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Generation of singlet and triplet 2-silylcyclopentane-1,3-diyls and their reactivity have been
investigated in the thermal and photochemical denitrogenation of 2,3-diaza-7-silylbicyclo[2.2.1]-
hept-2-ene. 5-Silylcyclopentene (silyl migration product) is quantitatively obtained, while 5-silylbicyclo-
[2.1.0]pentane (intramolecular ring-closure product) is not detected in the denitrogenation reactions.
Deuterium labeling studies clarify that 5-silylcyclopentene is formed by a suprafacial [1,2] silyl
migration in singlet 2-silylcyclopentane-1,3-diyl. UDFT calculations closely reproduce the observed
reactivity of the singlet diradical: The enthalpic barriers of the intramolecular ring-closure are
calculated to be ∆Hqexo

468 ) 5.8 kcal/mol and ∆Hqendo
468 ) 6.7 kcal/mol, which are much higher than

the energy barrier for the [1,2] silyl migration, ∆Hq
468 ) 2.7 kcal/mol. The notable effect of the silyl

group on raising the energy barrier of the intramolecular cyclization is rationalized by an electronic
configuration of the lowest singlet state of 2-silylcyclopentane-1,3-diyls.

Introduction

Cylopentane-1,3-diyls DR1 are promising intermedi-
ates in thermal interconversion of bicyclo[2.1.0]pentanes
CP and their structural isomerization to cyclopentenes
1 (Scheme 1). The parent bicyclo[2.1.0]pentane (X ) Y )
H) isomerizes to cyclopentene with an Arrhenius activa-
tion barrier of 46.0 kcal/mol,2 which is 8.2 kcal/mol higher
than that for the interconversion (Ea ) 37.8 kcal/mol)3.
Herman and Goodman experimentally determined the
heat of formation of cyclopentane-1,3-diyl by using time-
resolved photoacoustic calorimetry.4 Taken together with
the activation energies and the heat of formation of
bicyclo[2.1.0]pentane, the enthalpies of activation for the
ring-closure and hydrogen migration from cyclopen-
tane-1,3-diyl are determined to be 1-2 kcal/mol and 8
kcal/mol, respectively. Carpenter and co-workers closely
reproduced the reaction profile using high-level ab initio
calculations.5 Thus, it is quite reasonable to observe the
fact that the ring-closure to bicyclo[2.1.0]pentane is much
faster than the hydrogen migration to cyclopentene from cyclopentane-1,3-diyl. In contrast, in 1973, Ashe reported

that thermolysis of endo- and exo-5-silylbicyclo[2.1.0]-
pentane CP (X ) SiMe3, Y ) H) exclusively afforded
5-silylcyclopentene 1a (X ) SiMe3, Y ) H) with activation
energies of 35.8 and 39.2 kcal/mol.6 He did not observe
any endo-exo interconversion in the thermolysis reac-
tions. If one believes that 2-silylcyclopentane-1,3-diyl is
an intermediate in the thermal isomerization reactions,
the following question is quickly raised: Why does the
silyl migration pathway overcome the intramolecular
ring-closure, producing 5-silylbicyclo[2.1.0]pentane? Be-
cause thermal sigmatropic shift of silicon has been
observed preferentially to that of hydrogen in 5-silylcy-
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clopentadiene7 and 1-silylindene,8 it is expected that an
energy barrier for the silyl migration in 2-silylcyclopen-
tane-1,3-diyl is lower than the energy (8 kcal/mol) for the
hydrogen migration in the parent cyclopentane-1,3-diyl.
However, the activation energy of the silyl migration is
unknown. If the energy barrier from 2-silylcyclopentane-
1,3-diyl to 5-silylbicyclo[2.1.0]pentane is comparable to
the barrier (1-2 kcal/mol) from cyclopentane-1,3-diyl to
bicyclo[2.1.0]pentane, it could be natural that the in-
tramolecular ring-closure competes with the silyl-migra-
tion reaction. In 1999, Borden and co-workers predicted
a high enthalpic barrier to ring-closure of ∆Hq

298 ) 13.5
kcal/mol at the CASPT2/6-31G* level of theory for 2,2-
disilylcyclopentane-1,3-diyl (X ) Y ) SiH3).9 If the
dramatic effect of the silyl group on raising the energy
barrier is applied to the effect of the silyl group in
monosilyl-substituted cyclopentane-1,3-diyls, then the
exclusive formation of 5-silylcyclopentene from 5-silylbi-
cyclo[2.1.0]pentane would be understandable. However,
the effect of the monosilyl group on the energy barrier
to ring-closure is still unknown and thus open to debate.

To clarify the puzzling effect of the silyl group on the
mechanism for the exclusive formation of 5-silylcyclo-
pentene in the thermal isomerization of 5-silylbicyclo-
[2.1.0]pentane, one should generate 2-silylcyclopentane-
1,3-diyl using a different method and investigate the
reactivity in detail. To this end, we have synthesized
7-silyl-2,3-diazabicyclo[2.2.1]hept-2-enes AZ1, AZ2, and
AZ1-d2 (Scheme 2), and the thermal and photochemical
denitrogenation reactions were performed in this study
(Schemes 3 and 4). Computational work on the reactivity
of 2-trimethylsilylcyclopentane-1,3-diyl was also carried
out at the UDFT level of theory. A rational mechanism
is herein proposed with the support of both experimental

and computational investigations to account for the
exclusive formation of 5-silylcyclopentene from 2-silyl-
cyclopentane-1,3-diyl.

Results

Synthesis of Azoalkanes AZ1 and AZ2. Azoalkanes
AZ1, AZ2, and endo-selectively dideuterated AZ1-d2 were
prepared according to the method described in Scheme
2. Detailed experimental procedures and spectroscopic
data are in the Supporting Information. The diastereo-
selective cycloaddition (>97% de) of 5-silylcyclopentadi-
ene with diethyl azodicarboxylate (DEAD) was unveiled
by the 1H NMR (600 MHz) NOE measurements in the
azoalkane structures. The NOE measurements also clari-
fied the chemical shifts of endo- (δ 0.80 ppm) and exo-
hydrogen atoms (δ 1.23 ppm) at C5 and C6 positions in
AZ1. The deuterium contents (53 ( 3% -d) of the endo-
hydrogen atoms in AZ1-d2 were determined by the
comparison of the peak areas of the 1H NMR (600 MHz)
spectrum. The endo-selective deuteration is probably due
to the steric repulsion between the bulky silyl group and
the diimide (N2D2) in the hydrogenation step.

Denitrogenation of Azoalkanes AZ1 and AZ2. The
direct (340 ( 10 nm) photodenitrogenation of azoalkanes
AZ1 (λmax ) 342 nm, ε 221 in C6H6) and AZ2 (λmax ) 342
nm, ε 159 in C6H6) in degassed C6D6 with a 500 W Xenon
lamp (a monochromator was used for wavelength selec-
tion) led to the quantitative formation of 5-silylcyclo-
pentenes 1b (SiR3 ) SiPhMe2) and 1c (SiR3 ) SitBuMe2)
at room temperature (ca. 20 °C), see Supporting Informa-
tion. We could not detect any trace of 5-silylbicyclo[2.1.0]-
pentane CP under the reaction conditions (Scheme 3).
Benzophenone-sensitized photodenitrogenations (hν )
390 ( 10 nm) also afforded 1b or 1c (>97%) at the stage
of ca. 30% conversion of the starting azoalkanes. In the
absence of benzophenone, cyclopentenes 1b and 1c were
not observed: Thus, the cyclopentenes formed in the
presence of benzophenone must be derived from the
triplet-excited azo chromophores. Because 5-silylbicyclo-
[2.1.0]pentane CP is stable below the temperature of ca.
150 °C,6 it is strongly proposed that 5-silylbicyclo[2.1.0]-
pentane CP was not formed in the photodenitrogenation
reaction of the azoalkanes AZ1 and AZ2. Thermal
denitrogenation of AZ1 in a degassed benzene solution
was also performed in a sealed tube at 100 °C. The results
were similar to those in the photodenitrogenation reac-
tions: The quantitative formation of 5-silylcyclopentene
1b was observed.

Deuterium Labeling Studies of Silyl Migration.
To get information regarding the mechanism for the silyl

(7) Fritz, H. P.; Kreiter, C. G. J. Organomet. Chem. 1965, 4, 313-
319.

(8) Davison, A.; Rakita, P. E. J. Organomet. Chem. 1970, 23, 407-
426.

(9) Johnson, W. T. G.; Hrovat, D. A.; Skancke, A.; Borden, W. T.
Theor. Chem. Acc. 1999, 102, 207-225.

SCHEME 2. Synthesis of Azoalkanes AZ1, AZ2,
and AZ1-d2

SCHEME 3. Thermal and Photochemical
Denitrogenation Reactions of Azoalkanes

SCHEME 4. Deuterium Labeling Studies in the
Silyl-Migration Reactions

Reactivity of Cyclopentane-1,3-diyls
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migration reaction, we performed deuterium labeling
studies in the photochemical and thermal denitrogena-
tion of deuterated azoalkane AZ1-d2 (53 ( 3% -d in the
endo-hydrogen atoms). The direct photodenitrogenation
reaction quantitatively gave the dideuterated 5-silylcy-
clopentene 1b-d2 (Scheme 4), for which we have assigned
the configurations of all the hydrogen atoms by means
of C,H-COSY and NOE measurements (600 MHz NMR).
The spectral data allowed one to distinguish unequivo-
cally between all of the four hydrogen atoms in the
methylene carbons. Careful 1H NMR (600 MHz) spectro-
scopic analysis revealed that only the hydrogen atoms
that were trans to the silyl group contained deuterium
atoms (53 ( 3% -d, see Supporting Information). Thus,
the suprafacial migration of the silyl group, which
produces trans-1b-d2 with 100% retention of configura-
tion in the starting azoalkane AZ1-d2, was observed in
the direct irradiation conditions. In contrast, the ben-
zophenone-sensitized denitrogenation afforded a mixture
of trans- and cis-dideuterated cyclopentene 1b-d2 with
72% retention of configuration in the starting azoalkane
(Scheme 4). The stereoselectivity was determined by the
deuterium content in the trans- and cis-hydrogen atoms
(39% and 15% -d, respectively) in 1b-d2. A control
experiment with labeled cyclopentene trans-1b-d2 showed
that no deuterium scrambling occurred under the ben-
zophenone-sensitized irradiation conditions. The results
clearly signify that the stereochemical course of cyclo-
pentene formation depends on the spin state of the
excited azo-chromophore. The deuterium labeling study
was also performed in the thermal decomposition of
azoalkane AZ1-d2 (Scheme 4). The perfect retention of
the configuration, the suprafacial migration of the silyl
group, was found to give trans-1b-d2, as observed under
direct irradiation conditions.

Discussion

Mechanism. The mechanism in Scheme 5 is proposed
to account for the experimental observations in the

denitrogenation reaction of silyl-substituted azoalkanes.
It is generally accepted that diazenyl diradicals DZ are
the first intermediates in photodenitrogenation of azoal-
kanes.10 In our case, the singlet or triplet diazenyl
diradical S- or T-DR may also be the initial intermediate
from the singlet- or triplet-excited azo-chromophore.
Because it is known that the lifetime of diazenyl radical
(MesNdN‚) is ca. 100 fs,11 and a â-silyl radical lives long
enough to be detected by EPR,12 the denitrogenation from
S- and T-DZ should be faster than the desilylation from
DZ.13 The alternative option of SH2 denitrogenation in
S-DZ,10 producing 5-silylbicyclo[2.1.0]pentane, is also
excluded, because the housane was not observed in the
photochemical process at room temperature.14 Conse-
quently, under direct irradiation conditions, the singlet
diazenyl diradical S-DZ preferentially expels nitrogen to
generate the trans-deuterated diradical S-DR, followed
by the suprafacial silyl migration15 producing the ob-
served trans-1-d2 configuration with complete retention
of the initial configuration of the azoalkane. The singlet
diradical S-DR may also be generated in the thermal
decomposition of azoalkanes via concerted denitrogena-
tion.5

In contrast to the singlet pathway (direct irradiation
and thermal decomposition), a small but significant ran-
domized distribution of the deuterium atoms in 5-silyl-
cyclopentene 1b was observed in the triplet-sensitized
photodenitrogenation of azoalkane AZ1-d2 (Scheme 4).
From the triplet-excited azoalkane, again the diazenyl
diradical T-DZ is generated first, which upon denitro-
genation produces the triplet 1,3-diradical T-DR. Desi-
lylation, intersystem crossing to a singlet radical pair,
and subsequent C-Si bond formation produce 5-silylcy-
clopentene 1 (Scheme 5). Thus, the initial trans-config-
uration between the silyl group and deuterium atoms in
the deuterated azoalkane is lost during the chemical
processes.16 However, as mentioned already (Scheme 4),
the stereochemical randomization is not perfect. Thus,
ca. 70% retention of the initial configuration was ob-
served in 1b-d2. The competitive isc process of the T-DR
to S-DR might be the reason for the partial randomiza-
tion of the configuration (Scheme 5).17

As mentioned already, 2-silylcyclopentane-1,3-diyl DR
is strongly proposed to be the intermediate for the
selective formation of 5-silylcyclopentene 1 in the deni-

(10) (a) Sinicropi, A.; Page, C. S.; Adam, W.; Olivucci, M. J. Am.
Chem. Soc. 2003, 125, 10947-10959. (b) Adam, W.; Trofimov, A. V.
Acc. Chem. Res. 2003, 36, 571-579.

(11) Diau, E. W.-G.; Abou-Zied, O. K.; Scala, A. A.; Zeweil, A. H. J.
Am. Chem. Soc. 1998, 120, 3245-3246.

(12) Chatgilialoglu, C.; Ingold, K. U.; Scaiano, J. C. J. Am. Chem.
Soc. 1983, 105, 3292-3296.

(13) The energy barrier of the desilylation from the diazenyl
diradical S-DZ (SiR3 ) SiMe3) was calculated to be ca. 20 kcal/mol
higher than the energy of the denitrogenation in the diazenyl diradical
at the UB3LYP/6-31G* level of theory; see Figure S1 in the Supporting
Information.

(14) Potential energy surface analysis found that the SH2 process
in S-DZ (SiR3 ) SiMe3) has an energy barrier of ca. 15 kcal/mol at the
UB3LYP/6-31G* level of theory; see Figure S2 in the Supporting
Information.

(15) Suprafacial [1,2] oxygen migration in cyclopentane-1,3-diyl
derivative, see: Abe, M.; Adam, W.; Ino, Y.; Nojima, M. J. Am. Chem.
Soc. 2000, 122, 6508-6509.

(16) A CIDNP effect should be observed in the cyclopentene product,
although we have no ability to measure it.

(17) Desilylation from T-DR (SiR3 ) SiMe3) was calculated to
possess an activation energy of 12.6 kcal/mol at the UB3LYP/6-31G*
level of theory; Figure S3 in the Supporting Information.

SCHEME 5. Mechanism of Thermal and
Photochemical Denitrogenation of Azoalkanes
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trogenation reaction of azoalkanes AZ. Thus, it is con-
cluded that the suprafacial silyl migration is much faster
than the intramolecular cyclization process producing
5-silylbicyclo[2.1.0]pentane. To understand quantitatively
the 2-silyl group effect on the reactivity of cyclopentane-
1,3-diyl, UDFT calculations were performed for 2-tri-
methylsilylcyclopentane-1,3-diyl DR1 (X ) SiMe3, Y )
H) as a model compound.

UDFT Computations. Substituent effects on the
spin-multiplicity of diradicals have been a topic of current
interest.18-20 First of all, the ground-state spin-multiplic-
ity of DR1 was computed at the UB3LYP/6-31G*21 level
of theory with the Gaussian 98 suite of programs.22 In
contrast to the triplet ground state of the parent cyclo-
pentane-1,3-diyl (X ) Y ) H, ∆EST ) ES - ET ) +1.2
kcal/mol),1c,23 the singlet DR1 was calculated to lie
slightly below the triplet by 0.1 kcal/mol (∆EST ) -0.1)
in C1 symmetry. The calculated energy gap is much
smaller than that of 2,2-disilylcyclopentane-1,3-diyl (X
) Y ) SiH3, ∆EST ) -5.2 kcal/mol, C2 symmetry) at the
same level of theory.24 The significant effect of the silyl
group on the singlet preference is attributed to the
hyperconjugative stabilization of the singlet state, i.e.,
electron delocalization from the C-Si σ bond at C2 to
the in-phase combination (ψS) of the p-π AOs at C1 and
C3 (Figure 1).9,23-25

As illustrated in Figure 1, the dominant interaction of
the in-phase ψS NBMO is with the filled pseudo-π orbital
at the C2 position.26 The orbital interaction leads to the
destabilization of ψS and the preferred occupancy of the
out-of-phase ψA NBMO. The ratio of the occupation
number of the ψA and ψS NBMOs in the singlet DR1 was
calculated to be 1.17/0.83 ) 1.40 using (2/2)CASSCF/
6-31G*//UB3LYP/6-31G* computation. Thus, a 40% de-
viation from unity was computed. In sharp contrast, the
preferred occupancy of ψS NBMO has been found for 2,2-
difluoro-27 and dialkoxy-substituted 1,3-diradicals28 (Fig-
ure 2). In the case of the electron-withdrawing-group-
substituted diradicals, the dominant interaction of the
ψS NBMO with the unfilled C-X (X ) F, OR) σ* orbital
leads to the stabilization of the ψS NBMO; as a result,
the ψS NBMO possesses the greater occupation number.
The dramatic substituent effect at the C2 position on the
electronic configuration in the lowest singlet states of 1,3-
diradicals predicts the different reactivity between the
silyl-substituted diradicals and the electron-withdrawing-
group-substituted diradicals (Scheme 6). Thus, fast dis-
rotatory ring-closure is expected to give cis-fused bicyclo-
[2.1.0]pentanes for dialkoxy-substituted singlet diradicals
(X ) Y ) OR). In fact, the singlet states of 2,2-difluoro-
and dialkoxycyclopentane-1,3-diyls are calculated to be
transition-state structures rather than minima.23,25a The
preferred formation of bicyclo[2.1.0]pentane derivatives
was experimentally confirmed by the quantitative forma-
tion of the intramolecular cyclization product in the
denitrogenation reaction of dialkoxy-substituted azoal-

(18) For non-Kekulé diradicals, see: (a) Borden, W. T.; Iwamura,
H.; Berson, J. A. Acc. Chem. Res. 1994, 27, 109-116. (b) Berson, J. A.
Acc. Chem. Res. 1997, 30, 238-244. (c) Ma, J.; Ikeda, H.; Inagaki, S.
Bull. Chem. Soc. Jpn. 2001, 74, 273-278.

(19) For studies of boron-centered cyclobutane-1,3-diyls, see: (a)
Scheschkewitz, D.; Amii, H.; Gornitzka, H.; Schoeller, W. W.; Bouris-
sou, D.; Bertrand, G. Science 2002, 295, 1880-1881. (b) Wentrup, C.
Science 2002, 295, 1846-1847. (c) Seierstad, M.; Kinsinger, C. R.;
Cramer, C. J. Angew. Chem., Int. Ed. 2002, 41, 3894-3896. (d)
Schoeller, W. W.; Rozhenko, A.; Bourissou, D.; Bertrand, G. Chem.s
Eur. J. 2003, 9, 3611-3617. (e) Cheng, M.-J.; Hu, C.-H. Mol. Phys.
2003, 101, 1319-1323. (f) Jung, Y.; Head-Gordon, M. J. Phys. Chem.
A 2003, 107, 7475-7481. (g) Amii, H.; Vranicar, L.; Gornitzka, H.;
Bourissou, D.; Bertrand, G. J. Am. Chem. Soc. 2004, 126, 1344-1345.
(h) Scheschkewitz, D.; Amii, H.; Gornitzka, H.; Schoeller, W. W.;
Bourissou, D.; Bertrand, G. Angew. Chem., Int. Ed. 2004, 43, 585-
587.

(20) For studies of singlet 1,3-diphosphacyclobutane-2,4-diyls, see:
(a) Niecke, E.; Fuchs, A.; Baumeister, F.; Nieger, M.; Schorller, W. W.
Angew. Chem., Int. Ed. Engl. 1995, 34, 555-557. (b) Schoeller, W. W.;
Begemann, C.; Niecke, E.; Nyulaszi Gudat, D. J. Phys. Chem. A 2001,
105, 10731-10738. (c) Grutzmacher, H.; Breher, F. Angew. Chem., Int.
Ed. 2002, 41, 4006-4011. (d) Sugiyama, H.; Ito, S.; Yoshifuji, M.
Angew. Chem., Int. Ed. 2003, 32, 3802-3804. (e) Sebastian, M.; Nieger,
M.; Szieberth, D.; Nyulászi, L.; Niecke, E. Angew. Chem., Int. Ed. 2004,
43, 637-641.

(21) (a) Hariharan, P. C.; Pople, J. A. Theor. Chim. Acta 1973, 28,
213-222. (b) Becke, A. D. J. Chem. Phys. 1993, 98, 5648-5652. (c)
Lee, C.; Yang, W.; Parr, R. G. Phys. Rev. B 1988, 37, 785-789.

(22) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.;
Robb, M. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A.,
Jr.; Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.;
Daniels, A. D.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.;
Barone, V.; Cossi, M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo,
C.; Clifford, S.; Ochterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q.;
Morokuma, K.; Malick, D. K.; Rabuck, A. D.; Raghavachari, K.;
Foresman, J. B.; Cioslowski, J.; Ortiz, J. V.; Stefanov, B. B.; Liu, G.;
Liashenko, A.; Piskorz, P.; Komaromi, I.; Gomperts, R.; Martin, R. L.;
Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng, C. Y.; Nanayakkara, A.;
Gonzalez, C.; Challacombe, M.; Gill, P. M. W.; Johnson, B. G.; Chen,
W.; Wong, M. W.; Andres, J. L.; Head-Gordon, M.; Replogle, E. S.;
Pople, J. A. Gaussian 98, revision A 11.3; Gaussian, Inc.: Pittsburgh,
PA, 2002.

(23) Abe, M.; Ishihara, C.; Nojima, M. J. Org. Chem. 2003, 68, 1618-
1621.

(24) The singlet-triplet energy gap ∆EST ) -5.8 kcal/mol was
reported at the CASPT2/6-31G* level of theory, see ref 9.

(25) (a) Skancke, A.; Hrovat, D. A.; Borden, W. T. J. Am. Chem.
Soc. 1998, 120, 7079-7084. (b) Borden, W. T. Chem. Commun. 1998,
1919-1925.

(26) Hoffmann, R. J. Am. Chem. Soc. 1968, 90, 1475-1485.
(27) (a) Xu, J. D.; Hrovat, D. A.; Borden, W. T. J. Am. Chem. Soc.

1994, 116, 5425-5427. (b) Tian, F.; Lewis, S. B.; Bartbergr, M. D.;
Dolbier, W. R., Jr.; Borden, W. T. J. Am. Chem. Soc. 1998, 120, 6187-
6188.

(28) Abe, M.; Adam, W.; Nau, W. M. J. Am. Chem. Soc. 1998, 120,
11304-11310.

FIGURE 1. Hyperconjugative stabilization of singlet 2-silyl-
substituted cyclopentane-1,3-diyls.

FIGURE 2. Substituent effect on the electronic configuration
in the lowest singlet state of DR.

SCHEME 6. Substituent Effect on the Mode
(Disrotatory versus Conrotatory) of Ring Closure
in the Lowest Singlet State of 1,3-Diradicals

Reactivity of Cyclopentane-1,3-diyls
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kanes.29 In contrast, the conrotatory ring-closure to the
highly strained trans-fused bicyclopentane is required
from the electronic configuration of the lowest singlet
state of the silyl-substituted diradicals, whose activation
energy should be extremely high.9 The cis-fused bicyclo-
pentane may be formed from the energetically unfavored
electronic configuration of the singlet silyl-substituted
diradicals, i.e., the occupancy of ψS NBMO. In any event,
the intramolecular cyclization in 2-silylcyclopentane-1,3-
diyl needs a considerably high energy barrier.

UDFT calculations were performed to estimate quan-
titatively the energy barriers of the intramolecular
cyclization and the silyl-migration reaction from the
singlet DR1 (Figure 3). It is quite difficult to obtain the
values experimentally. We have also been interested in
whether such a relatively low-cost method may be used
to study the reaction profiles of open-shell singlet mol-
ecules, because, in general, multi-configuration self-
consistent field methods, such as CASSCF and CASPT2
calculations, are needed for homolytic bond-breaking and
-making processes.30 Figure 3 summarizes the computed
enthalpy profile (including zero-point energy corrections)
of the reaction of singlet DR1 at 195 °C (a typical
temperature used in the experimental thermolysis of
5-silylbicyclo[2.1.0]pentane derivatives)5 and compares
the results with experimental values. Full Cartesian
coordinates and vibrational frequencies for all the sta-

tionary points are listed in the Supporting Information.
It is clear that the suprafacial silyl migration, ∆Hq

468 )
2.7 kcal/mol, from the singlet diradical S-DR1 is pre-
dicted to be an energetically more favorable process than
the intramolecular cyclization, ∆Hqendo

468 ) 6.7 kcal/mol
and ∆Hqexo

468 ) 5.8 kcal/mol, producing the endo- and exo-
5-silylbicyclo[2.1.0]pentane. The electronic effect (the
selective occupation of the out-of-phase ψA NBMO in the
lowest singlet state of S-DR1) rationalizes the much
higher activation enthalpies for the ring-closures, com-
pared to the small activation enthalpy for the parent
cyclopentene-1,3-diyl (∆Hq

413 ) 1.2 kcal/mol)5 and the
nearly zero activation energy for 2,2-dialkoxycyclopen-
tane-1,3-diyl. The accuracy of the UDFT calculations
was confirmed by comparison with the available experi-
mental values. From the activation energies of thermal
decompositions of endo- and exo-5-silylbicyclo[2.1.0]-
pentane,6 the activation enthalpies (∆Hq

468’s) at 195 °C
can be calculated to be 34.9 and 38.3 kcal/mol (Figure
3). Thus, the UDFT calculations closely reproduced the
experimental results with some underestimation, ca. 3
kcal/mol.

Conclusions

The thermal and photochemical denitrogenation of
azoalkanes AZ1, AZ2, and AZ1-d2 have revealed the
notable silyl group effect at the C2 position on the
reactivity of singlet cyclopentane-1,3-diyls. Thus, the
suprafacial [1,2] silyl migration to 5-silylcyclopentene was
found to be much faster than the intramolecular cycliza-
tion to 5-silylbicyclo[2.1.0]pentane from singlet 2-silyl-
cyclopentane-1,3-diyl. The observation provided valuable
information regarding the mechanism for the selective
formation of 5-silylcyclopentene in the thermal decom-
position of endo- and exo-5-silylbicyclo[2.1.0]pentane,
which has been debated until now. Benzophenone-sen-
sitized photodenitrogenation of azoalkanes and the deu-
terium labeling study in the denitrogenation of AZ1-d2

have signified that the triplet 2-silylcyclopentane-1,3-
diyls also give the silyl migration product, exclusively.
The computational studies have provided a reasonable
answer to the substituent effect of the silyl group at the
C2 position on the reactivity of singlet cyclopentane-1,3-
diyls DR. The high energy barrier to ring closure is due
to the electronic configuration of the lowest singlet state
of the silyl-substituted diradical, i.e., the selective oc-
cupation of the out-of-phase ψA NBMO.
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FIGURE 3. Computed and experimental relative enthalpies
of stationary points in the reaction of 2-trimethylsilylcyclo-
pentane-1,3-diyl DR1.
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