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NIMddd

The photochemical reactivities of 1,1-diarylspiropentanes la— have been investigated under various
photolysis conditions. Upon direct photolysis or acetone-sensitized photolysis, 1 underwent skeletal
rearrangement to afford methylidenecyclobutanes 2, 3 and 4. A mechanism involving diradical
intermediates has been proposed. Also studied were the photochemical and thermal reactions of the
electron donor-acceptor (EDA) complexes of 1 with tetracyanoethylene (TCNE). Photoirradiation of
the charge-transfer (CT) absorption bands of the EDA complexes resulted in the skeletal rearrangement
of 1 to 2 and 3, with concomitant formation of TCNE adducts 11b,c and 12a—. The X-ray structure of
11c is reported. A mechanism involving ion radical pairs [1'*, TCNE" ] is proposed for the
photoreaction. In contrast, no skeletal rearrangement was observed in the thermal reaction of the EDA

complexes although ilb and 11c were produced.

The photochemical and thermal reactions of strained
hydrocarbons ! have been the subject of considerable attention.
For example, the thermolysis 2 and photolysis ** of cyclopro-
panes have been thoroughly investigated and have been shown
to give stereomutation, skeletal rearrangements and fragmen-
tation. The charge-transfer (CT) and electron-transfer (ET)
chemistry 3 of cyclopropanes has also attracted attention and
cyclopropanes have been used as reactive electron donors for
isomerizations,® cycloadditions,” nucleophile-assisted ring
cleavage ® and oxygenations.®

Spiropentanes are also remarkable strained compounds. In
conjunction with the thermal reactions of cyclopropanes, the
thermal reactivity of spiropentanes has been investigated with
particular interest in their skeletal rearrangement.'® However,
little attention has been paid to the photochemical rearrange-
ment of spiropentanes and although the parent spiropentane is
known to undergo fragmentation reactions when photolyzed
in the gas-phase,!! its skeletal rearrangement has never been
observed. It is not known whether spiropentane derivatives can
undergo any photochemical rearrangements.

We report here the photochemical reactivity of 1,1-
diarylspiropentanes 1la—¢ upon direct photolysis and triplet
photosensitization. These exploratory studies show that la—¢
undergo photochemical skeletal rearrangements to 1-diaryl-
methylidenecyclobutanes 2, 2,2-diaryl-1-methylidenecyclo-
butanes 3 and 3,3-diaryl-1-methylidenecyclobutanes 4. We
have also studied the photochemical and thermal reactions of
the electron donor-acceptor (EDA) complexes derived from
1 and TCNE in order to exploit their ET and CT chemistry.

Results and discussion

Direct photolysis of spiropentanes 1

Direct photolyses of 1 were performed with 254 nm light. After
photolysis of acetonitrile solutions containing 2.0 x 10°2 mol
dm™3 of 1, three types of methylidenecyclobutanes, 2, 3 and 4
were produced together with 1,1-diarylallenes 5. The results are
summarized in Table 1.

A possible mechanism for the photoreaction can be deduced
from the position of the diarylmethylene moiety of the
photolysis products. As shown below, a mechanism employing
hypothetical diradical intermediates 69 rationalizes the
photorearrangement. Photolysis of 1 would cause C-1-C-2
bond fission [egn. (1)] and C-1-C-3 bond fission [eqn. (2)]
competitively to afford 1,3-diradicals 6 and 8, respectively. The
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Table 1 Direct® and acetone sensitized photolysis® of 1

Direct/yield (%)¢ Sens. /yield (%) ¢
Spiropentane 2 3 4 5 Recov. 2 3 Recov.
la 10 9 10 38 30 21 27 38
1b 12 11 6 35 31 27 40 22
1c 12 20 2 12 37 21 45 9

@ Solutions of 1 (0.12 mmol) in acetonitrile (6 cm*®) were photolysed
(254 nm) for 3 h. ® Solutions of 1 (0.12 mmol) in acetone (6 cm?) were
photolysed (300 nm) for 5 h. © By 90 MHz 'H NMR.

former species is converted into 7 by C-3—-C-4 bond cleavage,
and the latter into 9 through ring opening of the cyclopropyl
radical moiety. Ring closure of the resulting 1,4-diradicals 7
and 9 leads to respective methylidenecyclobutanes, 2, 3 and 4.
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Fig. 1 The charge-transfer absorption spectra of the EDA complexes
derived from 1 and TCNE (2.5 x 102 mol dm™ each) in
dichloromethane at 25 °C: 1a (——), 1b (- ——) and lc (- - -). The dotted
line (- - -) is absorption due to TCNE only

As for the formation of 5, it seemed possible that the
secondary photoreaction of 2, 3 and/or 4 would afford §
through loss of ethene. However, the possibility was ruled out
by control experiments, showing that none of 2, 3 and 4 gave §
under the photolysis conditions. It was also confirmed that 2, 3
and 4 did not interconvert with one another. Therefore, it is
most likely that the fragmentation reaction [eqn. (3)] occurs in
the direct photolysis of 1 to generate 2,2-diarylcyclopropylidene
10 as a third reaction pathway. Ring opening of 10 would afford
5. Similar retro-1,2-addition to generate carbenes has been
observed in the photolyses of cyclopropanes.'?® In addition,
10a and the related systems have been reported to undergo
facile ring opening to give allenes.!?* A characteristic feature
of the direct photolysis of 1 is lack of positional selectivity for
the initial bond fission. Presumably this is due to the excess
vibrational energy of the photoexcited 1.

Acetone-sensitized photolysis of spiropentane 1

It is interesting to compare the results of direct photolysis with
those of triplet sensitized photoreaction. We have examined
several triplet sensitizers such as fluorenone (Ey = 225 kJ
mol')!? and benzophenone (E; = 289 kJ mol!)!* but it
turned out that these sensitizers were ineffective. In the case of
xanthone (E; = 309 kJ mol !),'# the sensitized photolysis of 1a
resulted in only ca. 3% of 3a. However, acetone (Er = 334 kJ
mol )% was effective for the photorearrangement of 1 and
the skeletal rearrangement of 1 was successfully induced by
irradiation (300 nm) of acetone solutions containing 2.0 x 1072
mol dm 3 of 1. Intriguingly, acetone-sensitized photolysis of 1
selectively led to the formation of 2 and 3 in high yields as
shown in Table 1. Control experiments showed that 2 and 3 did
not interconvert with each other in the presence of acetone.

It should be noted that no formation of 4 or allene 5 was
observed in the acetone-sensitized photoreaction of 1. These
results suggest that the rearrangement of 1 in a triplet mani-
fold proceeds selectively through the sequential C-1-C-2 and
C-3—C-4 bond cleavage as described in terms of eqn. (1). Again,
diradical intermediates 6 and 7 play an important role in the
formation of 2 and 3. The other pathways [eqns. (2) and (3)],
which are feasible in the direct photolysis, are notinvolved in the
acetone-sensitized photoreaction.

Formation of EDA complexes of spiropentane 1 with TCNE

Spiropentanes la—¢ are good electron donors with oxidation
potentials (Egx) +1.67, +1.42 and +1.17 V vs. SCE,
respectively. When a colourless solution of TCNE was mixed
with colourless 1a in dichloromethane, the orange-red
coloration of the EDA complex immediately developed.
Compounds 1b and 1c¢ with TCNE gave red-brown and purple
colours, respectively. As shown in Fig. 1, the colour change is
due to the appearance of distinctive charge transfer (CT)
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absorption bands of the resulting EDA complexes. The
absorption spectrum of the 1a-TCNE complex appears as a
composite of two partially resolved bands at 4_,, 406 and 4,
486 nm. For 1b and lc, the longer wavelength bands were
significantly red-shifted and their absorption spectra appeared
with two well-resolved bands. Their absorption maxima were
located at 419 and 540 nm for 1b and at 398 and 598 nm
for 1c.

The observed red-shifting of the CT bands of the EDA
complexes of 1b and 1c is as expected from the electron
donating effects of the methyl and methoxy substituents on the
aromatic rings. By way of comparison, CT absorption maxima
of arene complexes such as benzene-TCNE (4,,, 390 nm),
toluene-TCNE (1,,,, 414 nm) and anisole-TCNE (4,,,, 388, 512
nm) are progressively red-shifted. Electron transfer (ET) from
donors to acceptors occurs upon photoirradiation of their
EDA complexes.!® Accordingly, photoirradiation of the CT
bands of the EDA complexes of la—c is a straightforward
method to investigate their ET photochemistry.

Photochemistry of the 1-TCNE EDA complexes

The 1-TCNE EDA complexes were found to be photoreactive.
Irradiation (A > 390 nm) of a solution of 1la and TCNE in
dichloromethane resulted in skeletal rearrangement to give 2a
and 3a in 44 and 7% yield, respectively (Table 2). It should be
noted that, unlike direct and acetone-sensitized photolyses, 2a
was produced in preference to 3a. Also noteworthy is that the
ratio of 2a:3a is dependent on the solvent polarity. Thus in a
polar solvent, acetonitrile, exclusive formation of 2a was
observed whereas the yield of 3a increased to 13%; in nonpolar
benzene.

Similar trends were observed in the photoreactions of 1b and
1c. In acetonitrile 2b or 2¢ was produced in (almost) complete
preference to 3b or 3c. In dichloromethane or benzene,
formation of 2b or 2¢ was still favoured but the yield of 3b and
3c increased with decreasing solvent polarity (Table 2). In these
cases appreciable amounts of TCNE adducts 11b,c and 12b,c
were obtained in addition to the rearranged products. With 1c,
anovel 2: 1 adduct 13¢c was also produced. Control experiments
showed that 2 and 3 did not interconvert with each other and
that 12 was not produced from 2 or 3.
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X-Ray crystallographic analysis of 11¢ was carried out for
the unequivocal determination of the structure since inspection
of the spectroscopic data did not completely eliminate a
possible alternative structure which could arise from the C-1-
C-3 bond fission of 1. The result is shown in Fig. 2. Adduct 11¢
has indeed a composite structure in which TCNE is incorpor-
ated into the C-1-C-2 bond of 1¢, not the C-1-C-3 bond.

Related studies on the ET reactions of various strained
hydrocarbons *>~° have revealed that the strained c-bonds can

T Involvement of electron transfer in the acetone-sensitized photo-
reaction of 1 is highly unlikely. Acetone is a poor acceptor and the
reduction peak by CV cannot be seen up to —2.5 V vs. SCE in MeCN.
We presume that the E, ., may be ca. —3 V. Based on this value and the
triplet excitation energy of 3.47 eV (334 kJ mol™), the E,, of triplet
excited acetone is estimated to be ca. +0.5 V vs. SCE, which is not
positive enough to oxidize even the most electron-rich lec.



Table 2 Photoreaction of the EDA complexes derived from 1 and
TCNE*

Yield (%)°
Solvent
Donor  (irrad. time) 2 3 11 12 13 Recov.
1a CH,CN (20h) 38 0 0 0 0 60
la CH,C), (20h) 44 7 0 0 0 35
1a C¢Hg (20 h) 71 13 0t 0 5
1b CH,CN(20h) 51  t¢ 2 0 0 43
1b CH,Cl,(20h) 38 5 5 0 0 12
1b CsHg (20 h) 40 15 6 0 0o 7
1c CH,CN (6 h) 19 0 4 t 11 48
1c CH,CI, (6 h) 4 2 17 8 34 25
Ic Ce¢Hg (6 h) 13 S 19 6 29 11

“ Solutions (4 cm?) of 1 and TCNE (0.20 mmol each) were irradiated
using a 2 kW xenon lamp (4 > 390 nm). ® Analysed by 90 MHz 'H
NMR. ¢ Less than 2%,
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be weakened or cleaved by ET. The observed rearrangement of
1 to 2 is explained as a result of C-1-C-2 bond fission of 1'* in a
photogenerated ion pair [1°*, TCNE" ] followed by migration
of the C-4 (or C-5) onto C-2 to give 2'* [eqn. (4a)]. Reverse
electron transfer from TCNE'~ then leads to 2. A similar
skeletal rearrangement possibly involving initial C-1-C-2 bond
fission followed by C-4 (C-5) migration was observed for the
parent spiropentane cation radical.'® The photosensitized ET
reaction of 1 also resulted in the skeletal rearrangement.!” In
the present case the formation of 13 suggests that the cation
radical 1¢'* undergoes an additional type of rearrangement
employing C-4 migration onto the 4-methoxyphenyl ring to
give 14 as shown in eqn. (5). Deprotonation followed by the
reaction with TCNE is a possible pathway for the formation
of 13c.
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It is interesting that a notable amount of 3 was produced
in less polar solvents since formation of 3'* from 1'* is
thermodynamically much less favourable than 2" * . Calculations
based on the redox potentials of 2, 3 and TCNE{ suggest that
ion pairs [2a"*, TCNE'"], [2b*, TCNE'"] and [2¢*,
TCNE' "] are more stable than ion pairs [3a’*, TCNE" ],
[3b"*, TCNE' "] and [3¢’*, TCNE" "] by 0.55, 0.40 and 0.30
eV, respectively. In this respect it is unlikely that formation
of 3 is due to cation radical transformation as shown in eqn.
(4b). Solvent polarity plays an important role in many ET
photoreactions and photogenerated ion pairs sometimes show
diverse reactivities depending on the solvent polarity.'® In a
polar solvent, acetonitrile, solvation of the photogenerated ion
pair [1°*, TCNE"~ ] would result in elongation of the interionic
distance. Under the circumstances migration of C-4 (or C-5) of
1'* onto C-2 to give 2°* [eqn. (4a)] is expected to proceed with
diminished electronic and steric effects due to pairing TCNE® .

In dichloromethane or benzene shorter interionic distances
between 1°* and TCNE'~ would bring about an appreciable
electronic effect upon fission of the C-1-C-2 bond of 1°*. It is
conceivable that a 1,3-diradical similar to 6 is generated to some
extent through the C-1-C-2 bond cleavage of 1'* followed by
reverse ET from the paired TCNE"~. The results of the direct
photolysis of 1 suggest that the hypothetical diradical 6 leads to
the formation of 2 and 3 through 7. Formation of cycloadducts
11b,c and 12¢ in dichloromethane or benzene can be interpreted
as a result of the reaction of 6b,c and 7¢ with TCNE.

It should be mentioned that 1b and 1c¢ afforded cycloadducts
11b,c and 12¢ whereas 1a gave no 11a but a trace amount of
12a. A simple explanation for this is that the reactivity of 6 and
7 would be enhanced by electron donating substituents such as
methyl or methoxy groups. Diradicals 6b,c and 7c may be more
reactive than 6a and 7a, respectively, and trapping with TCNE
would give 11b,c and 12c. It is also conceivable that polar
intermediates like 15 and 16 are precursors for adducts 11 and
12. Stabilizing effects of the methyl and methoxy substituents
on such species would be advantageous for the formation of the
cycloadducts.

Thermal activation of the 1-TCNE EDA complexes

The EDA complexes of 1 and TCNE are stable at room
temperature in solutions and they persist for hours without
detectable chemical change. However, we noticed that 1c
afforded 2% of 11¢ when a solution of 1¢ and TCNE in
dichloromethane was kept in the dark at room temperature for
2 days. Therefore the thermal reaction of the EDA complexes of
1 and TCNE was investigated.

When a solution of 1a with TCNE in xylene was heated at
reflux (140 °C) for 3 days, no reaction was observed and la
was recovered in 97% yield. On the other hand, reaction of 1b
and TCNE afforded adduct 11b as the sole product in 51%
yield with recovery of 1b (44%,) under comparable conditions.
In the case of 1c, similar reaction with TCNE in xylene or
propionitrile for 2 days gave 11c in 43% or 24% yield with
recovery of 1¢ (45% or 74%,). No reaction was observed when 1b
and 1c were heated without TCNE under comparable
conditions. It is noteworthy that, unlike the photochemistry,

1 Egx Values of 2a, 2b, 2¢, 3a, 3b and 3c are +1.46, +1.38, +1.19,
+ 2.01, +1.78 and +1.49 V (vs. SCE in MeCN), respectively. E_ .,
Of TCNE is +0.22 V (vs. SCE in MeCN).
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the thermal reactions gave no rearranged products even when
the reaction was carried out in polar propionitrile with 1c, the
most electron-rich substrate.

We have examined another acceptor, 2,3,6,7-tetracyano-
pyrazino[2,3-b]pyrazine (TCPP),'® whose reduction potential
(E.q) s +0.30 V vs. SCE. The E,, value indicates that
TCPP is a better acceptor than TCNE and therefore stronger
CT interactions may result between 1¢ and TCPP than between
1c and TCNE. However, no trace of rearrangement product
2¢ or 3c could be detected and 1c was recovered almost
quantitatively (>97%) when 1lc was heated with TCPP in
refluxing propionitrile. Similar reaction with 2,3-dichloro-5,6-
dicyano-1,4-benzoquinone (E,.4, +0.51 V vs. SCE) also failed
to give 2c¢ or 3c.

It is interesting that the TCNE adducts 11b and 11¢ can be
obtained also by the thermal reaction of 1b and 1c. The
thermally activated EDA complexes of 1b and 1c¢ would be
akin to the corresponding photogenerated ion radical pairs.
Obviously, formation of ion radicals is not involved in the
thermal reaction since no formation of the rearranged products
was observed. In fact ET processes from 1 to TCNE are thermo-
dynamically unfavourable with the calculated free energy
changes being highly endothermic, +1.45, +1.20 and +0.95
eV for 1a, 1b and 1c, respectively. Nevertheless strong bonding
EDA interactions can be involved in the transition states for the
thermal reactions of 1b and 1c. During bonding interactions
between 1b (or 1¢) and TCNE, enhanced CT interactions would
simultaneously reduce the electron density of the peripheral
bond (C-1-C-2) of 1b or 1¢. As a result, the thermally activated
EDA complex selectively leads to the formation of the
cycloadduct 11b and 11c without giving rearranged products.
In the case of the 1a-TCNE complex, the amount of CT during
the thermal reaction may not be great enough since 1a is the
weakest donor.

In this context the thermal EDA reaction should be referred
to as an inner sphere type ET reactionZ?%* or a polar
process,2%? which involves bond reorganization synchro-
nously with ET. A dipolar species 15 postulated in the
photoreaction may also play a role as an intermediate.
Analogous cycloadditions of some cyclopropane derivatives
with TCNE have been observed and intermediates similar to
15 have been postulated.”?¢

Conclusion

The results of the investigation of the photoreactions of 1
provided unprecedented examples of photochemical rearrange-
ment of spiropentanes to methylidenecyclobutanes. Electron-
ically excited 1 and cation radicals 1'* play an important role in
the photoinduced reactions of 1. Although the mechanism varies
according to the mode of excitation, change in the electronic
configuration of 1 generally leads to the skeletal rearrangement.
The photoinduced ET reaction of 1 presents an intriguing
example, in which degree of interionic interaction in the
photogenerated ion pairs may be controlled by solvent polarity
and hence the subsequent chemical reactions can be diversified.

Experimental

Melting points were measured on a Yamato MP-21 melting
point apparatus and are uncorrected. NMR spectra were
recorded on a Varian EM-390 or XL-200 NMR spectrometer; J
values are given in Hz. A Shimadzu IR-435 spectrometer was
used for IR measurements. UV-VIS absorption spectra were
measured on a Hitachi 340 spectrometer. Cyclic voltammetric
measurements were made in acetonitrile with 0.1 mol dm™3
tetraethylammonium perchlorate as supporting electrolyte and
SCE as the reference electrode by using a Yanagimoto P-1000
voltammetric analyser equipped with a function generator.
Spiropentanes 1 were synthesized by dibromomethylenation *

322 J. Chem. Soc., Perkin Trans. |

of 1-diarylmethylidenecyclopropanes followed by tin hydride
reduction. l-Diarylmethylenecyclopropanes were synthesized
according to literature methods.???? 2,2-Diaryl-1-methylene-
cyclobutanes 3 were obtained and characterized previously.'’
Direct photolyses were carried out on a Rayonet photoreactor
with four RUL-2540 lamps. For triplet sensitized photolyses
four RUL-3000 lamps were used. Photolyses of the EDA
complexes of 1 were performed by using a 2 kW xenon lamp
with a Toshiba L-42 glass filter (1 > 390 nm). Diethyl ether is
referred to as “ether”.

Direct photolysis of spiropentanes 1

A solution of 1 (0.12 mmol) in acetonitrile (6 cm?®) in a quartz
tube was irradiated for 3 h (1 254 nm). After irradiation, the
mixture was evaporated and the resulting photolysate was
analysed by NMR with 1,1,2,2-tetrachloroethane as an internal
standard. The results are summarized in Table 1. The photo-
products 2 and 3 were identified by 'H NMR spectral
comparison with the authentic samples prepared according to
the literature method.!”-?* Methylidenecyclobutanes 4 were
independently synthesized as described below and character-
ized.?3 Allenes 5 were identified by their '"H NMR (200 MHz,
CDCl,) and IR (neat). Their olefinic singlets at dy; 5.22-5.26
and the IR absorptions2¢ at 1935-1936 cm™' are characteristic:
compound 5a, d 5.26 and v,,,, 1935 cm™!; 5b, 5 5.22 and 1935
cm™; 5¢, 6y 5.21 and 1936 cm™!. Control experiments with 2, 3
and 4 showed that they did not interconvert with one another
and were recovered in yields of 92-97% under the photolysis
conditions.

Independent synthesis of 4
3,3-Diaryl-1-methylidenecyclobutanes 4 were synthesized from
3,3-diarylcyclobutan-1-ones >”:?® and diilodomethane according
to a literature method for the synthesis of methylidenecyclo-
butane.??*° The synthesis of 4a is described below as a typical
procedure. In a 200 cm? flask mercury (200 g, | mol) was placed
under a dry nitrogen atmosphere and magnesium ribbon (600
mg, 24.7 mmol) was added. The mixture was stirred and heated
gently with a heat gun to dissolve the magnesium, after which
dry ether (15 cm?®) was added. While the mixture was vigorously
stirred, a solution of 3,3-diphenylcyclobutan-1-one (2.22 g, 10.0
mmol) and diiodomethane (0.90 cm?, 11 mmol) in ether (20 cm?)
was added dropwise over a period of 20 min. The mixturc was
stirred for a further 1 h, after which the ether layer was poured
into aq. ammonium chloride and extracted with ether. The ether
extracts were combined, washed with water three times, dried
(Na,S0,) and evaporatcd to give a pale yellow oil (1.46 g),
which was then chromatographed on a silica gel column.
Elution with hexane gave 1.30 g (5.90 mmol, 59%) of
practically pure 4a.

3,3-Diphenyl-1-methylidenecyclobutane 4a. Mp 25-25.5°C
(from ethanol) (Found: C, 92.4; H, 7.3. C,,H, requires C,
92.68; H, 7.32%); V. ( KBr)/cm ! 3050, 3000, 2950, 2900, 1679,
1598, 1495, 1445, 1410, 1020, 875, 758 and 698; 64(90 MHz,
CCl,) 3.35(4H,t,J2.0),487 (2 H,q, J2.0) and 7.09 (10 H,
m); m/z (80 °C, 25 eV) 220 (M *, 50%) and 205 (100).

3,3-Bis(4-methylphenyl)-1-methylidenecyclobutane 4b. Mp
44.5-45.5 °C (from ethanol) (Found: C, 91.8; H, 8.2. C,,H,,
requires C, 91.88; H, 8.12%); v,..(KBr)/cm™! 2950, 2900, 1675,
1510, 1400, 1295, 1195, 1018, 890, 815, 725 and 550; 64(90 MHz,
CCl,)2.27(6 H,s),3.32(4 H,t,J 2.5),4.78 2 H, q, J 2.5) and
6.89-7.10 (8 H, m); m/z (80 °C, 13.5 eV) 248 (M*, 43%), 233
(31) and 156 (100).

3,3-Bis(4-methoxyphenyl)-1-methylidenecyclobutane 4c. Mp
52.5-53.5 °C (from ethanol) (Found: C, 82.3; H, 7.4. C,,H,,0,
requires C, 81.39; H, 7.19%); vpma{KBr)/cm™! 2950, 2900, 1680,
1610, 1510, 1245, 1030, 820, 600 and 560; 64(90 MHz, CCl,)
328(4H,t,J2.0),371(6H,s),480(2H,q,J2.0),6.68 (4 H,
m) and 7.05 (4 H, m); m/z (80 °C, 13.5¢V) 280 (M *, 13%), 249
(37) and 172 (100).



Attempted triplet sensitized photolysis of 1a

Typically, a solution of 1a (26.5 mg, 0.12 mmol) in acetonitrile
(6 cm?®) and a sensitizer (1 x 10 2 mol dm™?) in a quartz tube
was irradiated for 5 h (4 300 nm). After irradiation, the mixture
was evaporated and the resulting photolysate was analysed by
NMR with 1,1,2,2-tetrachloroethane as an internal standard.
Fluorenone and benzophenone were ineffective sensitizers,
giving no observable rearrangement and 1a was recovered in
90-97% yield. Using xanthone as a sensitizer, ca. 2%, of 3a was
formed (as detected by 'H NMR).

Acetone sensitized photolysis of 1

A solution of 1 (0.12 mmol) in acetone (6 cm?) in a quartz tube
was irradiated for 5 h with light (1 300 nm). After irradiation,
the mixture was evaporated and the resulting photolysate was
analysed by NMR with 1,1,2,2-tetrachloroethane as an internal
standard. The results are summarized in Table 1. Control
experiments with 2 and 3 showed that they did not interconvert
with each other and were recovered in yields of 92-98%;.

Photoreaction of the 1-TCNE complexes

Acetonitrile, dichloromethane and benzene were used as
solvents. Typically, a solution (4 cm®) of 1 and TCNE (0.20
mmol each) was irradiated (4 > 390 nm) for 20 h (6 h for 1c¢),
after which the mixture was evaporated and the residue was
analysed by 90 MHz NMR with nitromethane as an internal
standard. Identification of 2 and 3 was based on spectral
comparison with the authentic samples obtained indepen-
dently.!”?* Irradiation of 2 or 3 with TCNE in dichlorometh-
ane gave no reaction and recovery of 2 or 3.

Isolation of 12a

Irradiation of 1a and TCNE (0.20 mmol each) in benzene as
described above gave 2a and 3a together with a trace amount of
12a. Photolysates obtained by triplicate photolyses were
combined and subjected to preparative TLC. Development
with hexane—dichloromethane (2:3 v/v) afforded 4-(diphenyl-
methylidene)cyclohexane-1,1,2,2-tetracarbonitrile 12a (ca. 2
mg) (R, 0.35), mp 4649 °C; v,...(KBr)/em™ 3060, 2930, 2850,
2212 (CN), 1620, 1590, 1445, 1392, 1240, 1130, 1110, 1075,
1030, 1010, 765, 685 and 630; 64(200 MHz, CDCl,) 2.54 (2 H,
A,B,,J4.0and 7.5),2.66 2 H, A,B,,J4.0and 7.5),3.19 (2 H,
s) and 7.10-7.45 (10 H, m); m/z (90 °C, 25eV) 349 M™* + 1,
17), 348 (M*, 70), 347 (100), 320 (9), 281 (16), 255 (37), 254
(17), 252 (15), 240 (13), 219 (5) and 205 (30).

Isolation of 11b

A solution (4 cm?) of 1b (50 mg, 0.20 mmol) and TCNE (26 mg,
0.20 mmol) was photolysed as described above for 20 h, after
which the mixture was evaporated and subjected to silica gel
TLC with hexane-dichloromethane (2:3 v/v). A mixture of
2¢, 3c and 1c was obtained from the upper band (R; 0.91)
and quantified by 90 MHz NMR with nitromethane as an
internal standard. The lower band (R; 0.35) was collected
and crystallized from benzene-hexane to give 4,4-bis(4-
methylphenyl)spiro[2.4]heptane-5,5,6,6-tetracarbonitrile 11b,
mp 236.5-237.5 °C (decomp.) (Found: C, 80.2; H, 5.3; N, 14.8.
C,sH,(N, requires C, 79.76; H, 5.36; N, 14.88%); Viax-
(KBr)/em™ 2920, 2250 (CN), 2220 (CN), 1510, 1460, 1420,
1195, 1035, 815, 780, 540 and 500; 6,4(90 MHz, CDCl;) 0.96
(4H, brs),2.32 (6 H,s), 3.10 2 H, br s) and 7.1-7.4 (§ H, m),
m/z (90 °C, 25 eV) 376 (M ™, 25), 248 (13), 234 (20), 233 (100),
220 (15), 218 (10) and 205 (6).

Isolation of 11¢, 12¢ and 13¢

A solution (4 cm?®) of 1c (56 mg, 0.20 mmol) and TCNE
(26 mg, 0.20 mmol) was photolysed as described above. After
irradiation for 6 h, the mixture was evaporated and subjected to
silica gel TLC with hexane-dichloromethane (1:2 v/v). A
mixture of 2¢, 3c and 1c was obtained from the top band (R; 0.7)

and quantified by 90 MHz NMR with nitromethane as an
internal standard. Other bands gave the following compounds:

4,4-Bis(4-methoxyphenyl)spiro[2.4]heptane-5,5,6,6-tetracar-
bonitrile 11c. (R; 0.32) Mp 230-231°C (from benzene)
(Found: C,73.4;H,4.7;N; 13.6.C,sH,,N,O, requires C, 73.51;
H, 4.94; N, 13.72%); v, (KBr)/cm™ 2930, 2830, 2230 (CN),
1607, 1510, 1260, 1180, 1030, 830 and 580; 4,;(90 MHz, CDCl,)
0.97(4H, brs),3.11 (2H, brs), 3.83 (6 H, s), 6.90 (4 H, m) and
7.33 (4 H, m); 6¢(50 MHz, CDCl,) 27.06 (t), 27.21 (s), 28.56 (1),
42.19 (s), 45.50 (t), 53.61 (s), 55.36 (q), 65.38 (s), 111.24 (s),
111.48 (s), 114.39 (d), 129.20 (s), 129.68 (s) and 160.12 (s); m/z
(100 °C, 25eV) 409 (M* + 1, 12), 408 (M ™, 87), 280 (69), 279
(100), 265 (13), 252 (23), 249 (99), 159 (9) and 121 (22).

4-Bis(4-methylphenyl)methylidenecyclohexane-1,1,2,2-tetra-
carbonitrile 12¢. (R; 0.50) Mp 153.5-154 °C (from dichloro-
methane-hexane) (Found: C, 73.8; H, 5.1; N, 13.6. C,sH,,-
N,4O, requires C, 73.51; H, 4.94; N, 13.72%); Am.(MeCN)
244 and 272 (sh) nm (¢ 21 400 and 14 400 dm® mol™? cm™);
Vmax(KBr)/cm™t 2930, 2820, 2280 (CN), 2240 (CN), 1605, 1510,
1440, 1240, 1170, 1027, 830 and 575; 64x(200 MHz, CDCl,)
2.53 2 H, A,B,, J 3.5 and 7.0), 2.66 (2 H, A,B,, J 3.5 and
7.0), 3.22 (2 H, s), 3.80 (3 H, s), 3.82 (3 H, s), 6.88 (4 H, m)
and 7.05 (4 H, m); 6o(50 MHz, CDCl;) 25.78 (t), 33.01 (t), 36.84
(1), 40.81 (s), 41.39 (s), 55.27 (q), 110.47 (s), 110.58 (s), 113.97
(d), 114.29 (d), 120.30 (s), 129.98 (d), 130.10 (d), 131.93 (s),
132.44 (s), 146.76 (s), 159.30 (s) and 159.38 (s); m/z (100 °C,
25 eV) 408 (M ™, 12), 282 (11), 281 (100), 279 (83), 266 (52),
253 (13), 252 (11) and 250 (27).

1,4-Bis[ 6-methoxy-1-(4-methoxyphenyl)-3,4-dihydro-2-
naphthyl]butane-2,2,3,3-tetracarbonitrile 13c. (R; 0.43), Recrys-
tallized from dichloromethane-hexane, mp 176-177°C
(decomp.); v, (KBr)/cm ! 2930, 2830, 2250 (CN), 2220 (CN),
1640, 1610, 1570, 1510, 1460, 1305, 1280, 1250, 1175, 1110,
1035, 830 and 580; 6,(200 MHz, CDCl;) 2.59 (4 H, dd, J 5.5 and
8.5),2.92(4H, dd, JS5.5and 8.5),3.06 (4 H, s), 3.78 (6 H, 5), 3.83
(6 H,s), 6.59 (4 H, brs), 6.73 (2 H, s) and 6.93-7.10 (8 H, m);
(50 MHz, CDCl5) 27.00 (t), 28.51 (t), 39.57 (t), 44.67 (s), 55.27
(q), 55.36 (q), 110.78 (d), 111.22 (s), 113.28 (d), 114.46 (d),
122.88 (s), 128.54 (s), 128.74 (s), 128.97 (d), 131.27 (d), 137.25
(s), 142.38(s), 159.21 (s) and 159.34 (s); m/z (FAB, NBA matrix)
688 (M™ + 2,3),687 (M* +1,7), 686 (M™, 7), 343 (5), 280
(27), 279 (100), 154 (18), 136 (12) and 128 (1).

X-ray crystallography of 11c¢

A crystal of 11c, obtained as a colourless rod, approximate
dimensions 0.25 x 0.15 x 0.1 mm was used for data collection
on a Rigaku automated four-circle diffractometer (AFC-5R)
with rotating anode (200 mA, 40 kV). A total of 2388 reflections
was collected by using graphite monochromated Cu-K«
radiation (4 = 1.5418 A) within 20 = 105°. Crystal data: a =
20.867(2), b = 11.875(1), ¢ = 16.883(3) A, f = 95.29(3)°, V =
4165.7(9) A3, monoclinic, C2jc, Z = 8 and D...=1303 g
cm™3. The ORTEP?! drawing is shown in Fig. 2. The structure
was solved by the direct method using RANTAN 81 program 32
with some modification, and refined by the block-diagonal
least-squares method with anisotropic temperature factors.33
All the hydrogen atoms were located in the difference Fourier
map which were included in the refinement to give the final R
value of 5.42 for 360 variable parameters and 1805 independent
reflections with |F,| > 30|F,|. No absorption correction was
applied. The atomic scattering factors from the International
Tables for X-ray Crystallography (Vol. III) were used. All the
computation were carried out by using an ACOS 2020
computer at Tohoku University and the applied library
program of UNICS III system.3?

Reaction of 1 with TCNE in the absence of light

A solution of 1 and TCNE (0.20 mmol each) in
dichloromethane (4 cm®) was stirred for 2 d at room temp.
(23°C) in the dark, after which the mixture was evaporated
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and analysed by '"H NMR with nitromethane as an internal
standard. No reaction was observed for 1a and 1b and the
starting material was recovered quantitatively. In the case of 1c,
formation of 11¢ (2%) was observed with recovery of 1c (94%).

Thermal reaction of 1 with TCNE

Typically a solution of 1 (0.20 mmol) and TCNE (0.30 mmol)
in xylene (4 cm?) was heated to reflux (140 °C) for 2-3 d, after
which the mixture was evaporated under reduced pressure
and analysed by 'H NMR with nitromethane as an internal
standard. No reaction was observed for 1a and it was recovered
in 97% yield. A similar reaction with 1b for 3 d afforded 11b as
the sole product in 51% yield with recovery of 1b (44%;). The
reaction of 1c with TCNE in refluxing xylene or propionitrile
(bp 97 °C) for 2 d gave 11c (43 or 24%) with recovery of lc
(45 or 74%,). Adducts 11b and 11c were isolated by silica gel
TLC and their spectral data were identical with those obtained
photochemically.

Attempted thermal reaction of 1¢ with 2,3,6,7-tetracyano-
pyrazino[2,3-b]pyrazine (TCPP)

A solution of 1¢ and TCPP (0.20 mmol each) in dry
propionitrile (4 cm?®) was heated at reflux for 3 d. After
evaporation of the mixture, analysis of the residue by '"H NMR
with nitromethane as an internal standard showed that lc
remained intact (97% recovery). A similar reaction with 2,3-
dichloro-5,6-dicyano-1,4-benzoquinone gave lc with 71%
recovery. No formation of 2¢ or 3¢ was observed.
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