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11.478 (2), and c = 15.023 (4) A; V = 1877.4 (8) A3; Z = 4; pcalc
= 1.615 mg mm"3;  (     ) = 0.71073 A; µ = 0.233 mm"1; F(000)
= 952; T = 233 K.

A yellow 0.15 X 0.26 X 0.57 mm crystal, in the shape of an

irregular chunk, was used for data collection. Lattice parameters
were determined from 30 centered reflections within 26.2 < 29
< 38.1°. The data collection range of hkl was 0 < h < 12, 0 <

k < 13,0 < / < 17, with [(sin 9)/X]max = 0.59. Three standards,
monitored after every 97 reflections, exhibited random variations
with deviations up to ±2.0% during the data collection. A set
of 1923 reflections was collected using an   scan rate varying from
4.0 to 20.0 deg/min. There were 1752 unique reflections, and 1568
were observed with F0 > 2>a{F0). The refinement varied 294
parameters: atom coordinates and anisotropic thermal parameters
for all non-H atoms, and coordinates for the hydrogen atoms
bonded to the nitrogen atoms and on the water molecule. All other
H atoms included using riding model [coordinate shifts of C
applied to attached H atoms, C-H distance set to 0.96 A, H angles
idealized]. Final residuals were R = 0.038 and Rw = 0.036 with
final difference Fourier excursions of 0.24 and -0.32 e A"3.

X-ray analysis of molecule 9a: C9H12N808-2(CH3CN), FW
= 442.4; monoclinic space group C2/c; a - 14.281 (9), b = 9.077
(4), and c = 15.813 (9) A; ß = 115.41 (4)°; V = 1851 (2) A3; Z =

4 (l/2 molecule per asymmetric unit); = 1.587 mg mm"3; X(Mo
  ) = 0.71073 A; µ = 0.125 mm"1; F(000) = 920; T = 295 K.

Á yellow 0.49 X 0.36 X 0.20 mm crystal, in the shape of an

irregular prism (mounted in a capillary), was used for data col-
lection. Lattice parameters were determined from 25 centered

reflections within 19.0 < 29 < 34.7°. The data collection range
of hkl was 0 < h Í 15, -9 < k < 0, -16 < ( < 15, with [(sin 9)/X]mal
= 0.54. Three standards, monitored after every 97 reflections,
exhibited linear decay of ca. 10% during the data collection. A
set of 1368 reflections was collected using a constant   scan rate
of 15.0 deg/min. There were 1213 unique reflections, and 966
were observed with F0 > 3a(F0). The refinement varied 168
parameters: atom coordinates and anisotropic thermal parameters
for all non-H atoms, and coordinates for the hydrogen atoms.
Final residuals were R = 0.052 and Rw = 0.046 with final difference
Fourier excursions of 0.24 and -0.29 e A"3.
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The IR and UV spectra as well as the photochemistry of the isopropyl monoester of dibenzobarrelene dicarboxylic
acid 2 were analyzed in detail in several media. A correlation was found between the photochemical results and
the spectroscopically detected hydrogen-bonded structures of 2. An equilibrium between dimeric (2-HD) and
intramolecularly hydrogen bonded (2-HI) structures was detected by IR spectroscopy in nonpolar solvents having
weak hydrogen-bond-accepting capabilities. The ratio of the two regioisomeric dibenzosemibullvalene products
3 and 4 formed in the di-ir-methane photorearrangement of 2 was found to correlate with such an equilibrium,
and it was concluded that intramolecular (2-HI) and dimeric (2-HD) hydrogen-bonded structures display
significantly different photochemical reactivity. The infrared spectra and the photoproduct ratio in polar solvents
possessing hydrogen-bond-accepting capabilities (e.g., acetonitrile), on the other hand, turned out to be concentration
independent. High regioselectivity was found in the solid state where the dimer 2-HD is the only species, leading
to 4 as the major product. In contrast, 3 was obtained preferentially in aqueous sodium bicarbonate solutions
where 2 exists as the carboxylate anion. Supporting evidence regarding the different hydrogen bonding arrangements
in 2 was found in the solvent effects on its UV spectra.

1. Introduction
The effects of hydrogen bonding (HB) on the photo-

physical behavior of the excited states of organic com-

pounds have been widely documented.1 It has been shown
that peculiar photobehavior induced by HB is largely

(1) (a) Kollman, P. A.; Allen, L. C. Chem. Rev. 1972, 72, 283-303. (b)
Barbara, P. F.; Walsh, P. K.; Bros, L. E. J. Phys. Chem. 1989,93, 29-34.
(c) Klópffer, W. Prog. Org. Chem. 1977, 10, 311.

dependent on structural factors. Intramolecular hydrogen
bonding (IHB), for instance, may induce strongly shifted
emission as in methyl salicylate,lb’2 photochromism,3 as in

(2) (a) Marsh, J. K. J. Chem. Soc. 1924, 125, 418. Weller, A. Z.
Electrochem. 1956, 60, 1144-7. (b) Goodman, J.; Brus, L. E. J. Am.
Chem. Soc. 1978,100, 7472-4. (c) Heimbrook, L.; Kenny, J. E.; Kohler,
B. E.; Scott, G. W. J. Phys. Chem. 1983, 87, 280-9. (d) Nagaoka, S.;
Hirota, N.; Sumitani, M.; Yoshihara, K. J. Am. Chem. Soc. 1983, 105,
4220-6.
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Scheme I

CHjNj

the case of the salicylideneanilines,3b"d and an extremely
efficient internal conversion as in o-hydroxyaryl ketones.3 4

An interesting aspect that has emerged from recent studies
relates to the possibility of controlling the properties of
the excited states. For example, the photophysical be-
havior of substrates capable of having different HB
structures is often very sensitive to the basicity and to the
polarity of the surrounding solvent media.5 With this in
mind, it may also be expected that hydrogen bonding could
be useful in providing a means of controlling photochem-
ical reactivity. In our recent studies on the solid-state
photoreactivity of substituted dibenzobarrelene diesters6
we had occasion to study the di-vr-methane rearrangement7
of the isopropyl monoester of dibenzobarrelene di-
carboxylic acid 2 (Scheme I). It was found that the
acid/ester 2 displays a very strong medium-dependent
photochemistry which we attributed to different hydro-
gen-bonded structures.8 Here, we report in detail on the
effect of several media on the photochemistry of compound
2. Experimental support regarding the various hydro-
gen-bonding alternatives for 2 is obtained from spectro-
scopic studies and X-ray crystallographic analysis.

2. Results
2.1. Photochemistry. The acid/ester 2 was prepared

by addition of 2-propanol to dibenzobarrelene dicar boxylic
acid anhydride (1). The latter compound was prepared
by addition of acetylene dicar boxylic acid to anthracene

(3) (a) Brown, G. H. Photochromism; Wiley: New York, 1971; Chapter
6. (b) Cohen, M. D.; Schmidt, G. M. J. J. Phys. Chem., 1962, 66, 2442-6.
(c) Cohen, M. D.; Schmidt, G. M. J.; Flavian, S. J. Chem. Soc. 1964,
2041-51. (d) Cohen, M. D.; Hirshberg, Y.; Schimdt, G. M. J. J. Chem.
Soc. 1964, 2051-9. (e) Potashnik, R.; Ottolenghi, M. J. Chem. Phys. 1969,
51, 3671-81.

(4) (a) Pitts, J. N., Jr.; Johnson, H. W.; Kuwana, T. J. Phys. Chem.
1962, 66, 2456-61. (b) Lamola, A. A.; Sharp, L. J. J. Phys. Chem. 1966,
70, 2634-38. (c) Heller, H. J.; Blattmann, H. R. Pure Appl. Chem. 1973,
36, 141-61.

(5) (a) Nagaoka, S.; Hirota, N.; Sumitani, M.; Yoshihara, K.; Lip-
czynska-Kochany, E.; Iwamura, H. J. Am. Chem. Soc. 1984,106,69Í3-16.
(b) Itoh, M.; Adachi, T.; Tokumura, K. J. Am. Chem. Soc. 1984, 106,
850-5. (c) Itoh, M.; Adachi, T. J. Am. Chem. Soc. 1984, 106, 4320-4.

(6) (a) Scheffer, J. R.; Trotter, J.; Garcia-Garibay, M.; Wireko, F. Mol.
Cryst. Liq. Crys. Inc. Nonlin. Opt. Í988,156, 63-84. (b) Garcia-Garibay,
M.; Scheffer, J. R.; Trotter, J.; Wireko, F. Tetrahedron Lett. 1988, 29,
2041-4. (c) Garcia-Garibay, M.; Scheffer, J. R.; Trotter, J.; Wireko, F.
Acta Crystallogr. 1990, B46, 79.

(7) (a) Zimmerman,  . E. In Rearrangements in Ground and Excited
States; de Mayo, P., Ed.; Academic Press: New York, 1980; Vol. 2, Part
3, pp 131-64. (b) Hixon, S. S.; Mariano, P. S.; Zimmerman,  . E. Chem.
Rev. 1973, 73, 531-51.

(8) Garcia-Garibay, M.; Scheffer, J. R.; Watson, D. G. J. Chem. Soc.,
Chem. Commun. 1989, 600-1.

Table I. Medium and Concentration Effects on
Photoproduct Ratios

medium concn (M) % 3“·6 % 4“·6

aq NaHC03 0.01 90 10
benzene 0.001 83 17
benzene 0.003 80 20
benzene 0.006 76 23
benzene 0.01 72 27
benzene 0.03 66 34
benzene 0.06 60 40
benzene 0.1 55 45
MeCN C 50 50
t-BuOH c 50 50
solid state 5 95

“The product percentages were obtained by GLC analysis fol-
lowing esterification of the reaction mixtures with diazomethane.
6 The estimated uncertainty in the product percentage is 5%.
c Product percentage constant within the limits of our detection at
concentrations ranging from 0.1 to 0.002 M.

Table II. Quantum Yields of Product Formation from
Dibenzobarrelenes 2 and 7 in Benzene"

reactant6  3  4  5  6   3
2 (3.0 X   '3) 0.066 ( 0 7 0.083
2 (1.0 X 10"2) 0.063 0.026 0.090
7 (1.0 X   '2) 0.09 0.11 0.20

“The estimated uncertainty in the   values is ±5%.
6 Concentration of reactant in parentheses (M). c Total quantum
yield of product formation.

according to the method of Diels and Alder.9 All photo-
lyses were carried out at 313 nm with the filtered output
of a medium-pressure Hanovia lamp. Organic solvents
such as benzene, acetone, acetonitrile, and 2-methyl-2-
butanol, as well as 0.05 M aqueous sodium bicarbonate,
and the crystalline solid state were chosen as the photolysis
media. The concentration of 2 was varied from 1(T3 to   "1
M in benzene, acetonitrile, and 2-methyl-2-butanol and was
kept constant at 1(T2 M in aqueous NaHC03. The di-
benzosemibullvalene regioisomers 3 and 4 were found to
be the only photoproducts in all reaction media (Scheme
I). In order to determine the reaction regioselectivity by
quantitative GLC analysis, the photolysis mixtures were
treated with excess diazomethane. The mixed acid/esters
3 and 4 were converted quantitatively in this manner into
the dibenzosemibullvalene methyl/isopropyl diesters 5 and
6. The same two compounds were also obtained from
photolysis of the methyl/ isopropyl diester 7 prepared in
a closely related study.6 The regioisomeric identity of
compounds 3 and 4 was deduced by correlating them with
the structures of 5 and 6 recently determined by X-ray
crystallography.60

The variation in the product ratio as a function of the
photolysis media shown in Table I suggests the involve-
ment of different states of protonation of the carboxylic
acid functionality. The largest differences in the product
distribution were observed in NaHC03 and in the solid
state, where the 3:4 ratio was found to change from 90:10
to 5:95. Intermediate results were obtained in the organic
solvents, with significant differences apparently depending
on their polarity. No selectivity was observed upon direct
irradiation in acetonitrile and 2-methyl-2-butanol or with
acetone as a solvent and triplet sensitizer. No changes in
the product ratio were observed in these solvents when the
concentration of 2 was varied between 0.001 and 0.1 M.
In benzene, on the other hand, the 3:4 ratio was found to
vary steadily from 83:17 to 55:45 at the concentration was

changed between 0.001 and 0.1 M.

(9) Diels O.; Alder, K. Liebigs Ann. Chem. 1931, 486, 191-210.
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Solution spectra were recorded after solvent subtraction. The
regions of strong solvent absorption have been omited for clarity.

The quantum yields of formation of the dibenzosemi-
bullvalene photoproducts 3 and 4 ( 3 and  4) were mea-
sured in benzene by using a merry-go-round apparatus.
Two different concentrations of 2 were chosen (3.0 X 10"3
and 10"2 M) such that both solutions remained opaque in
1-cm pathlength cells while giving similar conversion
values. The quantum yields were measured in duplicate
relative to valerophenone which has a type II quantum
yield of 0.30 in benzene.10 As shown in Table II, an in-
crease in the total concentration of 2 resulted in a small,
but easily detectable, increase in the total quantum yield
of product formation (  ) from 0.083 ± 0.003 to 0.090 ±
0.003. Interestingly, such an increment is the combined
result of an approximately 60% increase in  4 and a 5%
decrease in  3. The quantum yield of product formation
from diester 7, whose product ratio (5:6 = 7:93) was found
to be independent of the concentration of 7 in solution,6b
was found to be about twice as large as that of the acid
ester 2 (i.e.,  7 = 0.20 ± 0.01).

2.2. Infrared Spectra. The infrared spectra of the
acid/ester 2 were obtained in the weakly or non-hydrogen
bonding solvents benzene, chlorobenzene, chloroform, and
dichloromethane, in the weak hydrogen-bonding acceptor
(HBA) acetonitrile, and in the solid state. The effects of
these media on the infrared spectra are manifested mainly
in absorptions occurring in the carbonyl (0=0) and hy-
droxyl (O-H) stretching regions. Variations in the fre-
quency and intensity of these absorptions were found to
depend strongly on the hydrogen bonding capabilities of
the medium (Figure l).11·12 Carbonyl absorptions assigned
to the carboxylic acid and ester groups, for instance, appear
as a single band in acetonitrile (1727 cm"1, as two bands
in the solid state (1724 and 1680 cm"1, and in as many as
three different bands, depending on the concentration, in
solvents such as benzene (1730, 1692 and 1660 cm"1).

The concentration-dependent behavior of the photo-
chemical results observed in benzene was clearly paralleled

(10) Encina,  . V.; Lissi, E. A.; Lamp, E.; Zannoco, A.; Scaiano, J. C.
J. Am. Chem. Soc. 1983,105, 1856-60.

(11) (a) Ferguson, L. N. Organic Molecular Structure; Willard Grant
Press: Boston, 1975; Chapter 12, pp 389-409. (b) Joesten, M. D.; Schaad,
L. J. Hydrogen Bonding; Marcel Dekker: New York, 1974. (c) Roths-
child, W. G. In The Hydrogen Bond. Recent Developments in Theory
and Experiments, Schuster, P., Zundel, G., Sandfory, C., Eds.; North-
Holland: Amsterdam, 1976; Vol. 2, Chapter 16. (d) Wods, J. L. In
Spectroscopy and Structure of Molecular Complexes; Yarwood, D., Ed.;
Plenum Press: New York, 1973; Chapter 4.

(12) Zvatek, E.; Zikan, V.; Miroslav, S. Collect. Czech. Chem. Com-
mun. 1977, 44, 781.

Scheme II

in the spectra obtained in the same solvent at concentra-
tions ranging from 0.2 to 10"4 M. The spectra are con-
sistent with a model involving an equilibrium between
intra- and intermolecular hydrogen bonding11 as shown in
Scheme II. The monomeric structure 2-HI (Scheme II)
is favored at low concentrations, and the spectral assign-
ment proposed is supported by (a) the low frequency of
the O-H stretch at 2780-2749 cm"1, (b) the carboxylic acid
carbonyl band at 1730 cm"1, and (c) a low frequency and
relatively weak carbonyl band at 1660 cm"1 that corre-
sponds to the intramolecularly hydrogen-bonded ester
group.11 Similar observations have been reported in dilute
solutions of several pyrazole-1,2-dicarboxylic acid deriva-
tives studied by Zvatek et al., which also display a similar
seven-membered intramolecular H-bonded structure.12

Increasing the concentration of 2 in benzene resulted in
the growth of a very broad (3600-2400 cm"1) and relatively
structureless band as expected for the dimeric structure
2-HD.11 The growth of this band was accompanied by that
of an intense absorption at 1695 cm"1 attributed to the
dimerized acid carbonyl. An expected increase in intensity
of the free carbonyl ester band of 2-HD seems to have been
compensated by the corresponding decrease in intensity
of the band due to the free acid of the monomer. Both
of these bands occur at 1730 cm"1, and the spectrum re-
mains unchanged in this region. The spectra of 2-HD in
concentrated benzene solutions (3600-4200,1695, and 1730
cm'1) compare favorably with that observed in the solid
state with bands at 3600-2400, 1680, and 1724 cm"1. In
fact, recent X-ray analysis of 2 indicates a dimeric ar-
rangement with inversion centers localized within the
dimeric motif of the hydrogen bond as represented in
2-HD.13 The monomer-dimer equilibrium is also sup-
ported by the linearity of a plot of [2]/A1660 vs A1695/A1660,
where [2] is the total concentration of 2 ranging from 0.001
to 0.2 M and A1660 and A1695 are absorbances corresponding
to the monomer and dimer, respectively, measured at their
respective maxima.14 A dimerization equilibrium constant
ofK>5 M"1 was estimated in a qualitative manner from
the infrared results with limitations given by the poor
resolution in the carbonyl stretching region. The spectra
run in chlorobenzene, dichloromethane, and chloroform
closely resembled the spectra obtained in benzene solu-
tions. Significant differences were found in the relative
position and intensity of the free and intramolecularly
bonded carbonyl bands. The relative amount of dimer,
as judged qualitatively by its carbonyl band intensity,
decreased within the series benzene, chlorobenzene, chlo-
roform, and dichloromethane. At the same time, the
stretching frequency of the acid carbonyl group (which is
non-hydrogen bonded) was found to decrease in the same
series correlating qualitatively with an increase in solvent

(13) Pokkoluri, P. Ph.D. Thesis, The University of British Columbia,
1990.

(14) (a) Allen, G.; Watkinson, J. G.; Webb, K. H. Spectrochim. Acta
1966, 22, 807-14. (b) Hanrahan, E. S.; Bruce, B. D. Spectrochim. Acta
1967, 23A, 2497-2503.
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Chart I

nm

Figure 2. UV absorption spectra of   '3 M solutions of acid/ester
2 in (1) hexane, (2) benzene, (3) chloroform, (4) methanol, and
(5) acetonitrile.

polarity defined by the x* scale of Kamlet, Abboud, and
Taft.15a

The spectra run in acetonitrile remained unchanged
within the concentration range 10'3 to   1 M. This is
consistent with the photochemical results, where no

changes in the product ratio were observed over the same
concentration range. In acetonitrile, the O-H absorption
stretching region was clearly indicative of a RC(0)0-H·
••solvent interaction with sharp absorption maxima at 3632
and 3544 cm"1. We suggest that in this solvent, a single
species such as 2-HM (Chart I) remains stable over the
concentration range of our experiments. No difference
between the acid and ester carbonyl bands was observed,
and a single strong absorption band was detected at 1727
cm'1. It is interesting to note that, in contrast to 2, the
much stronger intramolecular H bonds of the closely re-
lated monohydrogen maléate and phthalate are known not
to be perturbed by solvents as polar and basic as dioxane,
dimethyl sulfoxide, and water.16

2.3. Ultraviolet Absorption Spectra. Compound 2
exhibits a surprisingly long wavelength absorption band
in the 300-380-nm region (Figure 2) in solvents such as
hexane, chloroform, dichloromethane, and benzene. In
polar solvents such as acetonitrile, methanol, and acetic
acid, the spectra presented only a weak absorption tail in
the 300-330-nm range. The long-wavelength absorption
band in the nonpolar solvent is analogous to the charge
transfer band assigned to the intramolecular H bonded
form of potassium hydrogen maleate observed by Naga-
kura.17 The spectra obtained in acetonitrile, where no
intramolecular H bond is detected by IR spectroscopy,
compared satisfactorily with the normal spectra of the
closely related dibenzobarrelene 11,12-diesters recently
studied in our laboratory.18 The effects of dimerization
of the electronic absorption spectra of carboxylic acids have
been documented to be largely dependent on the system
under consideration, being sometimes almost negligible.19

(15) (a) Kamlet, M. J.; Abboud, J. L. M.; Taft, R. W. Prog. Phys. Org.
Chem. 1981, 13, 485. (b) Reichardt, C. Solvent Effects in Organic
Chemistry·, Verlag Chemie: New York, 1979.

(16) Avbelj, F.; Orel, B.; Klanjsek, M.; Hadzi, D. Spectrochim. Acta
1985, 41A, 75-87 and references cited therein.

(17) (a) Nagakura, S. J. Chim. Phys. 1964, 60, 15. (b) For a more
recent discussion of this work see: Malaga, N.; Kubota, T. Molecular
Interactions and Electronic Spectra; Marcel Dekker: New York, 1974.

(18) Garcia-Garibay, M. Ph.D. Thesis, The University of British Co-
lumbia, 1988.

Scheme III

Figure 3. Changes in the absorption spectra of a 10 3 M solution
of acid/ester 2 upon addition of methanol (M): (a) 0, (b) 0.1, (c)
0.30, (d) 0.6, and, (e) 2.5.

Figure 4. Solvent effects on the optical density at 330 nm of
solution of 10"3 M acid/ester 2 caused by addition of triethylamine,
methanol, acetic acid, and acetonitrile. A0 and AB are the ab-
sorbance values before and after addition of hydrogen-bonding
acceptor (HBA) solvent.

The UV spectra of benzene solutions of 2 at concentrations
of 10'2,10"1, and 2 X 10"1 M, however, showed no signif-
icant differences in the 300-400-nm spectral envelope.

2.4. Specific Solvent Effects.20 We reasoned that
an intramolecular H bond such as that proposed for 2-HI
might be disrupted by relatively small amounts of solvents
with hydrogen-bond-accepting (HBA) capabilities. For-
mation of the species 2-HM (Scheme III), postulated in
the presence of polar HBA solvents, should alter the ap-
pearance of the observed spectra, since the UV absorption
spectra of 2-HI and 2-HM are substantially different (vide
supra).

The changes in the absorption spectrum of 10"3   2-HI
in benzene as a function of added methanol are shown in
Figure 3. The equilibrium represented in Scheme III is
clearly supported by the decreasing absorption of 2-HI and
by the presence of a well-defined isosbestic point at 291
nm. In Figure 4, the results obtained from similar ex-

periments are plotted as the difference in absorption at
330 nm caused by the addition of triethylamine, methanol,
acetic acid, and acetonitrile.

(19) (a) Barnes, E. E.; Simpson, W. T. J. Chem. Phys., 1963,39, 670-5.
(b) Ito, M. J. Mol. Spectrosc. 1960, 4, 44.

(20) Lakowics, J. R. Principles of Fluorescence Spectroscopy; Plen-
num Press: New York, 1983.
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Scheme IV

BR-1a BR-1,

B A

Several important conclusions can be drawn from the
data shown in Figure 4. We note that the amount of
solvent needed to disrupt a given amount of 2-HI is pro-
portional to the solvent hydrogen-bonding basicity ß
(triethylamine, methanol, and acetonitrile have d’s of 0.71,
0.62, and 0.31, respectively).15® The hydrogen-bonding
basicity of acetic acid is not available, but our results
suggest that it is intermediate between the values for
methanol and acetonitrile. Attempts to establish the
stoichiometry of the solvent interaction with 2 gave simple
answers only in the cases of triethylamine and methanol.
With triethylamine, an equimolar titration indicates a very
strong interaction, most likely involving a complete proton
transfer to form the carboxylate anion. The absorption
data obtained upon addition of methanol can be correlated
with a 1:1 complex by means of a Hildebrand-Bennesi21
analysis (K = 4.2 M™1). In contrast, and in spite of ob-
serving well-defined isosbestic points, the absorption data
obtained upon addition of acetic acid and acetonitrile could
not be correlated with a simple low integer stoichiometry
(1:121 or 1:222 complexes) indicating complex equilibrium
processes. Solvation interactions without hydrogen
bonding in the case of acetonitrile, and multiple hydrogen
bonding possibilities (i.e., heterodimers) in the case of
acetic acid, seem to be two likely solvent interaction al-
ternatives.

3. Discussion
The photochemical transformation of dibenzobarrelenes

into dibenzosemibullvalenes is a well-documented example
of the di-7r-methane rearrangement.7 The generally ac-
cepted reaction mechanism involves the participtation of
the triplet excited state followed by the sequential for-
mation of two biradical intermediates, BR-1 and BR-2
(Scheme IV). Factors proposed to determine the re-

gioselectivity of the rearrangement of unsymetrically vi-

(21) Bennesi, J. H.; Hildebrand, H. A. J. Am. Chem. Soc. 1949, 71,
2703-7.

(22) (a) Tanimoto, Y.; Itoh, M. Chem. Phys. Lett. 1978,57,179-85. (b)
Baba, H.; Matsuyama, A.; Kokubun, H. Spectrochim. Acta 1969, 25A,
1709-22.

nyl-substituted dibenzobarrelenes include the following:
(a) the relative ability of the substituents on the two vinyl
termini (A and B in Scheme V) in stabilizing the adjacent
radical centers7,23,24 and (b) steric effects that may selec-
tively encumber one of the two competing transition
states.24 It has also been proposed that under some cir-
cumstances the rearrangement can be understood in terms
of an excited state aryl migration which does not require
the intermediacy of the first 1,3-biradical (BR-1).23

With the exception of our recent studies involving the
influence of the crystalline solid state,6,18 the selectivity
of the rearrangement, while sensitive to substituent ef-
fects,23,24,27 has been found to be largely independent of
the reaction medium. Our observations with the acid/ester
2 represent an example where the medium is capable of
altering the photochemical reactivity through changes
brought about as a result of different hydrogen-bonding
structures. The involvement of three different species is
necessary to understand our photochemical results and
spectroscopic observations: (a) a monomeric, solvent-
bonded structure 2-HM (Scheme II), predominant at all
concentrations in acetonitrile, acetone and 2-methyl-2-
butanol; (b) a monomeric, intramolecularly hydrogen-
bonded structure 2-HI (Scheme III), predominant in dilute
solutions of nonpolar solvents, which is in equilibrium with
a dimeric structure 2-HD, and (c) 2-HD itself, which is
predominant in concentrated solutions of nonpolar solvents
and is unique to the solid state.

The photochemical behavior of 2-HM in polar organic
solvents is characterized by a lack of regioselectivity at all
the concentrations studied (0.001-0.1 M). The general
reaction mechanism suggests that both the carboxylic ester
and solvent-bonded acid groups have very similar radi-

(23) Paquette, L. A.; Bay, E. J. Am. Chem. Soc. 1984,106, 6693-701.
(24) Iwamura, M.; Tukada, H.; Iwamura, H. Tetrahedron Lett. 1980,

4865-68.
(25) Hart, H.; Love, G. M. J. Am. Chem. Soc. 1973, 95, 4592-9.
(26) (a) Richards, K. E.; Tillman, R. W.; Wright, G. J. Aust. J. Chem.

1975, 28,1289-1300. (b) Paddick, R. G.; Richards, K. E.; Wright, G. J.
Aust. J. Chem. 1976, 29, 1005-15.

(27) Murty, B. A. R. C.; Pratapan, S.; Kumar, C. V.; Das, P. K.;
George,  . V. J. Org. Chem. 1985, 50, 2533-38.



246 J. Org. Chem., Vol. 57, No. 1,1992 Garcia-Garibay et al.

Scheme V

3

cal-stabilizing abilities. However, removal of a proton to
generate the carboxylate anion in NaHC03 solutions re-
sults in increased regioselectivity toward 3. The mecha-
nism of Scheme V suggests that aryl-vinyl bonding occurs
next to the carboxylate group positioning the radical center
next to the ester substituent.

Data regarding the relative-stabilizing ability of car-

boxylate anion and carboxylic ester groups is very scarce.

Qualitatively, however, it makes sense that a radical center
should have a more favorable resonance interaction with
an adjacent ester substituent than with a carboxylate anion
group. The carbonyl group of the latter, having a very
strong resonance interaction with the anionic oxygen, is
presumably less “available” for resonance with the un-

paired electron of the radical. A simple PMO argument
supports this view. The stabilizing interaction between
a singly occupied p-orbital on a methylene group and the
LUMO of either the COO" or COOR fragment should be
less favorable in the former case owing to the higher
LUMO energy of the crboxylate anion (greater SOMO-
LUMO separation).

The regioselectivity observed in the solid state is op-
posite to that observed in NaHC03 solutions, and di-
benzosemibullvalenes 3 and 4 are formed in the former
medium in a 5:95 ratio. Previous studies on the photo-
rearrangement of dibenzobarrelenes in the solid state have
indicated the importance of intermolecular steric control.6
We have postulated that large amplitude motions are re-

quired during the first aryl-vinyl bonding step of the re-
action mechanism and that these motions may involve one
of the two vinyl groups in unfavorable intermolecular
contacts. It has been proposed that movement of the
group that minimizes the intermolecular repulsive inter-
actions is favored in the solid state. Infrared spectroscopy
and X-ray crystallographic analysis show that 2-HD is the
only species present in the crystal.13 The two reaction
alternatives for 2-HD involve either movement of the ester
group or movement of the acid group engaged in the di-
meric hydrogen bond. The results indicate that motion
of the ester group is favored over motion of the hydro-
gen-bonded acid group (95:5). It should be noted that,
according to the reaction mechanism, the preferred bi-
radical intermediate contains a radical center next to the
hydrogen bonded acid carbonyl. Interestingly, it has been

postulated that the radical-stabilizing abilities of hydrogen
bonded carbonyl groups should be decreased, making this
pathway less favorable.26 However, the alternative of
having the dimeric hydrogen bonds disrupted is probably
much less favorable in the solid state.

In benzene solutions, an equilibrium involving the intra-
and intermolecular hydrogen-bonded species 2-HI and
2-HD (Scheme II) is clearly supported by infrared spec-
troscopy. A long-wavelength UV absorption band, unique
to spectra obtained in nonpolar solvents, correlates with
the presence of 2-HI, and its assignment as a charge-
transfer transition is consistent with observations reported
in the literature.17 The assignment of 2-HI is further
supported by specific solvent effects which involve dis-
ruption of the intramolecular hydrogen bond. The UV
spectra in benzene solutions containing equimolar tri-
ethylamine or as little as 1-5% v/v of the hydrogen-
bonding acceptor solvents methanol, acetic acid and ace-
tonitrile, change toward the spectrum of solvent-bonded
2-HM.

The concentration dependence of the photochemical
results in benzene indicate that the overall rate of product
formation is greater than the rate of equilibration. In such
a case, the product ratio should be determined by the
relative amounts of 2-HI and 2-HD at any given concen-
tration and by the quantum yields of product formation
from each of the two species. Our photochemical results
indicate that the reactivity of 2-HI can be interpreted
qualitatively in terms of a highly selective (~3.4 = 85:15)
but relatively inefficient (  = 0.09) rearrangement. The
reactivity of the dimer, 2-HD, seems to tend toward that
of the solvent-bonded monomer 2-HM. The reaction ap-
pears to be much less selective (3:4 = 50:50) and somewhat
more efficient, as an increase in the quantum yield with
increasing concentration indicates (Table II). The pref-
erential formation of dibenzosemibullvalene 3 from 2-HI
indicates the involvement of an initial aryl-vinyl bonding
step at the carbon center next to the acid group (Scheme
V). However, according to previous observations reported
in the literature,26 intramolecular hydrogen bonding should
be expected to decrease the radical stabilizing ability of
the ester carbonyl group and disfavor the corresponding
biradical intermediate (BR2-HI).26 An alternative ex-

planation which incorporates the results observed in the
UV spectra suggests that selectivity may arise via a mod-
ified mechanism which involves a proton transferred ex-
cited state, PT2-HI (Scheme V). Such a species would
present the conditions for a regioselective, positive
charge-initiated, 1,2-aryl shift leading to 3. This rear-
rangement would be analogous to the well-studied
ground-state carbocationic rearrangement of dibenzo-
barrelenes.28

An important question that remains to be answered
concerns the multiplicity of the excited state from which
reaction occurs in 2-HI. All the documented examples of
the di-ir-methane rearrangement of substituted dibenzo-
barrelenes have been proposed to occur from triplet excited
states. In general, the multiplicity of the rearrangement
can be established indirectly through comparisons of
sensitized and direct irradiations. Such an approach was
not attempted in this case, as it would be expected that
common triplet sensitizers (benzophenone, xanthone, etc.)
would disrupt the intramolecular hydrogen bond required
for the unusual reactivity of 2HI. While the clear corre-
lation between the spectroscopic and photochemical be-
havior suggests the involvement of a proton-transferred

(28) Cristo!, S. J.; Bopp, R. J.; Johnson, A. E. J. Org. Chem. 1968,34,
3574 and references therein.
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species, such initial reaction could occur from either singlet
or triplet excited states. Work aimed at elucidating the
detailed nature of the ground and excited state dynamics
is currently in progress.

4. Experimental Section
General Procedures. Melting points were determined on a

Fisher-Johns hot stage apparatus and are uncorrected. Infrared
spectra were recorded on a Perkin-Elmer 1710 Fourier transform
spectrometer. The spectra of solid samples were obtained in KBr
pellets. Solution spectra were solvent-subtracted and were ob-
tained in NaCl cells.   NMR spectra were determined on a
Varían XL-300 instrument at 300 MHz using TMS as the internal
standard. Ultraviolet absorption spectra were measured on a
Perkin-Elmer Lambda-4 apparatus with data acquisition and
processing carried out with the Perkin-Elmer PECUV software.
Capillary GLC analyses were performed on a Hewlett-Packard
5890 A gas chromatograph equipped with a flame ionization
detector and a Hewlett-Packard 3392 A integrator. Spectral-grade
solvents obtained from BDH were dried by refluxing them with
metallic sodium, calcium hydride, or phosphorous pentoxide as

appropriate.
Analytical Photolyses. Solutions of acid/ester 2 (1 mL) in

3-mL Pyrex tubes were degassed by at least three freeze-
pump-thaw cycles and photolyzed for 1 h with the output of a
450-W medium-pressure Hanovia lamp. An ethereal solution (1
mL) containing a large excess of freshly prepared diazomethane
was added to the resulting mixtures after the solvents had been
rotary evaporated to dryness. Solid samples, photolyzed in 0.4-mm
i.d. Pyrex tubes both as single crystals and powders were directly
dissolved in the diazomethane solution. In all cases, the diazo-
methane-acid mixtures were allowed to stand overnight and then
analyzed by GLC.

Quantum Yields. Quantum yields of product formation in
benzene were measured in duplicate at concentrations of 2 of 3
X 10"3 and 10'2 M. Photolyses were carried out in a tempera-
ture-controlled water bath with the filtered 313-nm line of the
medium-pressure Hanovia lamp. The formation of acetophenone
by type   cleavage of 0.1 M valerophenone solutions was measured
in parallel irradiations for actinometric purposes.10 The samples
were carefully degassed by repeated freeze-pump-thaw cycles and
photolyzed under a positive nitrogen atmosphere.

2-Propyl 12-Carboxy-9,10-ethenoanthracene-ll-
carboxylate (Dibenzobarrelene 2). Dibenzobarrelene di-
carboxylic acid anhydride (5 g, 18.3 mmol), prepared by the

method of Diels and Alder,6 was suspended in 50 mL of freshly
distilled 2-propanol and refluxed for 4 h. The excess 2-propanol
was evaporated from the resulting solution and the solid residue
recrystallized from a mixture of acetonitrile-hexane to yield 6.05
g (99%) of the title compound: mp 176-77 °C; IR (KBr pellet)
3400-2200, 1724, 1680, 1625, 1202 cm"1;   NMR (CDC13)  
7.50-6.90 (m, 8  ), 6.15 (s, 1 H), 5.78 (s, 1  ), 5.20 (hept, 1 H,
=7 = 7 Hz), 1.40 (d, 6H,=7 = 7Hz); HRMS (El) m/e for C21H1804
caled 334.1205, found 334.1204.

Preparative Photolysis of Dibenzobarrelene Acid/Ester
2. A solution containing 200 mg (0.6 mmol) of 2 in 200 mL of
acetonitrile was photolyzed in an immersion well for 12 h with
the Pyrex-filtered output of the 450-W Hanovia lamp. Nitrogen
was bubbled through the solution for 15 min before and during
the photolysis period. The solvent was rotary evaporated, and
an excess of diazomethane was directly distilled onto the photolysis
residue. After standing for 12 h, the resulting mixture was

chromatographed (silica gel, petroleum ether:EtOAc = 19:1) to
yield 145 mg (70%) of a colorless oil containing a mixture of
compounds 5 and 6. Separation of 5 and 6 could be achieved in
low yield by fractional recrystallization from diethyl ether.

8c-Methyl 8b-(2-propyl) 4b,8b,8c,8d-tetrahydrodibenzo-
[s ,f]cyclopropa[cd]pentalene-8c,8b-dicarboxylate (5): mp
139-141 °C; ffi, (KBr pellet) 1735,1253 cm"1;   NMR (CDC13)
  7.35-7.05 (m, 8 H), 5.24 (m, 1  ), 5.05 (s, 1 H), 4.45 (s, 1 H),
3.70 (s, 3  ), 1.32 (d, 3 H, =7 = 7 Hz), 1.30 (d, 3 H, =7 = 7 Hz); MS
(El) 348, 306, 260, 202. Anal. Caled for C22H20O4: C, 75.84; H,
5.79, found: C, 75.90; H, 5.93.

8b-Methyl 8c-(2-propyl) 4b,8b,8c,8d-tetrahydrodibenzo-
[a,f]cyclopropa[cd]pentalene-8c,8b-dicarboxylate (6): mp
110-112 °C; IR (KBr pellet) 1737, 1717, 1248 cm"1;   NMR
(CDClg)   7.35-7.05 (m, 8  ), 5.07 (s, 1  ), 5.05 (m, 1 H), 4.49
(s, 1 H), 3.88 (s, 3  ), 1.22 (d, 3 H, =7 = 7 Hz), 1.20 (d, 3 H, =7 =

7 Hz); MS (El) 348, 316, 261, 202. Anal. Caled for C22H20O4: C,
75.84; H, 5.79, found: C, 75.90; H, 5.93.
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The photostimulated reaction of acetone (2), acetophenone (5), and enthrone (8) enolate ions with iodobenzene
(1) in DMSO gave good yields of substitution products by the SRN1 mechanism. On the contrary, the monoanions
of acetylacetone, diethyl malonate, and nitromethane (10) did not react under irradiation. However, the pho-
tostimulated reaction of 1 with 10 in the presence of 2 or pinacolone enolate ions gave l-phenyl-2-nitroethane
as a substitution product. The formation of this product can be explained if one assumes that the radical anion
formed in the coupling reaction of phenyl radical with 10 fragments to give benzyl radical and nitrite ion. Benzyl
radical then couples with 10 to give ultimately the observed product. From competition experiments the relative
reactivity determined for the coupling reaction of different anions with phenyl radicals in the propagation cycle
of the SRN1 mechanism is as follows: monoanion of ß dicarbonyl compounds (unreactive) « 2 (1.0) < 5 (7.5)
< 8 (16.5). The difference in reactivity observed experimentally is explained on the basis of the pKa (HOMO
energy) of the anions and on the change in the ir energy that takes place in the coupling reaction. With reference
to the initiation step (electron transfer from the carbanion to 1), the reactivity increases as the pKa of the conjugated
acid of the nucleophile increases.

The radical mechanism of aromatic nucleophilic sub- substitution is produced on a nonactivated adequately
stitution, or SRN1, is a well-known process by which a substituted substrate.1 The propagation steps are shown
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