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emission spectrum is observed even when cis-stilbene is excited
by 212.8 nm light to the second absorption maximum ~ 18 000
cm™! above the red limit of cis-stilbene fluorescence excitation
spectrum.

These spectroscopic observations are explained by the following
mechanism: (i) in a free cis-stilbene molecule, fluorescence is
quenched by isomerization because the Franck—Condon excitation
is much above the barrier to isomerization; (ii) in inert gas clusters,
intramolecular vibrational relaxation and interactions with the
solvent distribute the initial excitation energy among cis-stilbene
degrees of freedom; (iii) the energy in low-frequency vibrations
such as phenyl torsion'? efficiently transfers to cluster van der
Waals modes; (iv) the cluster evaporatively cools; and (v) the
cooling process traps some cis-stilbene molecules into a potential
minimum from where the molecule emits.

This mechanism is tested by exciting trans-stilbene above the
barrier of isomerization; emission spectral profile changes with
stagnation pressure provide evidence for cluster formation and
vibrational relaxation. Below 300 Torr Ar, the spectrum is
structureless due to the intramolecular vibrational redistribution,
but at higher pressures (Figure 2, insert) it develops typical vi-
brational structure of trans-stilbene solution spectra.’ High-
pressure spectra are from zrans-stilbene S, origin (~310 nm)!!
independent of excess excitation energy indicating that vibrational
relaxation occurs within 2.7 ns, the emission lifetime of trans-
stilbene.? The emission quantum yield of clusters is found to be
higher than for the free molecule because trans-stilbene vibra-
tionally cools, in competition with temperature-activated isom-
erization. The increase in emission intensity with mass of the noble
gas correlates well with clustering efficiency; however, other factors
such as vibrational relaxation rates should be important. A de-
tailed investigation of these interesting new observations on cis-
stilbene isomerization dynamics is in progress.

(10) Suzuki, T.; Mikami, N.; Ito, M. J. Phys. Chem. 1986, 90, 6431,
(11) Syage, J. A,; Felker, P. M,; Zewail, A. H. J. Chem. Phys. 1984, 81,
4685.
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The chemistry of silylenes has been the subject of considerable
interest in recent years.2 The isolation of silylenes in an argon
or hydrocarbon matrix has contributed greatly to the knowledge
of these reactive species.?3 Silylenes are known to react very

(1) (a) University of Tsukuba. (b) Yokohama National University. (c)
National Chemical Laboratory for Industry.

(2) (a) Gaspar, P. P. In Reactive Intermediates; Jones, M., Ed.; Wiley:
New York, Vol. 1, 1978; p 229. (b) 1981; Vol. 2, p 335. (c) 1985; Vol. 3,
p 333. (d) Gaspar, P. P.; Holten, D.; Konieczny, S. Acc. Chem. Res. 1987,
20, 329. (e) Hawari, J. A,; Lesage, M.; Griller, D.; Weber, W. P. Organo-
metallics 1987, 6, 880,

(3) (a) Michalczyk, M. J; Fink, M. J.; De Young, D. J.; Carlson, C. W.;
Welsh, K. M.; West, R. Silicon, Germanium, Tin, Lead Compds. 1986, 1, 75.
(b) Sekiguchi, A.; Hagiwara, K.; Ando, W. Chem. Lerr. 1987, 209. (c)
Gillette, G. R.; Noren, G. H.; West, R. Organometallics 1987, 6, 2617. (d)
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Figure 1. Difference UV spectra, (1) and (2), obtained upon photolysis
of trisilane 2 isolated in argon and oxygen matrices at 16 K, respectively.

rapidly with oxygen?®* affording the adducts for which silanone
O-oxide (1a) or siladioxirane (1b) structures have been suggested,

* * -0
R,8i: + 03 ——> Ry8i-0-0 or RZSi\(l)

* = +/- or -
1a 1b
R=mesityl ; 3a 3b
R=H i da 4b

similar to the case of reaction of carbenes with oxygen giving the
corresponding carbonyl oxides and dioxiranes.* However, no
spectroscopic evidence for such silylene-oxygen adducts has been
reported.” Our interest in the reactivities of initially formed
peroxidic intermediates in the oxygenation mechanism of divalent
atoms, such as carbenes®® and sulfides,® has led us to initiate
low-temperature photolysis studies of silylene precursors.” Here,
we report the results of recent investigations of silylenes in a
cryogenic oxygen matrix, leading to the first spectroscopic ob-
servation of a silylene-oxygen adduct. A theoretical study of the

(4) (a) Santon, A. C.; Freedman, J.; Wormhoudt, J.; Gaspar, P. P. Chem.
Phys. Lett. 1985, 122, 190. (b) Gaspar, P. P. In Proceedings of the 7th
International Symposium on Organosilicon Chemistry; Sakurai, H., Ed.;
Horwood: Chichester, 1985; p 87. (c) Eley, C. D.; Rowe, M. C. A; Walsh,
R. Chem. Phys. Lett. 1986, 126, 153. (d) Sandhu, V.; Jodhan, A.; Safarik,
I.; Strausz, O. P; Bell, T. N. Chem. Phys. Lert. 1987, 135, 260.
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Liu, M. T. H. Chem. Lert. 1983, 1261. (b) Bell, G. A.; Dunkin, I. R. J. Chem.
Soc., Chem. Commun. 1983, 1213. (c¢) Dunkin, I. R.; Bell, G. A. Tetrahedron
1985, 41, 339. (d) Dunkin, I. R.; Shields, C. J. J. Chem. Soc., Chem. Com-
mun. 1986, 154. (e) Chapman, O. L.; Hess, T. C. J. Am. Chem. Soc. 1984,
106, 1842. (f) Werstiuk, N. H.; Casal, H. L.; Scaiano, J. C. Can. J. Chem.
1984, 62, 2391. (g) Casal, H. L.; Sugamori, S. E.; Scaiano, J. C. J. Am.
Chem. Soc. 1984, 106, 7623. (h) Scaiano, J. C.; Tanner, M.; Weir, D. J. Am,
Chem. Soc. 1988, 107, 4396. (i) Casal, H. L.; Tanner, M.; Werstiuk, N. H.;
Scaiano, J. C. J. Am. Chem. Soc. 1988, 107, 4616. (j) Ganzer, G. A.;
Sheridan, R. S.; Liu, M. T. H. J. Am. Chem. Soc. 1986, 108, 1517. (k)
Sander, W. Angew. Chem., Int. Ed. Engl. 1986, 25, 255. (1) Sander, W. J.
Org. Chem. 1988, 53, 121.
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references cited therein.
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Figure 2. Difference IR spectra obtained upon photolysis of trisilane 2
isolated in oxygen matrices at 16 K. The following isotopic mixtures were
used: (a) 1%0,, (b) 0, and (c) #Q,, *0,, and *0-130.

adduct has also been carried out.

In our experiments 2,2-dimesityl-1,1,1,3,3,3-hexamethyltrisilane
(2) was first photolyzed to give the corresponding silylene in an
argon matrix at 16 K.® since 2 was known previously as an effective
precursor of silylene by photochemical route in solution.” An
absorption band due to dimesitylsilylene was observed at 577 nm
similar to that reported by West et al.,’® as shown in Figure 1.1.
When a similar photolysis of trisilane 2 was carried out in an
oxygen matrix at 16 K, quite different results were obtained as
shown in Figure 1.2. The band associated with dimesitylsilylene
was not observed at all, suggesting that the generated silylene was
smoothly trapped with oxygen.

The reaction intermediates resulting from UV irradiation of
trisilane 2 were studied by FT-IR spectroscopy.® Irradiation of
trisilane 2 isolated in an oxygen matrix at 16 K gave new species
with an intense IR band at 1084 cm™.!%12 The product behaves
as a single chemical entity (i.e., the IR bands appear and disappear
simultaneously at the initial stage of irradiation). Upon subsequent
annealing'® of the matrix (at temperatures up to 40 K) no change
was observed in the IR absorption bands.'* This intense band
may result from the characteristic O-O stretching mode in the
structure of 3a or 3b and is consistent with the calculated value

(7) (a) West, R.; Fink, M. J.; Michl, J. Science (Washington, D. C.) 1981,
214, 1343. (b) West, R. Pure Appl. Chem. 1984, 56, I, 163.

(8) The cryogenic apparatus has been described previously.® UV irradia-
tion was carried out by means of a 10-W low-pressure mercury lamp (Riko
UVLI0). A sharp-cut optical filter (Toshiba UV-D33S) was used at all times
to select exciting wavelengths (240 < A < 400 nm and A > 680 nm).

(9) (a) Ishikawa, M.; Kumada, M. J. Organomer. Chem. 1972, 42, 325.
(b) Ishikawa, M.; Nakagawa, K.; Ishiguro, M.; Ohi, F.; Kumada, M. J.
Organomet. Chem. 1978, 152, 155.

(10) Other characteristic absorlption bands appeared at 655, 724, 758, 848,
1196, 1418, 1586, and 1617 cm™.

(11) No absorption band assigned to ozone was observed at 1034 cm™:
Hashimoto, S.; Akimoto, H. J. Phys. Chem. 1986, 40, 529.

(12) At the initial stage of photolysis in an argon matrix containing a small
amount of oxygen, both silylene-oxygen adduct and silylene were observed.

(13) Td, mp, and bp of oxygen are 26, 54, and 90 K, respectively: Cryo-
chemistry; Moskovits, M., Ozin, G. A., Ed.; Wiley: New York, 1976; p 24.

(14) At temperature higher than 40 K, the intense bands at around 1080
cm™! disappeared, and the oxygen matrix became cloudy. Product analysis

at room temperature showed the formation of polymeric products containing
Si-O bonds.
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Figure 3. HF/6-31G* optimized geometry of 4a.

(1083 ecm™) for dihydrosilylene-oxygen adduct as mentioned
below. In an experimental attempt to assign absorption peaks,
information on the isotopic frequency shifts is often useful. Isotopic
labeling experiments show that the IR band for 3 shifts by 40 cm™!
to a lower wave number with 20, (95% doubly labeled).
Moreover, to show which of the intermediates 3a and 3b partic-
ipates in the oxidation,!’ the silylene-oxygen adduct in matrices
with 180-180¢ was generated. Figure 2 shows the IR spectra in
the region 1200-1000 cm™ from three experiments in which
different isotopic mixtures of O, were used. In the 60~#0 adduct,
the stretching vibration band was split into two additional ab-
sorption bands. Such splitting for the mixed isotope indicates that
two oxygen atoms are not equivalent in the intermediate and
therefore rules out the siladioxirane structure 3b and the corre-
sponding silanone. The IR results also rule out an alternative
intermediate such as dimer structures (which should show more
complicated isotopic shifts).

Parallel theoretical studies of products of reaction of di-
hydrosilylene with oxygen offer a basis for the possible structure
of the adduct 4.1 The optimized structure of the adduct 4a in
the triplet state at the HF/6-31G* level'” is shown in Figure 3.1%
The O-O bond length of the adduct 4a is calculated to be 0.159
A longer than that of triplet oxygen (1.168 A) at the HF/6-31G*
level. Because of a considerable bonding between dihydrosilylene
and oxygen,'® the intramolecular Si—O bond distance is as short
as 1.708 A. A calculation of harmonic vibrational frequencies
predicts that the O—~O stretching mode is actually expected to be
observed near 1083 cm™ (veyea/1.126%").  Upon 3O substitution
the O-O stretching frequency was calculated to shift in the
following way: 1022 cm™! for H,Si!%0,, 1054 cm™ for H,Sil60!%0,
and 1052 cm™ for H,Si'®0'0. These agree reasonably with the
isotopic shifts observed for the adduct 3a. We may therefore
conclude that the labile intermediate formed in dimesitylsilylene
oxygenation is a silanone O-oxide 3a.
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In spite of a versatile role played by reductive elimination of
n*-allylmetal complexes in organic transformations,'™* little has
been known concerning the mechanistic details of this step. We
wish to report a novel finding that the coupling of allyl and aryl
groups on Ni is much more facile in an n*-allyl form with 18-
electron configuration than in both a 16-electron »*-allyl count-
erpart and a 16-electron 5'-allyl isomer. This trend, not observed
in the n*-allylpalladium chemistry,* seems of particular relevance
to the origin of some unique ligand and metal effects upon re-
activity and selectivity in catalyses.!”” Acceleration of reductive
elimination upon change of electron count on Ni from 16 to 18
has precedence in alkylnickel chemistry,® but none has revealed
such a remarkable rate enhancement, in a quantitative manner,
as is disclosed here.

Spontaneous reductive elimination of n*-allyl(aryl)nickel(II)
complexes 17 in toluene proceeded smoothly to afford high yields
(>85%) of allylbenzene derivatives (eq 1). The first-order rate
constant (k;)® of eq 1 for 1a and 1b was found independent of

the amount of excess PPh; (up to 5 equiv) added,’ as in eq 1 for
the palladium analogue 2.* The ratio of &, for 1a versus that?

Al PPhy
“,_ ~ Ar P\ /\V
2 ( Pd

R P~ “~ar
Lorz 3

» =Rrl RZ  ar Ar diphos
la NI H H  CgHyCip-2,5 38 CgHgCl,-2,6  dppe
1t Ni Me H  CgFg 3 CgHyClp-2,6  dppen
Lg NI H Me CgFg !;3 CgFg dppen
2 Pd H H  CgHCly-2,6

Al

2
K, R
1~4 ——> \/l\/Ar + M(O) )

for 2 at 0 °C (k;[Ni]/k,[Pd] = 26) provides the first direct
comparison of the reactivity, between organonickel and palladium
complexes with the identical composition, for the reductive elim-
ination proceeding through a common mechanism.!®

Particularly noteworthy are the contrasting behaviors of 1 and
2 with respect to both structure and reactivity when chelating
diphosphine (Ph,PCH,CH,PPh, dppe; Z-Ph,PCH=CHPPh,
dppen) was added to these complexes. Thus, 2 and its C¢F5
analogue reacted with the diphosphines quite rapidly to give
n'-allylpalladium complexes 3*%">1! which are Jess reactive? as
compared to the reductive elimination of the parent #*-allyl
complexes. On the other hand, addition of the diphosphines to
1 dramatically enhanced the reductive elimination rate, which is
attributed to formation of quite reactive, 18-electron n*-allyl
complexes 4, as discussed below.

Attempts to isolate 4 from the solution containing any of 1 and
the diphosphines even at temperatures below 0 °C were unsuc-
cessful. Nor could we obtain any spectral clue to an intermediate
in the rapid reductive elimination caused by adding dppe or dppen
(1-2 equiv) to 1a at -50 °C (half-life < 0.5 h). However, NMR
(*H, ¥C, *'P) spectra'® and the color (reddish-orange)!* of a
solution obtained by mixing 1b or 1¢ with dppen (1 equiv) below
—20 °C were sufficiently informative. Thus, the 3'P spectra showed
complete dissociation of PPh; from Ni and coordination of both
phosphorus atoms of dppen, and the *C chemical shifts of newly
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Chemistry; Wilkinson, G., Stone, F. G. A., Abel, E. W., Eds.; Pergamon:
Oxford, 1982; Chapter 52. (b) Jolly, P. W. Chapter 56, ref la. (c) Tolman,
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eier, B.; Holle, S.; Jolly, P. W.; Mynott, R.; Tkatchenko, 1.; Wilke, G. Ibid.
1985, 279, 63-86. (e) Hiyama, T.; Wakasa, N. Tetrahedron Lett. 1985, 26,
3259-3262. (f) Consiglio, G.; Morandini, F.; Piccolo, O. J. Chem. Soc., Chem.
Commun. 1983, 112-114. (g) Cherest, M.; Felkin, H.; Umpleby, J. D,
Davies, S. G. Ibid. 1981, 681-682.
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(b) Goliaszewski, A.; Schwartz, J. Tetrahedron 1988, 41, 5779-5789. (c)
Fiaud, J. C.; Aribi-Zouioueche, L. J. Organomet. Chem. 1985, 295, 383-387.
(d) Trost, B. M.; Herndon, J. W. J. Am. Chem. Soc. 1984, 106, 6835-6837.
(e) Sheffy, F. K.; Godschalx, J. P.; Stille, J. K. Ibid. 1984, 106, 4833-4840.
(f) Temple, J. S.; Riediker, M.; Schwartz, J. Ibid. 1982, 104, 1310-1315. (g)
Matsushita, H.; Negishi, E. Ibid. 1981, /03, 2882-2884.

(4) Kurosawa, H.; Emoto, M.; Ohnishi, H.; Miki, K.; Kasai, N.; Tatsumi,
K.; Nakamura, A. J. Am. Chem. Soc. 1987, 109, 6333-6340.

(5) For example, nickel catalysts are generally more effective than palla-
dium catalysts in cyclooligomerization of dienes.’® Also, chelating di-
phosphine/nickel systems are unique catalysts for regio- and enantioselective
allylic alkylations as compared to the analogous palladium systems.2a.c.=8:3¢

(6) (a) McKinney, R. J.; Roe, D. C. J. Am. Chem. Soc. 1986, 108,
5167-5173. (b) Tatsumi, K.; Nakamura, A.; Komiya, S.; Yamamoto, A.;
Yamamoto, T. Ibid. 1984, 106, 8181-8188. (c) Komiya, S.; Abe, Y.; Yam-
amoto, A.; Yamamoto, T. Organometallics 1983, 2, 1466—-1468.

(7) (a) Prepared in a manner similar to that* for the palladium analogue.
(b) All new complexes isolated gave satisfactory analytical and spectral results.
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(8) (a) Rates were followed by observing the coupling products by GLC
and 'H NMR (see ref 4). The initial concentrations of the complexes were
0.1 M (*H NMR) and 0.02 M (GLC). The decomposition of 1a was run in
the presence of excess PhC==CPh in order for the clean kinetics to be attained,
with the role of PhC==CPh being attributed possibly to stabilization of the
Ni(0) species formed (cf. ref 8b,c for the palladium case). k, (h™) in toluene
is as follows: 12 0.077 (0 °C); 1b 0.382 (101 °C), 1.34 (116 °C), 5.15 (127
°C). (b) Ozawa, F.; Ito, T.; Nakamura, Y.; Yamamoto, A. Bull. Chem. Soc.
Jpn. 1981, 54, 1868-1880. (c) Gillie, A; Stille, J. K. J. Am. Chem. Soc. 1980,
102, 4933-4941.

(9) Excess of free PPh, caused no change at all in 'H NMR spectra of 1a
and 1b.

(10) Theoretical prediction: Tatsumi, K.; Hoffmann, R.; Yamamoto, A ;
Stille, J. K. Bull. Chem. Soc. Jpn. 1981, 54, 1857-1867.

(11) Kurosawa, H.; Urabe, A.; Miki, K.; Kasai, N. Organomerallics 1986,
5, 2002-2008.

(12) For example, k; (h™) in toluene at 40 °C are as follows: 2, 0.693;
3a, 0.0578; 3b, 0.0866.

(13) (a) 4b: 'H NMR (toluene-dg, =20 °C), 6 1.59 (t, Jp = 3 Hz, CHj),
2.15 (br t, Jp = 4.5 Hz, -CH,); !3C NMR (CD,Cl,, 80 °C) 5 22.2 (CH3),
58.4 and 61.1 (allyl terminal), 109.1 (allyl center); *}P NMR (CD,Cl,, -80
°C) 6 (external HyPO,) 21.3 and 39.5, Jpp = 150 Hz. 4c: 'H NMR
(toluene-dg, =20 °C) 4 0.68 (dt, Jy = 6, Jp = 4.5 Hz, CH3), 1.23 (q, Jy =
Jp = 9 Hz, -CH3), 3.32 (br, -CHMe), 5.21 (dt, Jy = 9, 10 Hz, -CH-); 1*C
NMR (CD,Cl,, =50 °C) 5 19.7 (CHj;), 48.2 (-CH;), 78.0 (-CHMe), 96.1
(allyl center); *P NMR (CD,Cl,, =80 °C) 6 23.0 and 38.5 (very br, Jp_p not
resolved). (b) Lowering the temperature down to -90 °C resulted in only
broadening of the 'H NMR spectra. (c) Nonequivalent signals of two allyl
terminal carbons in 4b as well as those of two phosphorus nuclei of dppen in
4b and 4c coalesced to one signal (6 59.6, 29.9, 30.0, respectively) at above
-50 °C.

(14) The 16-electron complexes of the type Ni(n*-allyl)(Ar)(PR;) and
Ni(CH;)(Ar)(PR;), are all yellow colored.
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