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Ab Initio Study of the Photochemistry of c-C,H»Si
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The photochemical reaction pathway of silacyclopropenylidenekt:%l) has been investigated using the
eight electrons in eight orbitals complete active space with the 8-313(3df,3pd) basis sets. The mechanism
of drastic structural change in the reaction of #4¢Si and the difference from the reaction of cyclyopro-
penylidene (c-gH,) are elucidated. The photochemically active relaxation path oftx®l on the $ excited-

state potential surface leads to afSsconical intersection where the photoexcited system decays nonradiatively
to &. The relaxation of c-@H,Si on the $ surface causes the cleavage of the Sisingle bond, while that

of ¢c-CsH; causes the cleavage of the-C double bond. The difference in photochemical cleavage sites is
well explained by the difference in the electronic nature of thex@ited state. In the dark reaction following
the relaxation on the;Surface, hydrogen migration from carbon to silicon occurs together with ring opening
at the S+-C bond.

Introduction SCHEME 1: Photochemical Reactions of 1 and 3
Cyclopropenylidene I, c-C3Hy) is abundant in molecular .

clouds of interstellar space and has been shown to play a );/; N . h—C=c=C—+

decisive role in the chemistry of interstellar clodd$. The H W anm

silicon analogue, silacyclopropenylider® ¢-C,H,Si), would 1 2

also be of interest particularly in astrochemistry and structural ..

chemistry> Maier et al. have reported the synthesis and the A . H—C=C—sSi

photoisomerization of and3.%7 In those papers, it was shown /3/' A 3 \H

that photochemical interconversionbbccurred between three H 3 4

CsHz isomers: 1, propargylene?), and vinylidenecarberfeOn

the other hand, the photochemical reactio® &f complicated, . .

and several isomers were detected during the reattigach H—C=5—C H=C=g=si

isomer observed in the photochemical reactior8dfas been H

attracting the interest of theoretical chemfts! The reaction 5 6

product detected by infrared (IR) spectroscopg end4 with
irradiation of 254 nm ligHtto 1 and4 and with that of 313 nm
light to 37 (Scheme 1), respectively. The ring opening3ct
the C=C and S+C bonds yields compounds and 6,
respectively, but not compoundd Compound5 contains a
singlet carbene part and a=SC triple bond part and thus is an
attractive target of synthesis. To clarify the photochemical
reaction pathway leading td, theoretical investigation is

length used in the experiments, the excited state is determined.
Accurate calculations of UV absorption wavelengths are re-
quired. In our previous studies, we calculated UV absorption
maxima of several disilene and silylene derivati¥es; and
found a good linear correlation between experiments and cal-
culations (correlation coefficient 0.98). We apply the correlation

) . to the present silylene3, and reveal the first event of the
necessary. Despite numerous studies of the structuregf C photochemistry o3, and then we investigate the successive

Si species, no theoretlcall investigation of the photochemical photochemical reaction & using the complete active space
reaction pathways of £1,Si has been reported. (CAS) method#19

Photochemical reaction consists of three successive proces-
ses: vertical excitation by a photon, relaxation on an excited-
state potential surface, and dark reaction on a ground-state
potential surface. The first process decides the excited-state Ap initio molecular orbital calculations were performed using
surface on which the following reaction proceeds and thus the Gaussian 98 software pack&gé!
should be investigated carefully. From the comparison between UV absorption maxima were calculated at the TD/6-83G-
calculated UV absorption wavelengths and the excitation wave- (d,p)/IMP2/6-31G(d) level, and the calculated valuegeV)
were corrected ti (eV) with a correlation line for organosilicon
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Sendai 980-8577, Japan. ) L o - -

# Concurrent office: Department of Chemistry, Graduate School of 1€Vl we use here to obtain UV absorption maxima is the same
Science, Tohoku University, Aoba-ku, Sendai 980-8578, Japan. as that used in refs 15 and 16 to obtain the correlation line.

Calculations

10.1021/jp048424t CCC: $27.50 © 2004 American Chemical Society
Published on Web 08/06/2004



7302 J. Phys. Chem. A, Vol. 108, No. 35, 2004 Takahashi and Sakamoto

In the investigation of photochemical reaction pathways, the TABLE 1: Molecular Structure of c-C ;H;Si
eight electrons in eight orbitals CAS meti&&was used with bond distance (A) bond angle (deg)
the 6-311%+Q(3df,3dp) basis sets fqr geometry optimization. (C—C) r(C-s) (C—H) O(C—C—H)
In our preceding study on organosilicon compounds, excellent

results were obtained using the 6-3t£G(d,p) basis se Costructure 1341 1'8;;"5 work 1072 1356
However, the addition of high-exponent d and f inner polariza- C. structure 1342 1.833,1.805 1.072,1.093  134.4 134.6
tion functions was found to be essential for obtaining reliable mw (rga 1.3458 1.8200 1.0795 135.16
geometries of second-row species in some c&sé&or several A(calcd— obsd)

organosilicon compounds, maximum and average differences This Work

in bond length between MP2/6-3+G(3df,2p) and B3LYP/ Co structure  0.005 —0.017 —0.008 0.4

6-311++G(d,p) calculations are 0.029 and 0.007 A, respec- C structure ~ —0.004 0.013:-0.017 —0.008, 0.013 —0.8,~0.6

tively.25 In the present study, the-€Si bond distances are longer Previous Work

by 0.007-0.008 A at the CAS/6-31t+G(d,p) level than that DZ+PSCP —0.003 —0.014 ~0.002 -1.0
at the CAS/6-31++G(3df,3pd) level. An accurate bond CASSCF/TZVP —0.011 —0.007 —0.007 -1.1
distance seems crucial for the study of bond-cleavage reaction'(\:/'lF;ZD//DTzzsz 9-810‘(‘) , g'ooéés 706000056 78-2
on the excited-state surface. Therefore, we used the 6-8CL cesp(my 0004 0013 0.002 01

(3df,3pd) basis sets. Energies were calculated at the MP2-CAS-  Tz(2df,2pd]
(8,8)/6-31H+G(3df,3pd) level using CAS(8,8)/6-31H-G-
(3df,3pd) geometry.

It is common understanding that the selection of correct
orbitals for the active space should be carefully carried out in
the photochemical study using CASSCF methods. According
to the tutoriad® for examining the orbitals and planning the

active space, we first examine the natural orbitals. We selectedth | ¢ all d band. th ited state should b full
amcc orbital, twoosic orbitals, and a lone-pair orbital. We must 1€ 'oWest allowed band, the excited state should be caretully

give some justification of the use of the eight active orbitals to chosen in the fol[owing calculation of relaxation on the excited-
describe the present system. As mentioned in the Results andtate surface using the CASSCF method.
Discussion, the first allowed band is best described &as3p- Second, the excited-state surface on which relaxation proceeds
(Si). The carbonr orbital (zcc) is mixed in an antibonding  at the CAS(8,8)/6-31+G(3df,3pd) level is selected. Geometry
manner with the 3p(Si) orbital. The photochemical reaction optimization of3 gives two minimum structures with different
treated here is the SIC bond cleavage. Consequentlyac symmetriesCs and Cy,, at the CAS(8,8)/6-311+G(3df,3pd)
orbital, twoosic orbitals, and a lone-pair orbital at silicon were |eye| of calculations, while one minimum structure with,
selected. symmetry is obtained at the MP2/6-31G(d) level of calculations
Minima and transition states were confirmed by the calcula- 35 mentioned above. The optimiz&g, structure is more stable
tions of harmonic vibrational frequencies in both UV and ihan the Cs structure by 1.9 kcal/mol at the CAS(8,8)/
reaction-path studies. Reaction pathways from transition statesg 311+ +G(3df,3dp) level, but a little bit less stable by 0.3 kcal/
were followed by intrinsic reaction coordinate (IRC) calcula- mol at the MP2-CAS(8,8)/6-311+G(3df,3pd) level. Izuha et
tions. al. determined the precise molecular structurg fvbm observed
rotational constants of its isotopic species in their microwave
spectral study? Optimized geometric parameters@fandC,
First, the excited state produced by the irradiation of 313 nm Structures in our present study are compared with the experi-
light to 3 and its electronic nature are revealed, on the basis of mental dat& and results of previous calculatidfis!* (Table
the accurate calculations of UV absorption wavelengths at the 1). The calculated €Si bond length of the& structure shows
TD/6-31H+G(d,p)//MP2/6-31G(d) level with correction using  better agreement on the average with the experimental value
a correlation line for organosilicon compounds. The vertical than that of theC,, structure. The discrepancies of the bond
excitation energy to the lowest excited statq) (8f 3 was lengths of G=C and G-H and the G-C—H bond angle from
calculated to be 4.79 eV with an oscillator Strength of 0.097 at the experimenta| values are similar to each other in the two
the TD/6-311+G(d,p)//MP2/6-31G(d) level. In the calculation,  stryctures. From the final one-electron symbolic density matrix
the geometry was fully optimized at the MP2/6-31G(d) level, qptained at the CAS(8,8)/6-33G(3df,3pd) level of calcula-
and the minimum structure h&, symmetry. After COITeCtion  yjons. the electronic nature of the Bxcited states of botBs
using the correlation line for organosilicon compounds, the and Cy, structures is(n — 3p) and the vertical transition of

correspondlng.absorpnon bgnd Is at 291 nm. The calcqlgted 29]Two structures to the;S®xcited state is allowed. The absorption
nm band for3 is best described as then 3p(Si) transition. wavelength (the energy difference between thargl § states)
The UV measurement @@ shows a weak, broad absorption of the C. structure is 290 nm at the CAS(8,8)/6-312 G (3d.-

between 260 and 320 nMn(ax = 286 nm)? which is in good .
agreement with our calculations on the wavelength and the Weak3pd) level, and that of th€p, structure is 289 nm. At the MP2-
CAS(8,8) level, those values are 295 and 300 nm forGhe

oscillator strength. The next allowed band is calculated to be . ]
227 nm after correction using the correlation line, and the @nd Cz, structures, respectively. Both calculated absorption
oscillator strength is 0.028. The second band is well separatedWavelengths are in excellent agreement with the experimental
from the first band and has much less oscillator strength. Thesevalue of 286 nm. Although none of the previous theoretical
results suggest that photoexcitatiorBafith 313 nm light leads ~ studies have located ti@& symmetry®-24 and theCs minimum

to the lowest excited statén — 3p). Between the first and ~may be an artifact of the CASSCF method, we use the S
second bands, a forbidden band (the oscillator strength is zero)excited-state surface of th@s structure in the calculation of
exists and the vertical excitation energy is 4.80 eV, which is photochemical reaction pathways at the CAS(8,8)/643LG-

aReference 27° Reference 10°Reference 124 Reference 11.
¢ Reference 13\ Reference 14.

very close to the energy of the first band. The electronic nature

of the forbidden transition iscsi — 3p(Si). Since the vertical
excitation energy of the forbidden band is very close to that of

Results and Discussion
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Figure 1. Potential energy diagram for the photochemical reactio wfth Cs symmetry versus the-©C—Si bond angle ) and the CAS(8,8)/
6-311++G(3df,3dp)-optimized structures of all stationary po#itEnergies are the results at the MP2-CAS(8,8)/6-31G(3df,3pd) level using

the CAS(8,8)/6-311+G(3df,3pd) geometry. Bond lengths, bond angles, dihedral angles, and relative energies (italics) are given in angstroms,
degrees, degrees, and kilocalories per mole, respectively.

(3df,3pd) level for the following two reasons: (1) the calculated is, the photochemically active relaxation path starting from the
absorption wavelength of 295 nm of ti& structure obtained S, Y(n — 3p) excited state of th€s structure of3 leads to the
at the MP2-CAS(8,8) level gives better agreement with the Si/So C1.2° One Si-C bond length is elongated to 2.894 A at
experimental value than that of 300 nm of t8g, structure; the §/S Cl. From the structure at thei/S, Cl, the nature of
(2) the calculated €Si bond length of theCs structure shows  the relaxation path on the; otential surface is regarded as
better agreement with the experimental value than that of the Si—C bond cleavage. The/&S Cl-like structure was not found
Cy, structure. Although the somewnhat better agreement of the in the Compffegse.:‘_lSi\_/e study by EFGB';%QS% é\'l- on ;E‘_e} Isqu”iblrium
C—Si bond length with the experimental value might well be Structures of gSiH; Isomers at the evel” Therma
due to better cancellation treatment, an accurate bond distancdeaction pathways and several stationary points on excited states
is important for the study of bond-cleavage reaction on the Of 1 have been reported in detail by Mebel et al. at the CAS-
excited-state surface, and thus, we select the structure having 48:10)/6-31-G(d) level?® The nature of the relaxation paths of
C—Si bond length closer to the experimental value. Actually, +©oN the S surface is €&C bond cleavag It is understandable
relaxation on an excited-state potential starting from e that the relaxation on the; Surface causes-€C bond cleavage
structure leads to the dissociation toSHC=CH. We are not ~ [0' 1 and Si-C Eond cleavage foB, because the vertical
interested in the dissociation reaction here. transition is n— o*cc for 1 and n— 3p(Si) for 3. The carbon
st orbital is mixed in an antibonding manner with the 3p(Si)
Since the excited state produced by the first process, excitationgpital of 3.

by a phgton, is carefully detgrmined, we ngxt investigate th? Finally, the third process, dark reaction on a ground-state
successive process, relaxation on an excited-state potential, o) surface, is examined. Although photoexcitation raises
surface. The potential energy diagram for the photochemical 3 jng an excited electronic state, the products of the photo-
reaction 013 anc_i the optimized structures o_f all stationary points  -pemical process are controlled by the ground-state (thermal)
are shown in Figure 1. The energies are given at the MP2-CAS- ygtential surface. The search for transition states on the S
gai)/;‘g)ll"+G(3?f:3Fil?l)h|elV6| Usmtg the (6:?\5(8,8)/6-3&'1_6{ t surface near the structure of th¢S Cl gives a transition state

»op0d) geometry. ole reactons groccur on singie (TS) connecting3 and 4.2° In the thermal (or dark) reaction
surfaces, although the reaction pathwaylafontains a triplet  connecting3 and4, hydrogen migration from carbon to silicon
state?8 3 is more stable by 12.4 kcal/mol than ethynylsilylene occurs together with ring opening at-ST bond. The thermal
(4). The relative stability betweed and4 is the same as that  reaction pathway betweef and 4 and the photochemical
of previous theoretical studié8 Geometry optimization on the  reaction pathways are drawn in a two-dimensional map where
S; Y(n — 3p) excited state is performed from tk& structure the horizontal and vertical axes indicate the-Sibond cleavage
of 3. The relaxation reaches an/S, conical intersection (ClI) by the Si-C—C bond anglef)) and 1,2-hydrogen rearrangement
where the photoexcited system decays nonradiatively. tdt&t by the Si—-C—H bond angled) (Figure 2). The two-dimensional
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Figure 2. Two-dimensional map for the photochemical (solid line) and thermal (dashed line) reaction pathway$efhorizontal and vertical

axes show the €C—Si and Si-C—H bond angles, respectively.

map makes clear the structural change on ground- and excited-References and Notes

state potential surfaces of these reactions. T#i& £l locates

(1) Thaddeus, P.; Vrtilek, J. M.; Gottlieb, C. Astrophys. J1985

near the thermal reaction path. The energy of the TS connecting299, L63.

3 and 4 on the ground-state potential surface lies 13.3 kcal/
molR! below the energy of the 5, Cl. Because of the energy

difference, the third process, the reaction on the ground-state

potential surface through tha/Sy Cl, proceeds over the barrier
at the ground-state TS and leads 40 Compound4 is
thermodynamically very unstable by 12.4 kcal/mol compared
with 3, but the barrier height betweehand 4 is quite high
(66.2 kcal/mot? from 4). Consequently, it is possible to detect
4 experimentally in photochemical reaction products at room
temperature. The ground-state potential profil8 &f completely
different from the profile ofl. Thermal isomerization of to

the singlet HCCCH 2) occurs via ring opening at the=€C
double bond. Mebel et al. identified a structure similar to the
TS connecting3 and 4 for the carbon analogue as an

(2) Adams, N. G.; Smith, DAstrophys. J1987, 317, L25.
(3) Cernicharo, J.; Gottlieb, C. A.; Glie, M.; Killian, T. C.; Paubert,
G.; Thaddeus, P.; Vrtilek, J. MAstrophys. J1991, 368 L39.
(4) Gottlieb, C. A;; Killian, T. C.; Thaddeus, P.; Botschwina, P dggle,
J.; Oswald, M.J. Chem. Phys1993 98, 4478.
(5) Srinivas, R.; Slzle, D.; Weiske, T.; Schwarz, Hint. J. Mass
Spectrom. lon Processd991, 107, 369. .
(6) Maier, G.; Reisenauer, H. P.; Schwab, Wargky, P.; Hess, B.
A., Jr.; Schaad, L. . Am. Chem. S0d.987, 109, 5183.
(7) Maier, G.; Pacl, H.; Reisenauer, H. P.; Meudt, A.; Janoschek, R.
J. Am. Chem. Sod.995 117, 12712.
(8) Saxe, P.; Schaefer, H. F., I0. Am. Chem. S0d98Q 102 3239.
(9) Fitzgerald, G.; Schaefer, H. F., llisr. J. Chem.1983 223 93.
(10) Frenking, G.; Remington, R. B.; Schaefer, H. F.,JIIAm. Chem.
Soc 1986 108 2169.
(11) Su, M.-D.; Amos, R. D.; Handy, N. d. Am. Chem. Sod99Q
112 1499.
(12) Cooper, D. LAstrophys. J199Q 354, 229.
(13) Vacek, G.; Colegrove, B. T.; Schaefer, H. F., Il.Am. Chem.

intersystem-crossing stem of singlet and triplet potential energy soc 1991 113 3192.

surfaces between singlet allene,G€C) and triplet propar-
gylene (HCCCHY?

Conclusions

The photochemical reaction pathways of g46Si have been
investigated by ab initio calculations at the CAS(8,8)/6-
311++G(3df,3pd) level. The difference from the reaction of

(14) Sherrill, C. D.; Brandow, C. G.; Allen, W. D.; Schaefer, H. F., Ill.
J. Am. Chem. S0d 996 118 7158.

(15) Takahashi, M.; Tsutsui, S.; Sakamoto, K.; Kira, M.;'IMy T.;
Apeloig, Y.J. Am. Chem. SoQ001, 123 347.

(16) Takahashi, M.; Kira, M.; Sakamoto, K.; Mer, T.; Apeloig, Y.J.
Comput. Chem2001, 22, 1536.

(17) Inrefs 15 and 16, we reported erroneously that the UV calculations
were carried out at the TD-B3LYP/6-311-G(d,p) level, while they were
actually carried out at the TD/6-3FHG(d,p) level.

(18) Bernardi, F.; Olivucci, M.; Robb, M. AChem. Soc. Re 1996

321.

¢-CsH», and the mechanism of drastic structural change in the 25’(19) Bernardi, F.; Olivucci, M.; Michl, J.; Robb, M. ASpectrumi996

reaction ofc-CoH,Si, is elucidated. The excited state from which

the photochemical reaction proceeds has been chosen carefull

since a forbidden statéocs; — 3p) exists energetically close
to an allowed statel(n — 3p). The photochemically active
relaxation from the §(n — 3p) excited state af-C,H,Si leads

to an 9/S, conical intersection where the photoexcited system
decays nonradiatively tooSThe relaxation on the;Ssurface
causes the cleavage of the-Si single bond, and in the
following dark reaction hydrogen migration from carbon to
silicon occurs together with ring opening.

Acknowledgment. M.T. is grateful to Hayashi Memorial
Foundation.

9, 1.
(20) Hehre, W. J.; Radom, L.; Schleyer, P. v. R.; Pople, JAB\Initio

X/Iolecular Orbital Theory Wiley: New York, 1986.

(21) All calculations were performed with Gaussian 98, revision Al1,
Gaussian, Inc., Pittsburgh, PA, 2001: Frisch, M. J.; Trucks, G. W.; Schlegel,
H. B.; Scuseria, G. E.; Robb, M. A.; Cheeseman, J. R.; Zakrzewski, V. G.;
Montgomery, J. A.; Stratmann, R. E., Jr.; 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.; Salvador, P.; Dannenberg, J. J.; Malick, D. K.; Rabuck, A.
D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.; Ortiz, J. V.; Baboul,
A. G.; Stefanov, B. B,; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi, |.;
Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng,
C. Y.; Nanayakkara, A.; 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.



Photochemistry of c-gH,Si

(22) Veszpteni, T.; Takahashi, M.; Hajgai®.; Kira, M. J. Am. Chem.
Soc.2001, 123 6629.

(23) Bauschlicher, C. W., Jr.; Partridge, Ehem. Phys. Letf 995 240,
533.

(24) Martin, J. M. L.J. Chem. Phys1998 108 2791.

(25) Takahashi, M.; Sakamoto, Krganometallics2002 21, 4212.

(26) Foresman, J. B.; Frisch, ZAExploring Chemistry with Electronic
Structure MethodsGaussian, Inc.: Pittsburgh, PA, 1993.

(27) 1zuha, M.; Yamamoto, S.; Saito, £an. J. Phys 1994 72,
1206.

(28) Mebel, A. M.; Jackson, W. M.; Chang, A. H. H.; Lin, S. H.Am.
Chem. Soc1998 120, 5751.

(29) It takes too much time with our computer system to optimize the
excited-state geometry at the CAS(8,8)/6-31#1G(3df,3pd) level. First,
several optimization steps at the CAS(8,8)/6-8#1G(3df,3pd) level give

J. Phys. Chem. A, Vol. 108, No. 35, 2004305

a structural change similar to that of the optimization steps at the CAS-
(6,6)/6-31H+G(3df,3pd) level. Both indicate the -SC bond cleavage.
Therefore, we get through with the optimization on the excited-state surface
at the CAS(6,6)/6-311+G(3df,3pd) level. At the CAS(6,6)/6-3#1+G-
(3df,3pd) level, the Cl lies higher by 13.3 kcal/mol than the TS and lower
by 24.7 kcal/mol than the vertical excited state.

(30) Atthe CAS(6,6)/6-311+G(3df,3pd) level, we obtain the transition
state connecting and4. However, we obtain a local minimum at the CAS-
(8,8)/6-311-+G(3df,3pd) level, but the structure is similar to the TS at
the CAS(6,6)/6-311+G(3df,3pd) level. Probably the potential surface is
shallow at the CAS(8,8)/6-311+G(3df,3pd) level, and the energy and
structure of the minimum seem to be very close to those of the TS.

(31) Results at the CAS(6,6)/6-31#G(3df,3pd) level.

(32) Energy difference between the local minimum close to the TS and
4.



