 L2 60 w04 vz 5.28 m
31 32 26 10 s 0 v 570 m
q P 7.10 s ,
: Ph 0.60 t J=170 . c 1.15d ac = 7.0
H C B
‘Hgacm);’\??) d 10-13m N a 3.30
0 a 25-30m X 3.75
H o X 28m v,z 5.10m
6 532m
v 587 m
7.02s
c 0.87t J=70 7.06 s
dl1.15-140m
e 1.65-1.90 m [¢ 148brd Jap = 5.6,
a 23-32m ab ~2.8m Jac = ~0.61
X 3.1m X 3.52m
v 498 q J=15.2,
a 1.02s z 545 m J=35.
b 143 s 7.10 m
c 163 brs
X 352d Jey = 7.5
v 490d Jx§=7-5 1.65brd Ja}>=f0,
710 m 295 m ac=~06
569 m
a 0.77 s 7.10m
b 1.20's Eu(fod), LIS, 20 LIS, 21
c 1.82brs equivalence 1.48 ppm doublet  1.65 ppm doublet
X 3.70d J=9.0 0.00 89 Hz .99 Hz
y 5.68d J=90 0.20 95 107
7.10 m 0.42 104 119
Eu(fod), LIS, minor isomer, 9 LIS, major isomer, 8 . 15 Hz 20 Hz
equivalence vinylHY  ringH vinyl HY ring H we v H Ph 143 b
0.00 337Hz 228Hz 292 Hz 2i6 Hz A Ph b ~20r =13
0.15 345 230 296 224 e /e ‘0 “2 3'27 m ab =135
0.21 366 245 309 258 S S : -
0.39 382 258 317 288 H _ﬁo y o 48sbrd Jyx=7.2,
2 7.05m Jye=ca. 1.1
45 Hz 33 Hz 25Hz 72Hz
c,d 1.58brs
a 4,06 m 1.72brs
b 349t 8.0 ab ~2.8m
c 2.31d 8.0 X 3.8m
d 2.734d 8.0 y S54brd Jyy = 8.0,
e,f 5.8m 697 s y,ed = 1.3
7.07s
ab 2.8 m c 0.92s
¢ 3.75m 7.5,2.0 a 278 d Jap = 148
d 392 m b 3.28d
e 6.1m d 5.20-5.60m
f 5.8m e595-640m
7.20m

41:50:3:5). GC coinjection showed the retention times of the two minor
products of the sensitized photolysis coincide with those of the products

of direct photolysis.

Addition of cis-1,3-Pentadiene. Direct irradiation of V (0.5 g) and
cis-1,3-pentadiene (2.1 g) in benzene (30 ml) for 12 h resulted in the

formation of three product peaks by GC analysis (ratio 68:12:20). The



Table Vv (Continued)

§,ppm J, Hz
. JH Ph
H H Ph C 144 s
< a 2.60d Jap = 14.2
o Ll b 340d
‘HC _§0 e,d4.75-5.70 m
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51 Hz 22 Hz
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3.65d
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solution was filtered through alumina, the solvent removed, and the
residue purified by bulb-to-bulb distillation. Chromatography on 24%
silver nitrate-silica gel using hexane solvent gave, in order of elution,
pure samples of 18 (the product with longest GC retention time), 19
(the product of intermediate retention time), and 16 (the product of
shortest retention time). Products 18 and 19 were obtained as yellow
oils and characterized by NMR. Product 16 was crystallized from
hexane: mp 108-111 °C; ir (KBr) 5.60 u. A fourth isomer (17) could
not be isolated from the direct photolysis mixture. However, NMR
analysis of the product mixture prior to chromatography indicated
the presence of a second adduct to the terminal double bond formed
in nearly the same yield as 16 (NMR integration), This product 17
was isolated from the sensitized photolysis (vide infra) and found to
have the same GC retention time as 16. The NMR spectral assign-
ments for 16-19 are included in Table V. Assignments were supported
by spin decoupling experiments. Sensitized photolysis (Michler’s
ketone) of V and cis-1,3-pentadiene results in the formation of two
product peaks (GC ratio 4:96). The major peak has the same GC re-
tention time as the major peak of the direct photolysis mixture; how-
ever, the minor peak does not coincide in retention time to any of the
products of direct photolysis. NMR analysis of the photolysis mixture
after filtration through alumina and removal of solvent showed the
formation of 16 and 17 in equal amounts.

trans-1,3-Pentadiene Addition. Direct irradiation of V (1.0 g, 4.2
mmol) and trans-1,3-pentadiene (2.8 g, 41 mmol) in benzene (25 ml)
for 12 h resulted in complete conversion of V. GC analysis showed
three product peaks (ratio 15:11:74). NMR analysis of the product
mixture showed four methyl doublets at § 0.74,1.37, 1.48, and 1.65
(ratio by GC and NMR 15:11:54:20). Apparently the major GC
product peak is due to the two major products. Crystallization of the
reaction mixture gave 0.39 g (30%) of colorless trigonal prisms: mp
72.5-74.0 °C. The crystalline material corresponds to the major GC
product’peak; however, NMR analysis showed it to be a 1:] mixture
of 20 and 21. Chromatagraphy of the photolysis mixture on 24% silver
nitrate-silica gel provided a pure sample of 20. The NMR spectra of
20 and 21 (obtained by subtracting the spectrum of 20 from that of
the crystalline mixture of 20 and 21) along with the lanthanide-in-
duced shifts of the methyl doublets are included in Table V. Further
elution of the silver nitrate-silica gel column provided a mixture of
22 and 23 as a yellow oil free from the major isomers. The NMR
spectrum of this mixture showed two doublets (1.37 ppm, J = 6.0
assigned to 27 and 0.74 ppm, J = 6.5 assigned to 28). Sensitized
photolysis (Michler’s ketone) of V and trans-1,3-pentadiene results
in the formation of two product peaks (GC ratio 4:96). The retention
time of the major peak and the NMR of the photolysis mixture are
identical with the mixture of 26 and 21 obtained in the direct pho-
tolysis (ratio 55:42 by NMR). The GC retention time of the minor
product does not coincide with those of 22 or 23. Crystallization of
the sensitized photolysis mixture from methanol gives the same 1:1
mixture of 25 and 26 obtained from the direct photolysis: mp 72-74
°C.
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4-Methyl-1,3-pentadiene Addition. Direct irradiation of V (1.0 g,
4.2 mmol) and 4-methyl-1,3-pentadiene (3.5 g, 42 mmol) in diethyl
ether (40 ml) for 9 h resulted in the formation of four products (GC
ratio 10:41:35:12). Filtration through alumina and crystallization from
hexane gave a mixture of the two major products. Fractional crys-
tallization of this mixture from methanol gave the major product 24
in >90% purity by GC: mp 122-123 °C. The second major isomer
(25) was isolated by preparative TLC (Quanta-PQI1F-1000, benzene
elution). The NMR spectra of 24 and 25 are included in Table V. No
attempt was made to characterize the minor products, which are as-
sumed to be the isomeric adducts of the trisubstituted double bond
(26). Sensitized irradiation (Michler’s ketone) gave only two adducts
(GC ratio 49:51). The NMR spectrum and GC retention times of the
triplet adduct mixture correspond to those of the major products 24
and 25 obtained from the direct photolysis.

Isoprene Addition. Direct irradiation of V (0.54 g, 2.3 mmol) and
isoprene (1.4 g, 20 mmol) in benzene (40 ml) for 7.5 h resulted in the
complete conversion of V to four products (GC ratio 43:9:14:34).
Removal of solvent and crystallization from methanol afforded the
product of longest GC retention time (28) (0.19 g, 27%): mp 138-143
°C; ir (KBr) 5.56 u. The filtrate was sufficiently enriched in the major
isomer 27 to allow assignment of its NMR spectrum. Isolation of the
two minor products (29) was not attempted. Direct irradiation using
monochromatic 313-nm light resulted in the formation of a fifth
product 30 of shorter GC retention time than the adducts obtained
using polychromatic light (GC ratio 24:33:7:10:26). Unlike the other
diene adducts (8-29) which are stable under the photolysis conditions
(A >300 nm), 30 disappears when irradiated at 313 nm or through
Pyrex. A pure sample of 30 was obtained as the first component of the
photolysis mixture eluted from 13% silver nitrate-silica gel with
hexane: ir (film) 5.60, 5.95 u; uy (CH3CN) Anax 322 (e 288). The
NMR spectra of 27, 28, and 30 are included in Table V. Sensitized
photolysis (Michler’s ketone) of V with isoprene gave a mixture of four
adducts virtually identical with that obtained in the direct photolysis
(GC and NMR analysis). Product 30 is unstable to the conditions of
sensitized photolysis.
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Abstract: Protonated trans-crotonaldehyde (2), trans-crotonic acid (4), trans-tiglaldehyde (6), irans-pent-3-en-2-one (8), and
trans-3-methylpent-3-en-2-one (10), prepared by protonation of the analogous enones or acid in FSO3;H, isomerized to give
the corresponding cis isomers 11, 12, 13, 14, and 15, respectively, when irradiated at low temperatures. A photostationary state
was set up between the cis and trans isomers of these hydroxyallyl cations, which in the case of the 2/11 and 4/12 systems,
could be approached by starting with either the cis or trans forms. The cis isomers were all thermally unstable and quantitative-
ly reverted to the corresponding trans isomers on heating. The rate constants for these stereomutations have been obtained in
FSO;H and FSO3H/SbFs (4:1) media at +50 °C. In particular it was found that the rate constants for the isomerization of
11 — 2 and 13 — 6 were decreased by a factor of 102 on the addition of SbFs to FSO3H, while a comparable change in medium
for the isomerizations of 14 — 8 and 15 — 10 enhanced their rates of isomerization by a small amount. No deuterium incorpo-
ration could be detected when these photochemical or thermal isomerizations were carried out in FSO3;D or FSO3D/SbFs (4
1). It is suggested that in FSO3H the thermal isomerizations of 11 and 13 take place by a mechanism involving addition of a
nucleophile to C(3) of the allyl cations, rotation and subsequent reionization. However, it would appear that the thermal stere-
omutation of 12, 14, and 15 in both FSO;H and FSO;3;H/SbFs and the stereomutation of 11 and 13 in FSO3H/SbFs all pro-
ceed by formation and subsequent ring opening of a protonated oxete. Possible reasons for the operation of these two pathways
and the implications of this work to the parent allyl cations are discussed.

Allyl cations were one of the first classes of carbonium

ions to be characterized as long-lived entities, and it is not

su

rprising, therefore, that many studies of their properties have

been reported.2 While the initial thrust of these reports has
been largely directed toward their characterization, more re-

ce
re

1)

ntly there has been considerable experimental®-8 and theo-
tical®-!! interest in the stereomutation of allyl cations (eq

(1

+ N\

£ -
b a a b

These cis/trans isomerization reactions, which have been

studied very largely with alkyl-substituted cations, typically
take place with fairly low activation energies (AFF ~ 12-25
kcal/mol). Some four different mechanisms have been con-
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