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UDFT and CASSCF calculations with the 6-31G(d) basis set were performed to investigate the
heavier group 14 element (M) effect on the ground-state spin multiplicity of cyclopentane-1,3-diyls
and their reactivity. The calculations find that 2-metallacyclopentane-1,3-diyls (M = Si, Ge) that
possess a variety of substituents (X = H, Me, F, OR, SiH3) at M(2) are singlet ground-state molecules.
The energies of the 1,3-diphenyl-substituted singlet 2-silacyclopentane-1,3-diyls are calculated to
be ca. 5 kcal/mol lower than those of the intramolecular ring-closure products, i.e., 1,4-diphenyl-
5-silabicyclo[2.1.0]pentanes, at the B3LYP/6-31G(d) level of theory. The energy barrier for the
disrotatory ring closure of singlet 2,2-dimethyl-1,3-diphenyl-2-silacyclopentane-1,3-diyl (Acaica = 757
nm, f = 1.01 at RCIS/6-31G(d)) to the corresponding 5-silabicyclo[2.1.0]pentane is computed to be
11.6 kcal/mol, which is 13.1 kcal/mol lower in energy than that for the conrotatory ring-opening to
a 3-silapenta-1,4-diene. The computational work predicts that singlet 1,3-diaryl-2-silacyclopentane-

1,3-diyls are persistent molecules under conditions without trapping agents.

Introduction

Substituents and heteroatom effects on the ground-
state spin multiplicity of diradicals and their reactivity
have been a topic of timely current interest. Taking
advantage of the kinetic stability of four-membered ring
systems, considerable effort has been devoted to under-
stand the electronic structure and reactivity of singlet
cyclobutane-1,3-diyls A,* B,> C,® D,* and E.® The open-
shell molecules B, C, and E were even isolated under

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

(2) (@) Niecke, E.; Fuchs, A.; Baumeister, F.; Martin Nieger,
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.; Nyuléaszi, L.; Niecke, E.
Angew. Chem., Int. Ed. 2004, 43, 637—641.

(3) (a) Scheschkewitz, D.; Amii, H.; Gornitzka, H.; Schoeller, W. W.;
Bourissou, D.; Bertrand, G. Science, 2002, 295, 1880-1881. (b)
Wentrup, C. Science 2002, 295, 1846—1847. (c) Seierstad, M.; Kins-
inger, C. R.; Cramer, C. J. Angew. Chem., Int. Ed. 2002, 41, 3894—
3896.(d) Schoeller, W. W.; Rozhenko, A.; Bourissou, D.; Bertrand, G.
Chem. 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) Saettel, N. J.; Wiest, O. J. Org.
Chem. 2003, 68, 4549—4552. (h) Amii, H.; Vranicar, L.; Gornitzka, H.;
Bourissou, D.; Bertrand, G. 3. Am. Chem. Soc. 2004, 126, 1344—1345.
(i) Scheschkewitz, D.; Amii, H.; Gornitzka, H.; Schoeller, W. W.;
Bourissou, D.; Bertrand, G. Angew. Chem., Int. Ed. 2004, 43, 585—
587.

(4) Ma, J.; Ding, Y.; Hattori, K.; Inagaki, S. J. Org. Chem. 2004,
69, 4245—4255.
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certain conditions. In five-membered ring systems, Bor-
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den and our group® found the notable substituents (X)
effects at C(2) on the ground-state spin multiplicity of
localized 1,3-diradicals DR1 (M = C) and have investi-
gated the reactivity of the singlet diradicals (Scheme 1).
Thus, strong electron-withdrawing substituents (X = F,
OR) or -donating silyl groups (X = SiRg3) allow us to locate
energetically the singlet states below the triplet states
(Table 1).6 The substituents effects were concluded to be
due to the hyperconjugative stabilization of the singlet

(6) (@) Xu, J. D.; Hrovat, D. A.; Borden, W. T. J. Am. Chem. Soc.
1994, 116, 5425—-5427. (b) Getty, S. J.; Hrovat, D. A.; Borden, W. T. J.
Am. Chem. Soc. 1994, 116, 1521—1527. (c) Borden, W. T. Chem.
Commun. 1998, 1919-1925. (d) Abe, M.; Adam, W.; Nau, W. M. J.
Am. Chem. Soc. 1998, 120, 0, 11304—11310. (¢) Adam, W.; Borden,
W. T.; Burda, C.; Foster, H.; Heidenfelder, T.; Jeubes, M.; Hrovat, D.
A.; Kita, F.; Lewis, S. B.; Scheutzow, D.; Wirz, J. J. Am. Chem. Soc.
1998, 120, 593—-594. (f) Skancke, A.; Hrovat, D. A.; Borden, W. T. J.
Am. Chem. Soc. 1998, 120, 7079—7084. (g) Johnson, W. T. G.; Hrovat,
D. A.; Skancke, A.; Borden, W. T. Theo. Chem. Acc. 1999, 102, 207—
225. (h) Abe, M.; Adam, W.; Heidenfelder, T.; Nau, W. M.; Zhang, X.
J. Am. Chem. Soc. 2000, 122, 2019—2026. (i) Abe, M.; Adam, W.; Hara,
M.; Hattori, M.; Majima, T. Nojima, M.; Tachibana, K.; Tojo, S. J. Am.
Chem. Soc. 2002, 124, 6540—6541. (j) Zhang, D. Y.; Hrovat, D. A.; Abe,
M.; Borden, W. T. J. Am. Chem. Soc. 2003, 125, 12823—12828. (k) Abe,
M.; Adam, W.; Borden, W. T.; Hattori, M.; Hrovat, D. A.; Nojima, M.;
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TABLE 1. Group 14 Element and Substituents Effects on the Singlet—Triplet Energy Gap, AEsr, in
Cyclopentane-1,3-diyls DR1-3
AEgst (kcal/mol) = Es — Et
DR1 DR2 DR3
M=C M = Si M = Ge
X sym UDFT? UDFT? CASSCF® MP2//CASSCF*¢ UDFT? CASSCFb dAAEsTCX EAAEgTSHX
H Coy +1.3 -5.2 -3.8 -1.0 —1.89h —1.89h 0.0 0.0
Me C, +0.2f —-5.7 -3.1 -3.7 —2.59 —2.19 +1.1 +0.5
F Cav -11.4 -11.3 -75 -10.8 i i +12.7 +6.1
OH C, —6.4 -8.1 -5.5 —6.5 i i +7.7 +2.9
—O(CH_2),0— C, -10.7 —-11.4 i i i i +12.0 +6.2
SiH3 C, —-5.4 -1.6 -0.7 i i i +6.7 —3.6

a The calculations were performed at the UB3LYP/6-31G(d) level of theory. The energy gaps were calculated after correction for spin
contamination in the singlet by using Yamaguchi and Houk’s formula (ref 16). The energy gaps for DR1 are taken from our previous
work; see refs 1 and 6h. P The energy gaps were calculated at the (6/6)CASSCF/6-31G(d) level of theory. ¢ The energy gaps were calculated
at the MP2/6-31G(d)//(6/6)CASSCF/6-31G(d) level of theory. 4 AAEstCX = 1.3 (for AEsT®H) — AEst®X, whose values were calculated at
UB3LYP/6-31G(d). ¢ AAEstSiX = —5.2 (for AEstS'H) — AEsTSIX, whose values were calculated at UB3LYP/6-31G(d). f This work. 9 LANTZ2

basis set was used for Ge. " In C, symmetry. i Not calculated.

SCHEME 1. Reactivity of Cyclopentane-1,3-diyls
X, X
M
R R
als
u ISC
X X X_ X X
R\ R R4M;R_.R/MX
T alUs R
CP1:M=C DR1:M=C MG1:M=C
CP2:M=Si DR2: M = Si MG2: M = Si
CP3: M = Ge DR3: M = Ge MG3: M = Ge

X =H, Me, F, OR, SiHg
R=H, Ph

states, i.e., electron delocalization of in-phase p— orbit-
als at C(1) and C(3) to low-lying C—X (X = F, OR) o*
orbitals or electron delocalization of high-lying C—Si o
orbital to in-phase p— orbitals at C(1) and C(3) (Figure
1). The spectroscopic detection of persistent singlet
diradicals (X = F, OR) in a matrix (77 K) was achieved
by the introduction of aryl groups (R = Ph) at the C(1)
and C(3) positions.®s"k However, the lifetime of the
species is still short at room temperature (r = ns — us),
since the intramolecular cyclization and migration reac-
tions are fast processes to give CP and MG (Scheme 1).
If the rates of the two pathways are retarded, the lifetime
of open-shell singlet molecules could increase. The elon-
gation of the lifetime should provide us more opportuni-
ties to investigate precisely the character of carbon-
centered localized singlet diradicals.

In the present study, we designed 2-metallacyclopen-
tane-1,3-diyls DR2 (M = Si) and DR3 (M = Ge),
considering the following advantages to generate the
singlet ground-state molecules and retard the rates of
the intramolecular cyclization and 1,2-migration reac-
tion: (1) M (= Si, Ge)—X o™ orbitals are lower in energy
than C—X ¢* orbitals.” (2) The strain energies of silirane
and germirane (SE = ca. 40 kcal/mol) are much higher
than that of cyclopropane (SE = ca. 27 kcal/mol).8 (3) The
m-bond energies of CH,=MH; (M = Si: Dc=sin2 = ca. 40

(7) (a) Giordan, J. C.; Moore, J. H. J. Am. Chem. Soc. 1983, 105,
6541—-6544. (b) Giordan, J. C. J. Am. Chem. Soc. 1983, 105, 6544—
6546.

X, X X, X x, *x
G — &«
X=F,OR  X=SiR,

FIGURE 1. Hyperconjugated stabilization of singlet cyclo-
pentane-1,3-diyls DR1.

kcal/mol, M = Ge: Dc—gen2 = ca. 30 kcal/mol) are much
smaller than that of CH,=CH; double bond (Dc—c = ca.
65 kcal/mol).° Here, we report computational investiga-
tions regarding heavier group 14 element (M) and sub-
stituents (X) effects on the singlet—triplet energy spacing
in 2-metallacyclopentane-1,3-diyls.'° In connection with
future experimental studies, the reactivity of a singlet
1,3-diphenyl-substituted 2-silacyclopentane-1,3-diyl was
also investigated at the UB3LYP/6-31G(d) level of theory.

Computational Methods
Geometry optimizations were performed at the UB3LYP

and/or (6/6)CASSCF*? level of theory with the 6-31G(d)*® basis
set. The geometries of stationary points and transition states

(8) (a) Jones, P. R.; White, D. D. J. Organomet. Chem. 1979, 181,
399—-410. (b) Boatz, J. A.; Gordon, M. S.; Hilderbrandt, R. L. J. Am.
Chem. Soc. 1988, 110, 352—358. (c) Boatz, J. A.; Gordon, M. S. J. Phys.
Chem. 1989, 93, 3025—3029. (d) Horner, D. A.; Grev, R. S.; Schaefer,
H. F. 3. Am. Chem. Soc. 1992, 114, 2093—2098. (e) Skancke, P. N;
Hrovat, D. A.; Borden, W. T. J. Am. Chem. Soc. 1997, 119, 8012—8014.
(f) Su, M.-D.; Chu, S.-Y. J. Am. Chem. Soc. 1999, 121, 11478—11485.
(g) Becerra, R.; Walsh, R. J. Organomet. Chem. 2001, 636, 49—55. (h)
Naruse, Y.; Ma, J.; Inagaki, S. J. Phys. Chem. A 2003, 107, 2860—
2864.

(9) (a) Walsh, R. Acc. Chem. Res. 1981, 14, 246—252. (b) Schaefer,
H. F. Acc. Chem. Res. 1982, 15, 283—290. (c) Apeloig, Y.; Karni, M. J.
Am. Chem. Soc. 1984, 106, 6676—6682. (d) Raabe, G. Michl, J. Chem.
Rev. 1985, 85, 419—5009. (e) Windus, T. L.; Gordon, M. S. 3. Am. Chem.
Soc. 1992, 114, 9559—-9568. (f) Leigh, W. J.; Boukherroub, R.; Kerst,
C. J. Am. Chem. Soc. 1998, 120, 9504—9512. (g) Guse'lnikov, L. E.;
Avakyan, V. G.; Guselnikov, S. L. J. Am. Chem. Soc. 2002, 124, 662—
671, (h) Avakyan, V. G.; Guselnikov, S. L.; Gusel'nikov, L. E. J.
Organomet. Chem. 2003, 686, 257—271.

(10) A part of this work has been presented at the annual meeting
of Chemical Society of Japan, 1D3—40, Kobe, March 26, 2004.

(11) Becke, A. D. J. Chem. Phys. 1993, 98, 5648—5652. Lee, C.; Yang,
W.; Parr, R. G. Phys. Rev. B 1988, 37, 785—789 Foresman, J. B.; Head-
Gordon, M.; Pople, J. A.; Frisch, M. J. J. Phys. Chem. 1992, 96, 135—
149.

(12) Eade, R. H. E.; Robb, M. A. Chem. Phys. Lett. 1981, 83, 362—
368.

(13) Hariharan, P. C.; Pople, J. A. Theor. Chim. Acta 1973, 28, 213—
222.
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were all located, and vibrational analyses were performed with
the Gaussian 98 suite of programs.’* A multireference MP2
algorithm?® that has been implemented in the Gaussian was
used to correct the SCF energetics for dynamic correlation
(without re-optimization for the geometries). The optimized
geometries and their energies are available in the Supporting
Information.

Results and Discussion

Table 1 summarizes group 14 element (M) and sub-
stituents (X) effects on the ground-state spin multiplicity
of diradicals DR1-3 at the UB3LYP/6-31G(d), (6/6)-
CASSCF/6-31G(d), and MP2/6-31G(d)//(6/6)CASSCF/6-
31G(d) levels of theory. The spin-corrected!® singlet—
triplet energy gaps (AEst) calculated using the UDFT
method are known to be close to the energy gaps
computed at a multiconfiguration self-consistent field
method such as CASSCF and CASPT2 calculations.® The
discussion in the present study will be done on the basis
of the spin-corrected UDFT energies.

Singlet—Triplet Energy Gap in 2-Silacyclopen-
tane-1,3-diyls DR2. In contrast to the substituents’ (X)
dependent change of the ground-state spin multiplicity
in DR1 (M = C),%1 singlet ground states were calculated
for all the diradicals DR2 (M = Si) that possess a variety
of substituents (X) at Si(2). The results were qualitatively
independent of the method of calculations (Table 1). It
should be noted that the singlet states are energetically
more stable than the triplet, AEst = Es — Et < 0, even
when the substituents (X) are hydrogen atoms or methyl
groups. The notable substituents effects in DR2 are
rationalized in terms of the low-lying energy of Si—H/
Me o*orbitals.” The electron delocalization of the in-phase
NBMO (ys) to the low-lying Si—X o* orbitals enhances
the energy separation between s and the out-of-phase
NBMO (), and thus, the singlet falls below the triplet
in energy, according to the Hund rule (Figure 2). The
introduction of the electron-withdrawing substituents (X
= F, OR) was found to increase the singlet—triplet energy
gap (AEst), as calculated for DR1. However, the effect
of the electron-withdrawing substituents on AEst in DR2
were calculated to be about half in DR1, i.e., AAEg¢* >
AAEstS* > 0 (Table 1). The small substituents (X) effects
in DR2 is not so easy to understand, because the effect
of the electron-withdrawing substituents (X) on lowering
the energy of Si-X ¢* is known to be much larger than

(14) 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, J. V.; 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.; Chen, W_;
Wong, M. W.; Andres, J. L.; Gonzalez, C.; Head-Gordon, M.; Replogle,
E. S.; Pople, J. A. Gaussian 98, revision A 11.3; Gaussian, Inc.:
Pittsburgh, PA, 2002.

(15) McDouall, J. 3. W.; Peasley, K.; Robb, M. A. Chem. Phys. Lett.
1988, 148, 183—189.

(16) Yamaguchi, K.; Jensen, F.; Dorigo, A.; Houk, K. N.Chem. Phys.
Lett. 1988, 149, 537—541.

(17) (a) Buchwalter, S. L.; Closs, G. L. J. Am. Chem. Soc. 1975, 97,
3857—3858. (b) Buchwalter, S. L.; Closs, G. L. 3. Am. Chem. Soc. 1979,
101, 4688—4694. (c) Sherrill, C. D.; Seidl, E. T.; Schaefer, H. F. J. Phys.
Chem. 1992, 96, 3712—3716.
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FIGURE 2. Orbital interaction diagram depicting the effect
of hyperconjugative electron delocalization from the in-phase
NBMO (ys) to the M(2)—X bonds in DR2 and DR3 and
resonance structures of singlet diradicals DR2 and DR3.

that on lowering the energy of C—X ¢*.*® The M=C
double-bond character of the hyperconjugative structures
DRuc in the singlet states (Figure 2, vide infra in Table
2) reasonably explains the diminished effect of the
substituents in DR2, because the electron-withdrawing
substituents at silicon largely destabilize CH,=SiX,
double bonds (Dc=sir, = 26.3 kcal/mol, Dc=siony. = 26.3
kcal/mol).%" In addition, the longer C—Si bond length is
also the reason for the smaller substituents effects in
DR2, since orbital interactions are largely dependent on
the distance between interacting orbitals.

As we have observed, the notable effect of the ethylene
ketal functionality on AEst in DR1,%k the singlet—triplet
energy gap in ethylene-ketal substituted DR2 (X =
—0O(CH,),0—, AEst = —11.4 kcal/mol) was calculated to
be larger than that in dihydroxy-substituted DR2 (X =
OH, AEst = —8.1 kcal/mol). The spiroconjugation, i.e.,
electron delocalization of the n-orbital at oxygen to the
out-of-phase NBMO 15, is responsible for the notable
effect of the ethylene-ketal functionality.®< As for the silyl-
substituted diradicals (X = SiH3;), the opposite effect of
the substituents on AEst was calculated between DR1
and DR2, i.e.,, AAEst®St > 0 and AAEsS'St < 0. The
substituent effects are not due to the energetic destabi-
lization of the hyperconjugative structure DRy because
it is known that the silyl-substitution at silicon rather
stabilizes C=Si double bond.*® The small energy gap
between Si—Si o and o* orbital is proposed to be
responsible for the opposite substituent effect in DR2.2°
Thus, the interaction of the high-lying Si—Si o orbital
with the in-phase ys, which destabilizes s in energy,
competes with the interaction of ys with Si—Si o* orbital
to reduce the singlet—triplet energy gap (Figure 2).

Singlet—Triplet Energy Gap in DR3 (M = Ge). The
singlet ground state was also calculated for DR3 (M =

(18) Lee, P. S.; Zhang, X.; Houk, K. N. J. Am. Chem. Soc. 2003, 125,
5072—5079.

(19) Apeloig, Y. In The Chemistry of Organic Silicon Compounds;
Patai, S., Rappoport, Z., Eds.; Jorn Wiley & Sons: Chichester, 1989;
Chapter 2.

(20) oc-si=—12.3 eV, 0*c-si=4.3eV.; osi-si = —10.9 eV, and 0%si-si
= 3.8 eV, which were calculated for MH3;—MH3 molecules at the RHF/
6-31G(d) level of theory.
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TABLE 2. Ratios (ysfiya) of Occupation Numbers of ys and ya Orbitals in the Singlet DR2 and Structural Differences

between the Singlet and Triplet Diradicals DR2

occupation 2 \a
numbers® atom lengths (A)
spin
M X multiplicity” Vs Va Vs/Wa d b de
S 1.36 0.65 2.1 2.646 1.878 1.483
Si H
T 2.694 1.881 1.481
S 1.36 0.64 2.1 2.639 1.883 1.895
Si Me
T 2.690 1.894 1.894
S 1.47 0.54 2.7 2.646 1.842 1.591
Si F
T 2.710 1.856 1.589
X % X
M-d S 143 0.57 2.5 2.643 1.856 1.654
)7 Si OH
2 T 2.703 1.872 1.650
DR
S 1.27 0.73 1.7 2.657 1.892 2.367
Si Si
T 2.694 1.896 2.363
S 1.26 0.74 1.7 2.723 1.960 1.550
Ge H
T 2.753 1.964 1.548
S 1.28 0.72 1.8 2.715 1.966 1.974
Ge Me
T 2.748 1.971 1.973

a The calculated values were obtained at the (6/6)CASSCF/6-31G(d) level of theory. ® S: singlet state, T: triplet state.

Ge). However, the singlet—triplet energy gaps were
computed to be smaller than those in DR2 (Table 1). The
small singlet preference calculated in DR3 is reasonably
proposed to be due to the following two reasons: (1)
C—Ge bond (ca. 2.0 A) is longer than that of C—C and
C—Si bonds. Thus, the longer the distance between the
interacting orbitals, the smaller the energetic change of
s will be, and the more likely it is that the singlet—
triplet energy gaps in DR3 are smaller than those in
DR2. (2) Energy gap between the C—Ge o and o* orbital
is smaller than that in C—C and C—Si ¢ bond.” Thus,
the interaction of the Ge—H/Me o orbital with the in-
phase ys, which destabilizes s in energy, competes with
the interaction of ys with Ge—H/Me o¢* orbital, which
stabilizes ys in energy, to reduce the singlet—triplet
energy gap.

Electronic and Structural Features of Singlet
DR2 and DR3. Table 2 summarizes the ratios (ys/ya)
of the electron occupation number of s and ya in the
singlet diradicals DR2 and DR3 and the characteristic
differences in the structures (atom distances d,, dy, and
d.) between the singlet and triplet states. The calculated
values were obtained at (6/6)CASSCF/6-31G(d) level of
theory. The ratios of the occupation numbers were
computed to be largely deviated from unity, ys/ypa > 1.0.
The larger the energy difference between the s and ya
NBMOs, the larger the occupation number in the lower
energy s NBMO will be, and the more likely it is that
the singlet will fall below the triplet in energy. The
deviations from unity clearly indicate the selective oc-
cupancy of electrons in the C(1)—C(3) w-bonding orbital
(ys). The m-bonding character (DR, in Figure 2) between

C(1) and C(3) in the singlet states of DR2 and DR3 is
unequivocally supported by comparing the atom C(1)—
C(3) distances (d,) between the singlet and triplet state.
Thus, all the distances d, in the singlet diradicals is
significantly shorter than those in the triplet diradicals.
The hyperconjugative resonance structures (DRpc in
Figure 2) of the singlet diradicals are also clarified by
comparing the values of d, and d. in the singlet and
triplet diradicals. The C(1)—M(2) bond lengths (dy) of the
singlet states are shorter than those of the triplet states,
while the M(2)-X lengths (d.) in the singlet states are
longer than those in the triplet states. The two resonance
structures are strongly proposed to be responsible for the
stabilization of the lowest singlet state.

Reactivity of Singlet 2-Silacyclopentane-1,3-diyls.
To confirm the above-mentioned theoretical predictions,
it is important to design experimentally feasible mol-
ecules and compute their reactivity and spectroscopic
characteristic. To this end, we noticed 2-silacyclopentane-
1,3-diyl derivatives, since silicon compounds are more
familiar than germanium compounds, and the substitu-
ents (X) effects on the singlet—triplet energy gaps in DR2
were computed to be more drastic than those calculated
in DR3. First of all, the electronic energies of the possible
products from DR2, i.e., intramolecular cyclization prod-
ucts CP2 and the migration products MG2 (M = Si; X =
F, Me; R = H, Ph), were calculated at B3LYP/6-31G(d)
level of theory (Table 3). The energies for compounds CP1
and MG1 (M = C; X = F, Me; R = H, Ph) were also
computed at the same revel of theory (entries 1-3) to
examine the effect of silicon on the reactivity of DR2. As
mentioned in the Introduction, three-membered com-
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FIGURE 3. B3LYP/6-31G(d)-calculated energy profile for the reaction of the 2-silacyclopentane-1,3-diyl 1; the energies are relative

to the singlet diradical.

TABLE 3. Calculated B3LYP/6-31G(d) Energies (kcal/
mol) of the Stationary Points for CP and MG, Relative to
the Energies of Singlet Cyclopentane-1,3-diyls DR1 (M =
C) and DR2 (M = Si)

AEcpa AEMGb
entry DR X R (kcal/mol) (kcal/mol)
1 DR1(M=C) Me H 334 65.8
2 F H 21.2 (20.99 48.1
3d Me Ph 15.0 455
4 DR2(M=Si) Me H 16.3 22.6
5 F H 3.3 —36.1
6° Me Ph —-45 1.2
7t F Ph  —51 —51.0

a AEcp = E(singlet DR) — E(CP). P AEyc = E(singlet DR) —
E(MG). ¢ At the CASPT2N/6-31G(d) level of theory, see ref 6a.
d The singlet—triplet energy gap in the diradical was calculated
to be AEst = +0.3 kcal/mol at UB3LYP/6-31G(d) with C, sym-
metry. ¢ The singlet—triplet energy gap in the diradical was
calculated to be AEst = —2.6 (kcal/mol) at UB3LYP/6-31G(d) with
C, symmetry. f The singlet—triplet energy gap in the diradical was
calculated to be AEst = —6.6 (kcal/mol) at UB3LYP/6-31G(d) with
Cy symmetry.

pounds and double-bonds that contain silicon atom are
energetically less stable than the corresponding all
carbon compounds. The significant effect of silicon atom
was also calculated in the energy differences AEcp (= Epr
- Ecp) and AEMG (: Epr — EMG) (Table 3) ThUS, the
energy differences of |[AEcp| and |AEwmg| in 2-silacyclo-
pentane-1,3-diyls DR2 (entries 4—6) were calculated to
be smaller than those in cyclopentane-1,3-diyls DR1
(entries 1—3). It should be noted that the migration
product MG2 (X = F) was predicted to be less stable than
the corresponding singlet diradical DR2, AEcp < O
(entries 5 and 7). The weak C=Si(F) double bond might
be the reason of the surprising results. Since the energy
differences of AEcp calculated in DR2 molecules were
predicted to be quite small (entries 4 and 5), diphenyl-
substitutions at C(1) and C(3) might provide a significant
stabilization of the singlet diradical DR2 to make the
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diradical lower in energy than the ring-closure form CP2.
In fact, the 1,3-diphenyl-substituted singlet diradicals
DR2 were calculated to be more stable in energy than
the ring-closure products CP2 (entries 6 and 7). Thus,
the 1,3-diphenyl-substituted 2-silacyclopentane-1,3-diyls
would be the target molecules for experimental studies
to uncover the ground-state spin multiplicity and reactiv-
ity.

To predict the energy barriers from singlet 2-silacy-
clopentane-1,3-diyl DR2 to CP2 and MG2, 2,2-dimethyl-
1,3-diphenyl-2-silacyclopentane-1,3-diyl 1 was selected
and the transition states for the bond-forming and
-breaking processes were calculated at UB3LYP/6-31G-
(d) level of theory (Figure 3).2! The disrotatory ring-
closure from 1 to housane 2 was found to have an
activation energy of 11.6 kcal/mol. However, the transi-
tion state for the bond-breaking process of the Si—Me
bond was not located at the same level of theory. The
potential energy surface analysis for the bond-breaking
process suggests that the activation energy is consider-
ably higher than the energy barrier of the ring-closure
process.?> We found additionally the conrotatory ring-
opening reaction of the singlet diradical 1 to the 2-sila-
penta-1,4-diene 3 with an activation-energy of 24.7 kcal/
mol, which is 13.1 kcal/mol higher in energy than the
ring-closure process (Figure 3). Since silacyclopropanes
(siliranes) are known to be the precursors of silylenes,?
the reaction energy from silirane 2 to dimethylsililene

(21) UDFT calculations are known to reproduce closely the results
calculated by CASPT?2 level of theory. However, CASSCF energies were
reported to be largely deviated from CASPT2 calculations; see:
Sinicropi, A.; Page, C. S.; Adam, W.; Olivucci, M. 3. Am. Chem. Soc.
2003, 125, 10947—-10959.

(22) The potential energy surface analysis for the Si—Me bond-
breaking process is shown in the Supporting Information.

(23) (a) Boudjouk, P.; Black, E.; Kumarathasan, R. Organometallics,
1991, 10, 2095—2096. (b) Pae, D. H.; Xiao, M.; Chiang, M. Y.; Gasper,
P. P.J. Am. Chem. Soc. 1991, 113, 1281—-1288. (c) Jiang, P.; Trieber,
D., Il; Gasper, P. P. Organometallics, 2003, 22, 2233—2239. (d) Driver,
T. G.; Woerpel, K. A. 3. Am. Chem. Soc. 2003, 125, 10659—10663.
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and 1,2-diphenylcyclobutene was calculated at the same
level of theory. The highly endothermic reaction, ca. 25
kcal/mol, was calculated (Figure 3). Thus, the theory
predicts that singlet diradical 1 would be the persistent
molecule under conditions without trapping agents.

To confirm experimentally the generation of the singlet
diradical 1, a spectroscopic detection of the molecule is
necessary. To this end, we calculated the UV—visible
spectrum of singlet diradical 1 at RCIS/6-31G(d)?* level
of theory. It is known that the computational method
closely reproduces the spectra (Amax ~ 600 nm) obtained
experimentally for singlet 1,3-diphenylcyclopentane-1,3-
diyls DR1 (M = C; X = F, OR; R = Ph).%% As expected, a
strong absorption maximum was calculated to be Acqcq =
757 nm (f = 1.01) in the visible region. The absorption
band may be easily distinguishable from the spectrum
of the triplet state, which was calculated to be Amax = 381
nm (f = 0.007) at the TD-UB3LYP level of theory.?® Thus,
UV—vis spectroscopic analysis should provide strong
evidence for the formation of singlet diradical 1, as
observed for singlet 1,3-diphenylcyclopentane-1,3-diyls.69hk
Efforts directed toward the preparation of 2-silacyclo-
pentane-1,3-diyls are in progress.

(24) Foresman, J. B.; Head-Gordon, M.; Pople, J. A.; Frisch, M. J.
J. Phys. Chem. 1992, 96, 135—149.

(25) The absorption max of ca. 320 nm was reported for the triplet
state of DR1 (M = C, X = Me, R = Ph); see; Kita, F.; Adam, W.; Jordan,
P.; Nau, W. M.; Wirz, J. J. Am. Chem. Soc. 1999, 121, 9265—9275.
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Conclusions

UDFT and CASSCF calculations find the singlet
ground state of 2-metallacyclopentane-1,3-diyls (M = Si,
Ge) that possess a variety of substituents at M(2). The
striking findings are as follows: (i) The 2-metalla-1,3-
diradicals that possess even hydrogen (X = H) or methyl
groups (X = Me) at M(2) are singlet ground-state
molecules, although it is known that the substituents
make the triplet ground state of cyclopentane-1,3-diyls
DR1 (M = C). (ii) The diradicals DR2 and DRS3 are
kinetically stabilized due to the high strain energy of the
ring-closure products CP2 and CP3 and the weak
m-bonding energy of the migration products MG2 and
MGS3. (iii) The thermodynamic stabilization by the di-
phenyl substitutions at C(1) and C(3) makes the singlet
diradicals more stable compounds than the ring-closure
products. The notable heavier group 14 element effects
would provide a worthwhile focus for future calculations
and subsequent experiments.
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