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The origin of the previously observed unusual photostability of 2,4,6-triisoprdpiytrdthoxycarbonyl)-
benzophenonel{p-CO.Me) in the solid state was investigatetlp-CO,Me was found to photocyclize normally

to produce the corresponding benzocyclobutehplCO,Me when its solid-state photolysis was carried out
either (a) after thorough grinding, (b) after sefisolid mixing with 2,4,6-triisopropyl-4(ethoxycarbonyl)-
benzophenonel{p-CO,Et), or (c) at elevated temperatures (an estimated energy barrier of 20 kcal/mol).
Furthermore, when the photolysis was performed under more carefully deoxygenated conditions (closed argon
atmosphere), formation of blue species that are persistent in the absence of oxygen was observed. On the
basis of oxygen trapping and ESR experiments, the blue species are regarded as a mixture of a diradical
intermediate DR and monoradicals derived thereof. The X-ray studyp€O.,Me had revealed that the
distances between the carbonyl oxygen andahd’r methine hydrogens are within the critical limit for
hydrogen abstraction to occur, but a small reaction cavity or the compact crystal packing around both of the
o-i-Pr groups is interfering with the photocyclization. The present results are consistent with this X-ray
crystal structure; i.e., the photochemical hydrogen abstractidape€0O,Me to DR can take place, but DR
reketonizes back t@-p-CO,Me under the usual photolysis conditions because there is a high topochemical
barrier to cyclization leading t8-p-CO,Me.

Introduction SCHEME 1

In contrast with efficient solid-state photocyclizations of it o OH — x
several 2,4,6-triisopropylbenzophenoiiex (X = p-OMe, p-t- [ S« w%ﬂ;& A o>x — \_/
Bu, p-Me, H, p-Cl, p-CF) into the corresponding benzocy- N DR' »

clobutenol2-X (89—100% conversion;v100% yield),1-X —
DR — 2-X (Scheme 1), 2,4,6-triisopropyl-4methoxycarbonyl)-
benzophenonel{p-CO,Me) underwent virtually no photore-
action! This has been curious for us because we found later
that all the other carboxy derivativésX (X = m- andp-CO:H,
m-CO,Me, p-COEt, p-CO,Cay 50.5H0, p-(R)-CO,CH*(Me)-

Et, m andp-(S)-CONHCH*(CH,Ph)CQMe, m-COCI), exclud-

ing 1-p-COCI, photocyclized with fair to good efficiencies in
the solid state (no.-110 in Table 1¢ Therefore, the X-ray
study for photoinert-p-CO,Me and1-p-COCI was carried ot.
The result has revealed that the distances between the carbon
oxygen and the-i-Pr methine hydrogens (2.95 and 2.98 Afor  The results that we have obtained so far from photolyses of
1-p-COMe, 2.94 and 2.98 A forl-p-COCI) are within the  various carboxy derivatives of 2,4,6-triisopropylbenzophenone
critical limit (3 A)* for hydrogen abstraction to occur, but @ n the solid state or in benzene solution are summarized in Table
narrow reaction cavity or the compact crystal packing around 1. Solid samples were prepared by gently pulverizing the
both of theo-i-Pr groups is interfering with the photocyclization.  crystals with a mortar and pestle, and the powder was placed
We have now found that the photocyclization bp-COMe in the Pyrex made apparatus for solid-state photofysls-
occurs in the solid state when the photolysis was carried out radiations were carried out with a 400-W high-pressure mercury
either (a) at elevated temperatures, (b) after thorough grinding, ]amp for several hours under an argon stream. During the
or (c) after solid-solid mixing with 1-p-COEt. Furthermore, jrradiation, samples were cooled from the outside of the reaction

* To whom correspondence should be addressed. Telephone: 075-753-VeSSE| either by circulation of cold water maintained

X = p-OMe, p-t-Bu, p-Me, H, p-CI, p-CF3, (p-CO,Me)

when the solid-state irradiation dfp-CO,Me was performed
under more carefully deoxygenated conditions, formation of blue
radical species were observed, indicative of the existence of
the diradical intermediate DR. These findings are nicely
consistent with the above-mentioned X-ray crystal structure for
1-p-COMe.

))l?esults and Discussion

5670. Fax: 075-753-5676. E-mail: yito@shchem.kyoto-u.ac.jp. (solid) or by running'water from a faucet (solution). However,
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TABLE 1: Photolyses of Carboxy Derivatives of 2,4,6-Triisopropylbenzophenone in the Solid State or in Benzene Solution (0.01
M)a

1-X solid solution

no. X mp,°C h conv, % h conv, %
1 p-COH 221-223 4 28 5 100
2 m-COH 185-186 2 106 2 100
3 p-CO,Ca 5-0.5H,0 >271 4 100 4 100
4 p-(9-CONHCH(CHPh)CGMe 213-214 5 96 5 100
5 m-(S-CONHCH(CHPh)CGMe 116-118 4 100 4 100!
6 p-COCI 119-120 10 0 4 21
7 m-COCI 127128 4 35 4 100
8 p-(R)-CO.CH(Me)Et 77-78 5 85 4 100
9 p-COEt 98-101 4 76 4 100

10 m-COMe 118-120 2 106 2 100

11 p-COMe 142-143 10 (¢] 4 100

12 p-COMef 10 4

13 p-COMed¥ 8 30

14 p-COMe 10 54

15 p-COCI 10 5

a Conversions were estimated by NMR and HPLC analyses. Yields>ofwere nearly 100% in all cases unless marked by #, where minor
amounts of uncharacterized products were formetlo% by NMR).? A suspension¢ Diastereomer excess 8f 87%. 9 Diastereomer excess 2f
~0%. ¢ Reference 1. From closer examinations by HPLC, it became clear that a tr2ge@®,Me (<1%) was always formed probably at crystal
defects! The crystals were ground thoroughly by using an agate mortar and pe&tieequimolar mixture of crystals af-p-CO,Me and1-p-
CO,Et was ground together in an agate mortar and pes@enversion for thel-p-COEt component, 78%.Irradiated at 84C. 1 Irradiated at 69
°C. Irradiation at 86°C resulted in a higher conversion but side reactions occurred.

100

the corresponding-X. These compounds also photocyclized
in the solid state (28100% conversions; 90% yields) except
1-p-CO,Me and1-p-COCI, which were virtually photoinef?

It was suggested on the basis of the crystal structudepsf
COMe that a deficient free space around thé-Pr groups
might be responsible for the observed lack of its solid-state
photoreactivity? If this is true, any treatment that can disturb
the crystal lattice of this material may result in recovery of its
photoreactivity owing to decrease in the topochemical restriction
to the benzocyclobutenol formation. We carried out several
kinds of experiments, (#}(iv), in order to prove this prediction.

(i) First, since there are in general more defects on the crystal
surface than in the bulk, pulverization of the crystal should
increase its defects. Therefore, the effect of complete grinding
was examined. The crystals &fp-CO,Me were ground into n
fine powders with a mortar and pestle for a long time (30 min) 0 T T T T T
and then irradiated. As expectddp-CO,Me was transformed 20 30 40 50 60 70 80 90
to the benzocyclobuten@tp-CO,Me, although the conversion C

was low (4%) (Table 1, no. 12). Figure 1. Temperature effects (a) on photolysislep-CO.Me in the

(ii) It is known that molecules of similar shape and size can solid state (iradiated for 10 h) or (b) in benzene solution (0.01 M,
be easily substituted for each other in molecular crystals to form irradiated for 1 h) and (c) on photolysis dfp-CO.H in the solid state
mixed crystals (a solid solutio).Hence, unreactivé-p-CO,- (irradiated for 5 h).
Me and reactivel-p-COEt may mix freely, giving the former
a more vacant space. Thus, an equimolar mixture of crystals 1-p-CO,Me was converted to the benzocyclobutefqd-CO,-
of 1-p-CO;Me and1-p-CO.Et was ground together in a mortar  Me (Table 1, no. 14). Another photoinert crystah-COCI also
and pestle, and this solid mixture was irradiated. Both reacted at elevated temperatures (Table 1, no. 15). Figure la
compounds were competitively converted to the corresponding shows that the conversion 2sp-CO;Me dramatically increased
benzocyclobuteno@-p-COMe and2-p-COEt at 30% and 78%  at temperatures higher than 86. An energy term obtained

80—1

60 -

% conversion

40

20

conversion, respectively (Table 1, no. 13). It seems that from the plot of In(conversion) againstTL(Figure 2) had as
COMe acquired the photoreactivity as a result of mixed crystal |arge a value as 20 kcal/mol. This energy barrier might reflect
formation with1-p-CO.Et. a high stiffness of the cavity wall as well as an unfavorable

(iii) Third, inclusion of 1-p-CO,Me in the cavities of suitable  size/shape of the reaction cavityln contrast, a temperature
host crystals is expected to impart an increased free space taeffect on the solution-state photolysisbbp-COMe was small
the guest molecule. Therefore, cocrystallization df-p-CO.- (Figure 1b). We have previously shown that the quantum yield
Me with (£)-1-phenyl-1,2-ethanediol, deoxycholic acid, or for photocyclization ofl-H to 2-H in benzene increased only
cholic acid was attempted. However, the resultant crystal slightly with increasing temperaturesb = 0.50, 0.52, 0.58,
mixtures were photoinert. Proballyp-CO;Me failed to form and 0.58 at 11.0, 25.0, 56.0, and 680, respectively. A
inclusion crystals with these hosts. temperature effect on the solid-state photolysisl.qgF-CO,H

(iv) Fourth, a temperature effect was examined. It is was also examined and turned out to be relatively small (Figure
remarkable that upon solid-state photolysis at°64 54% of 1c).
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Figure 2. Plot of In(conversion) vs T/for photolysis ofl-p-CO,Me

in the solid state (the original data from Figure 1a).

absorbance

The results described in (i), (ii), and (iv) led us to conclude 0.500F NN
that the unusual photostability of crystallifep-COMe is '
simply due to its compact crystal packing, as was indicated by
the X-ray study? This conclusion is also consistent with the
calculated high crystal density fdr-p-CO,Me (1.14 g/cr),

0. 000 at 41

which is somewhat larger than that fiwp-OMe (1.07),1-H 240.0 400.0 600. 0
(1.04), 1-p-CO.Et (1.10), 1-p-COH (1.11), or I-m-COMe wavelength, nm _
(1.10)3 Since the reaction is sequential likgp-CO,Me — DR Figure 3. (A) Change in diffuse-reflectance spectra upon photolysis

— 2-p-CO,Me, the observed stability may be ascribed to a of nonpulverized crystals df-p-COMe ir_radi_ated for 0, 2, and 6 h.

- - . . (B) Decay of photogenerated blue species in the air 0 h, 2 h, 1 day, 3
topochemical hindrance to elther of these steps. As we will days, and 5 days after irradiation for 6 h.
show later, however, photolysis of nonpulverized crystals of
1-p-COMe generated oxygen-sensitive blue radical species thate.g., their decay rate at room temperature was increased only
are likely to be a mixture of a diradical intermediate DR and by 1.3 times at 83C
other radicals derived thereof. Therefore, it is probably the When the blue crystals were dissolved in organic solvent,

process DR 2-p-CO;Me that is hindered in the crystal lattice. the color disappeared immediately and a number of very minor

This inference is reasonable, since the carbonyl oxygen and theproducts were detected in the solution with virtually quantitative

o-i-Pr m_ethine hydrogens are close enough for the hydrogen recovery ofL-p-CO,Me (NMR and HPLC). Among these minor
abstractllon o oceur but the va.can.t space aroundothér products, two main products were identified2ag-CO,Me and
groups is too limited for the cyclization to take plate. a cyclic peroxide3 by means of HPLC analyses (Figure 4).
When the nonpulverized crystals dfp-COMe were irradi-  After repeated experiments, it was found ti3atvas always
ated in a closed apparatus filled with the argon gas rather thanformed in a higher yield when the blue crystals were dissoved
under an argon stream, their surfaces turned to deep bluen the presence of air (0.28.33% yield) than when dissoved
although the inside remained colorless. In the aforementionedunder argon (0.090.19% vyield) (Scheme 2). This result
photolysis of the powdered sample under an argon stream, suchsupports the existence of a small amount of DR in the blue
blueing was not obviou$. The photolysis of the nonpowdered  crystals because the peroxidenust have been produced as a
crystals was followed by diffuse-reflectance spectroscopy result of reaction between oxygen and the diradical’®®Rhe
(Figure 3A). The absorptions dtax = 624, 501, 480, 457,  photoenol of 2,4,6-triisopropylbenzophenorieH) absorbs at
and~360 nm continued to increase during irradiation for several 360 nm in hexané! Diradicals derived frono-alkylbenzophe-
hours. This blue color did not fade visibly under argon. In nones exhibit a long-wavelength absorption band aroune-520
the air, however, the absorbance at 624 nm decayed rapidly at550 nn#2-15and do not much differ from the blue speciégx
first, then gradually more slowly in the course of a few days, 624 nm). This finding also seems to indicate the presence of
as displayed in Figure 3B. The absorbance at 624 nm decreasedome DR in the blue species.
more than that at 501 nm, indicating that the photogenerated Since the blue species were considerably quenched by contact
species are not a single substance. The decay rate became vewyith air, they must be radicals. ESR spectra measured for a
slow after several days. For instance, the remaining absorbanceingle crystal showed one intense absorption withvalue of
at 624 nm relative to that immediately after irradiation was 38% 2.002 87 and several paired lines on both sides of the central
even after 40 days. This result can be understood by assumindine (Figure 5). The former is assigned mainly to monoradicals
that more than one-third of the blue species are well protected produced in the crystals. However, there is a possibility of
from the attack by oxygen owing to their presence in the crystal overlapping triplet species with small fine structures. Variation
bulk, which the oxygen molecule cannot easily penetrate into. of its spectral intensity with irradiation time is shown in Figure
The blue species in the crystal bulk had a high thermal stability; 6. The time courses for the photolysis monitored by diffuse-
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Figure 4. HPLC analysis of the blue crystals. In this experiment, only f
the blue surface was washed off with MeOH in the presence of air and
was analyzed: (1) peroxidg; (2) 2-p-COMe; (3) 1-p-COMe; X,
solvent; i, an impurity inl-p-CO,Me.
SCHEME 2
° oH Figure 5. ESR spectra of the photoirradiated (31hp-CO,Me single
hv, argon > crystal in vacuo observed under amplitude of 320 with 0.2-mT field
O O comte  oyel | ctentBlue Speckes C‘ . O CoMe modulation. The upper spectrum consists of the central intense line,
M ot powdered) DR the paired two lines (designated by arrows), and thé'Mstandard
1-p-COMe and other radicals signals of the third and fourth hyperfine components. The lower spectra
solvent | air (or An were taken under different amplitudes: 320 and 1000.
1
N c02Me
2-p-CO,Me _ L]
air 0.28 - 0.33 % 0.26 - 0.45 % "-‘;
Ar 0.09-0.19 0.21-0.44 g 05
= . L]
o
reflectance spectroscopy (Figure 3A) and ESR spectroscopy = .
(Figure 6) correlated with each other well, considering their .
different irradiation conditions. Spin counting of the central .
lines made after 13 h of irradiation showed the radical .
concentration of ca. 0.3% on the basis of 4-hydroxy-2,2,6,6- o
tetramethylpiperidine-1-oxyl as standard. N o 200 200 600 800
Several paired lines seen in Figure 5 exhibited a strong
angular dependence with respect to the magnetic field. Since irradiation time, min

the ESR fine structure of a triplet species in a single crystal Figure 6. ESR spectral variation of the monoradical species depending
comprises paired two lines and their separation changes dependon the_irradiation time. Intensities were normalized at ca. 800 min
ing on crystal orientation, these paired peaks indicate unambigu-irradiation.

ously the zero-field splitting tensor for the triplet radical species.

Thus, we analyzed the angular dependence of the spectraintramolecular pair such as the diradical DR in Scheme 1.
separation for the most dominant triplet species (designated byMoreover, a crystallographic inspection has revealed that the
arrows in Figure 5). The principal values of the zero-field analyzed principal axes coincide not with the direction of the
splitting gave|D| = 5.962 and|E| = 0.537 mT. This triplet two radical centers of DR but with the intermolecular direction
species $ = 1) comes either from the intramolecular or between the nearest-neighboring molecules, i.e., between mol-
intermolecular radical§ = %,) pairs. The zero-field splitting  ecule &, y, 20 and molecule (£x, —y, 1 —2) as is shown in
parameters obtained suggest the distance between the radicalBigure 7. Consequently, the most intense line pair in Figure 5
to be in the range #8 A. This value is too large for an is assigned to an intermolecular radical pair, which was probably
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In summary, we have demonstrated by three simple means
(thorough grinding, soligtsolid mixing, and elevated temper-
atures) that a narrow reaction cavity is responsible for the
previously found lack of solid-state photoreactivity fep-CO,-

Me. Blue radical species, which are very stable in the absence
of oxygen, are regarded as a mixture of the photoenol-type
( diradical DR and monoradicals derived thereof.
Figure 7. Crystal structure ofl-p-COMe.

Experimental Section
formed via DR through H abstraction from the nearest-
neighboring molecule. Judging from the yield of thgt€apped General Procedures. *H-NMR spectra (200 MHz) were

product3 (0.28-0.33%), the DR species present in the crystal Measured on a Varian Gemini-200 spectrometer in GD&!
is very small in quantity and hence may elude detection under @nd mass spectra were recorded on JASCO FT/IR-5M and JEOL

the present condition of ESR measurements. JMS-DX 300 spectrometers, respectively. Diffuse-reflectance
Figure 7 displays the crystal structurelsp-CO,Me as well spectra were mgasurgd with a Shimadzu UV-2400PC spectrom-

as the hydrogen atoms (H27B and H25B) that are nearest theeter equipped with a diffuse-reflectance attgc'hment, and a BaSO

ketone carbonyl carbon (C10) or nearest thePr methine powder was used as asta_ndard for reflectivity. HPLC analyses

carbon (C23 or C17). Molecule(y, z) and molecule (- x, were performe_d with a Shimadzu LCTSA chromatog_raph and a

—y, 1 — 2), which are related by a center of symmetry, are UV detector (flxeql at 217 nm) by using a CosmosilipBR

close to each other, and this characteristic dimeric packing wasc0lumn (4.6 mm i.d> 150 mm) and a mixture of methanol

considered to be a major driving force leading to its narrow and water (85:15 v/v) as eluent. ESR spectra were measured

reaction cavity? The distances between the above carbon atoms @t the X band using JEOL-FE1XG with a 100-kHz field

and hydrogen atoms are 3:3.5 A. Although these distances Modulation. )

are considerably longer than the sum of van der Waals radii of ~Materials. 2,4,6-Triisopropyl-4(methoxycarbonyl)ben-

C and H (2.9 A), the intermolecular H abstraction, unlike the Zophenonel-p-COMe) and other derivatived{p-CO:Et, 1-p-

intramolecular one, may occur beyond this lif$itOf course, ~ COH, 1-p-COCI, 1-H) employed in the present work were

it is presumed here that the conformation of DR is not very available from our previous work®101719 Preparations and

different from that of the original ketone and that the radical Photolyses of-X (X = p-CO,Cas0.5H0, p-(R)-CQCH*(Me)-

centers are nearly localized. Indeed, the angular analysis ofEt, and m- and p-(S)-CONHCH*(CHPh)CGMe) will be

the most intense ESR triplet peaks demonstrated that thefeported elsewhere.

hydrogen-atom transfers occurred between DR and ketone in Solid-State Photolysis. Crystals, which were ground into

the dimeric structure (vide supra). powders in an agate mortar and pestle, were placed in our solid-
Photogeneration of similar blue species was observed for nonestate photolysis vessel made of Pyrex gfasghen irradiation

of the other 2,4,6-triisopropylbenzophenones thus far studied. was carried out with a 400-W high-pressure mercury lamp under

ESR signals observed from photolysis of the crystald-pf a slow stream of argon. During the irradiation, the vessel was
COClI or1-p-CO,H were by far the weaker compared with those ~cooled from outside by circulation of cold water4@) or heated

of 1-p-CO,Me. ESR signals were negligible in the casd.éf. on a hot plate £2 °C). After the photolysis, the reaction
The reason for this conspicuously high radical yield frivp- mixture was dissolved in suitable solvents (usually MeOH and
CO:Me is not clear at this moment. Possibly DR is longer- CDCl;) and analyzed by NMR and HPLC.

lived in the rigid crystal lattice ofl-p-CO,Me owing to Diffuse-Reflectance Spectra Measurementsinto a shallow
inhibition of the cyclization process DR 2-p-CO,Me. Hence, hollow for the diffuse-reflectance spectrum measurement, 3 g

DR may have chances to be trapped by oxygen to \dedaid of BaSQ powders and subsequently 150 mg of nonpulverized
to further abstract hydrogen atoms of neighborlag-COMe crystals of1-p-CO,Me were pressed. This was placed in our
molecules, giving a mixture of monoradical and diradical species solid-state photolysis ves8eind was degassed, then filled with
(Scheme 3). Although DR has been assumed to exist in argon. This degassirgargon-charge cycle was repeated three
photocyclization of 2,4,6-triisopropylbenzophenones to benzo- times and the vessel was closed. The sample was irradiated as
cyclobutenols in solutiok%1718hey were unable to be detected described above. The diffuse-reflectance spectra were measured
by laser flash photolysis probably because of their short lifetimes in the air at room temperature before and after irradiation.
(<100 ns)tt12 The present results suggest that the lifetime of ~ ESR Measurements. An ESR tube containing a crystalline

DR photogenerated from crystallidiep-CO,Me is lengthened 2,4,6-triisopropylbenzophenone was sealed under high vacuum.
as a consequence of its compact crystal packing aroungtithe ~ This was irradiated with a 450-W high-pressure mercury lamp
Pr groups, and hence, DR may be directly detectable. Time- at ambient temperature, and the ESR spectra were measured.
resolved ESR spectroscopy is in progress along this?fine. Mn2* solid solution in MgO (1/2000) and 4-hydroxy-2,2,6,6-
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tetramethylpiperidine-1-oxyl benzene solution were used for the
calibration of the magnetic field and for spin-counting, respec-

tively.

Preparation of Cyclic Peroxide 3. An authentic sample of
a cyclic peroxide3 was prepared by solution photolysisbbp-
CO:Me in the presence of oxygéf. A 0.01 M solution of1-p-

Ito et al.
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Press: New York, 1973; Chapter 1.
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