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The addition of the mechanistic prolrans-2-phenylcyclopropanecarbaldehyd) to the naturally
polarized Couret silene MgSi—C(H)(CH,-t-Bu) (2) and the relatively nonpolar Brook silenes (Me
Si),Si=C(R)(OSiMe), where R= t-Bu (1a), 1-Ad (1b), respectively, was examined. The addition of
aldehydelOto silene2 produces vinylsilan&7, siloxetaned8a—c, and estei9. Upon chromatography,
siloxetaned 8a—c were found to undergo conversion to the alketnass-20 andcis-20 and (MegSiO),.
The formation of siloxetane$8a—c and estell9 is consistent with the formation of a 1,4-zwitterionic
intermediate during the course of the addition of the aldehyde to s2ieRlee addition of the cyclopropyl
aldehydel0to Brook silenes produces thugs,transdienes23 and 26, siloxetane4ab and27ab, and
acylsilanes25ab and 28ab derived from sileneda and 1b, respectively. The formation of thas,-
trans-dienes and the siloxetanes provides compelling evidence for the formationaotgciopropyl-
carbinyl radical during the course of the addition of the aldehyde to the Brook silenes. This work provides
a unique comparison of the reactivities of the naturally polarized Couret &ilené the relatively nonpolar
Brook silenedla,b toward aldehydes. It is evident from the results that the polarity of tseCSiond of
the silene has a profound influence on the mechanism of the addition of aldehydes to silenes.

Introduction Scheme 1. Addition of a Carbonyl Compound to a Silene

The addition of carbonyl compounds to silenes, compounds >Si | V4 N
containing a silicor-carbon double bond, to give an alkene and . — | ST — || N |S|i
a cyclosiloxane was one of the first and remains one of the o=< o—— PaN 0
most common and important reactions of these spacéi&sr
many years, the alkene and cyclosiloxane were postulated to l l
be secondary products of the reaction derived from a formal [2
+ 2] retrocyclization of the primary product, an intermediate | é‘—o
siloxetane. Retrocyclization of a siloxetane would result in the _|S' £|' 3]
formation of an alkene and a silanone; however, since silanones O H

are unstable, they were believed to undergo rapid oligomeriza- g
tion to yield the observed cyclosiloxanes. The overall transfor-
mation is often described as a pseudo-Wittig reaction (Schemegjiene2 The addition of an enolizable carbonyl compound to a
1). In early experiments, no direct evidence for the formation gjjene often results in the formation of an ene-addition product
of a siloxetane was obtained, and thus, for many years, theyhich does provide some direct evidence for an intermediate
isolation of a “Wittig” alkene and a cyclosiloxane from a  carhonyl adduct of the silene. To verify the hypothesis that a
reaction between a carbo_nyl compound and a putative _5'|e”esiloxetane was indeed the primary product of addition of a
was accepted as good evidence not only for the formation of ygnenglizable carbonyl compound to a silene, a stable derivative
an intermediate siloxetane but, more importantly, of a transient ¢ 5,ch a compound became an important and challenging target.
One of the first examples of a stable siloxetane was provided
*To whom correspondence should be addressed. E-mail: kbaines2@ by Markl et al3 Addition of tetrasubstituted cyclopentadienones
Y (a) Morkin, T. L.: Leigh, W. JAcc. Chem. Re€001 34,120, (b) 10 (M&sSI),S=C(R)(OSiMe), where R= Ph,t-Bu, resulted in
Morkin, T. L.; Owens, T. R.; Leigh, W. J. IThe Chemistry of Organic '_[h_e_ formation of stable siloxetanes (Sc_heme 2). SmC_Ekma
Silicon (rt]ompound??;lppoplgrn Z., Apeloikg| Y.,Alfjds.; Wiley: New r\](ork, initial report, a number of other stable siloxetanes, derived from
2001; Chapter 17. (c) Brook, A. G.; Brook, M. Adv. Organomet. Chem.  the addition of a carbonyl compound to a silene, have been
1996 39, 71. (d) Mler, T.; Ziche, W.; Auner, N. InThe Chemistry of _ . ’ AR
Organic Silicon Compound®appoport, Z., Apeloig, Y., Eds.: Wiley: New reported*® For many of these siloxetanes, the stability is
York, 1998; Chapter 16. (e) Raabe, G.; Michl, J. The Chemistry of

Organic Silicon Compoung&appoport, Z., Apeloig, Y., Eds.; Wiley: New (3) M&rkl, G.; Horn, M. Tetrahedron Lett1983 24, 1477.

York, 1989; Chapter 17. (f) Brook, A. G.; Baines, K. Mdv. Organomet. (4) (a) Toltl, N. P.; Leigh, W. JOrganometallics1996 15, 2554. (b)
Chem.1986 25, 1. (g) Raabe, G.; Michl, Zhem. Re. 1985 85, 419. (h) Barton, T. J.; Bain, S.; ljadi-Maghsoodi, S.; Magrum, G. R.; Paul, G;
Wiberg, N.J. Organomet. Chen1984 273 141. (i) Gusel'nikov, L. E.; Robinson, L. R.; Yeh, M. H. Irsilicon ChemistryCorey, E. R., Corey, J.
Nametkin, N. SChem. Re. 1979 79, 529. (j) Gusel'nikov, L. E.; Nametkin, Y., Gaspar, P. P., Eds.; Ellis Horwood: Chichester, U.K., 1988; p 201. (c)
N. S.; Vdovin, V. M. Acc. Chem. Red.975 8, 18. Saso, H.; Yoshida, H.; Ando, WIletrahedron Lett1988 29, 4747. (d)

(2) (a) Bush, R. D.; Golino, C. M.; Homer, G. D.; Sommer, L. H. Wiberg, N.; Preiner, G.; Schieda, Ghem. Ber198], 114, 3518.
Organomet. Chenil974 80, 37. (b) Golino, C. M.; Bush, R. D.; Roark, (5) (@) Brook, A. G.; Chatterton, W. J.; Hughes, D. W.; Vorspohl, K.
D. N.; Sommer, L. HJ. Organomet. Chenl974 66, 29. (c) Roark, D. Organometallicsl 987, 6, 1246. (b) Brook, A. G.; Chatterton, W. J.; Lough,
N.; Sommer, L. HJ. Chem. Soc., Chem. Commu973 167. A. L. Organometallics1991, 10, 2752.
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Scheme 2. First Example of Stable Siloxetanes Scheme 4. Formation of Siloxetane 3 in the Presence of
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The addition of benzaldehyde and acetophenone to the stable
Oo neopentylsilene MeSi=C(H)(CH,-t-Bu) (2) has been
examined In both cases, siloxetanes and ene-addition products
were obtained. The addition of acetophenone to sifyielded
products derived from both the silene and acetophenone acting
as the enophile. The siloxetanes were proposed to form by way
of a zwitterionic intermediate; however, no evidence for this
proposal was provided. The addition of carbonyl compounds
to Brook silenes, of the type (M8i),Si=C(R)(OSiMe),
typically forms siloxetane$>!! The addition of ana,f-
unsaturated aldehyde or ketone to a Brook silene often results
in the formation of a [4+ 2] cycloaddition product; in some
cases, two regioisomers of the [# 2] cycloadduct are

[N
(o]

attributed to the presence of bulky substituents, although this
is counterintuitive, since the relief of steric strain presumably
would provide a driving force for the retrocyclization. However,
in most cases, stable siloxetanes with bulky substituents do not
undergo retrocyclization. To provide insight into this matter,
the addition of formaldehyde to the parent silengSHCHy,

to form the intermediate siloxetane and its decomposition to
ethene and the 1,3-cyclodisiloxane was examined using ab initio
methods’. The formation of the silanone did not lower the
relative energy of the products relative to the siloxetane;
however, the formation of the 1,3-cyclodisiloxane, the dimer

; X - . observed?
of silanone, does provide a sufficient decrease in the total energy i
of the products to drive the reaction forward (Scheme 3). The Benzaldehyde is thenly carbonyl compound that has been

oxygen of the siloxetane was found to carry a significant added to both Couret’s neopentylsileteand a Brook silene

negative charge, and thus, it was concluded that the oxygen(18)-1°>*In both cases, a siloxetane is formed. An ene-addition
center of one siloxetane can nucleophilically add to the silicon Product was also observed in the addition to silenevhere
center of a second molecule of siloxetane to yield, after P€nzaldehyde acted as the enophile; however, this type of
elimination of ethene, the 1,3-cyclodisiloxane without the Productis not possible with the Brook silene.

intermediate formation of silanone. These results provide a There is a good deal of speculation in the literature regarding
reasonable explanation for why retrocyclization of siloxetanes the mechanism for the addition of carbonyl compounds to
bearing bulky substituents is not typically observed. Thus, our Silenes: the intermediacy of both zwitterions and biradicals has
current understanding is that nonenolizable ketones and alde-been propose#?1214 however, little evidence, experimental
hydes add to silenes to give siloxetanes, which, depending onor theoretical, has been presented.

the substituents, may undergo a subsequent bimolecular reaction Brook and co-workers examined the addition of benzophe-
to give a Wittig alkene and a cyclosiloxane. The focus of this none to silenes (M&Si),Si=C(R)(OSiMe), R = 1-Ad, Ph,
work is the mechanism of the first step of this transformation: formed by irradiation of the corresponding acyltris(trimethyl-
the addition of the carbonyl compound to the silene. The silyl)silane, in the presence of an excess of the radical trap Bu
relatively nonpolar Brook silenes (M8i),Si—=C(R)(OSiMe), SnH5 The observed products were siloxetaBeand the
where R= t-Bu (1a), 1-Ad (1b),8° and the naturally polarized = BusSnH-trapped silenet in a ratio of 90:10, respectively
Couret silene Me$Si=C(H)(CH,-t-Bu) (2)1° were selected as  (Scheme 4). Brook rationalized that, if a biradical intermediate
ideal substrates for a comparative study to examine the influencewere formed%; Scheme 4), products derived from the addition
of the polarity of the SFC group on the mechanism of the of BusSnH to the putative intermediate biradical should have

addition of the G=O group. been observed. Since this was not the case, these results were
- taken as evidence that the intermediate formed during the
(6) (@) Schmohl, K.; Reinke, H.; Oehme, Bur. J. Inorg. Chem2001, addition of benzophenone to the silene was zwitterionic in nature

481. (b) Wakita, K.; Tokitoh, N.; Okazaki, R.; Nagase, S.; Schleyer, P. v.
R.; Jiao, HJ. Am. Chem. So&999 121, 11336. (c) Suginome, M.; Takama,

A.; Ito, Y. J. Am. Chem. S0d.998 120, 1930. (d) Trommer, M.; Miracle, (10) (a) Delpon-Lacaze, G.; Couret, £.Organomet. Chenl994 480,
G. E.; Eichler, B. E.; Powell, D. R.; West, Rarganometallics1997, 16, C14. (b) Delpon-Lacaze, G.; de Battisti, C.; CouretJGOrganomet. Chem.
5737. 1996 514, 59.

(7) Bachrach, S. M.; Streitwieser, A., . Am. Chem. S0d.985 107, (11) Ishikawa, M.; Matsui, S.; Naka, A.; Ohshita, Qrganometallics
1186. 1996 15, 3836.

(8) Apeloig, Y.; Karni, M.J. Am. Chem. S0d.984 106, 6676. (12) Barton, T. JPure Appl. Chem198Q 52, 615.

(9) Brook, A. G.; Nyburg, S. C.; Abdesaken, F.; Gutekunst, B.; (13) Auner, N.; Seidenschwarz, . Naturforsch., BL99Q 45, 909.
Gutekunst, G.; Kallury, R. K. M. R.; Poon, Y. C.; Chang, Y.-M.; Wong- (14) (a) Wiberg, N.; Hwang-Park, H.-S.; Lerner, H.-W.; Dick,Chem.

Ng, W.J. Am. Chem. S0d.982 104, 5667. Ber.1996 129, 471. (b) Wiberg, N.; Link, MChem. Ber1995 128 1231.
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Chart 1. Selected Zwitterionic Complexes of Silenes or Scheme 6. Reactivity of the Oxy-Substituted
Silanimines a-Cyclopropylcarbinyl Intermediates Derived from Aldehyde
10
SiMe; SiMe;
RSi=( MeSi= £-Bu,Si= N— Sit-Bug O H
4 SiMeR 1, A SiMet-Bu, A
0O=CPh, 0 0=CPh, /\
Q Ph
° 10
7a: R =Me, R1={Bu
7b: R =Ph, R1=Me 8eTHF [Fi-]/ \[Fi®]
Scheme 5. Mechanism for the Addition of Enolizable
Carbonyl Compounds to Diarylsilenes RO - RO\@
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(0] Ph Ph

+

CEN > )Q\ 1 12
0 e R

R R | |
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no rearrangement
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(6; Scheme 4). The conclusions of this experiment will be
revisited in the Discussion.

Wiberg proposed that the addition of benzophenone to the
silenes RSi=C(SiMe;)(SiMeRY,), where R= Me and R =
t-Bu or R= Ph and R = Me, forms the zwitterionic complexes

Ph

performed by Mosey et al. using density functional thery.

7ab as intermediates during the cycloaddition (Chart"gy. Three reaction pa_thways were ex_plored_: a_concerteq ad_dm_on
and stepwise additions through either biradical or zwitterionic

The proposal is reasonable, given that the THF complex of a . ”
related silene has been isolated and characterized by X_raylntermedlates. The concerted pathway for addition was found

crystallography & THF; Chart 175 Similarly, the molecular ~ t© P& the highest in energy, and thus, was ruled out as a

structure of a zwitterionic adduct between benzophenone and a'€asonable possibility. However, when the relative energies of
silanimine has been determine® Chart 1)16 the pathways passing through either a biradical or a zwitterionic

Evidence in support of the formation of a zwitterionic intermediate were compared, it was noted that the addition
complex between a silene and a carbonyl compound, asPathway through a zwitterionic intermediate was only slightly

proposed by Wiberg, was provided by Leigh and co-workers !ower in energy than that of the pathway.involving a bi.rgdical
by examination of the kinetics of the addition of a series of Intermediate. The effect of solvent polarlty on the addition of
enolizable carbonyl compounds to substituted diarylsilénes. formaldehyde to KSi—=CH, was also examined; it was found
Both electron-withdrawing substituents on the silenic silicon that polar solvents stabilize a zwitterionic intermediate to a
center and electron-donating substituents on the carbonyl carborgreater degree than a biradical intermediate. Thus, it was
resulted in an increase in the rate constant of the addition concluded that the mechanism of the addition of aldehydes to
reaction. The effect of solvent polarity on the addition of the silenes may be influenced by the polarity of the solvent.
carbonyl compound to the silene was also examined; the Furthermore, the authors noted that, due to the competitiveness
additions were carried out in isooctane, hexane, or acetonitrile. of the two pathways, the nature of the substituents on the silene
The rate constant for the addition of acetone to the diarylsileneswould likely determine which mechanism is operative.
decreased in acetonitrile, presumably due to coordination of the We have used the cyclopropyl aldehydie (Scheme 6) as
solvent with the silené’2Furthermore, when deuterated acetone an effective mechanistic probe to study the reactivity of group
was added to the diarylsilene, a primary kinetic isotope effect 14 dimetallenes (MeS=SiMes, MesGe=SiMes, and Mes-

was observed’® These findings provide convincing evidence Ge=GeMes) toward aldehyde2-22 The function of the probe

for the reversible formation of a zwitterionic complex between js hased on the hypersensitive cyclopropylcarbinyl radical probes
the silene and the carbonyl compound followed by rate-llmltllng developed by Newcomb and co-work@&slthough the abso-
proton transfer (Scheme 5). Leigh and co-workers also examined)te rate constant for the ring-opening rearrangement of an oxy-
the addition of acetone to PBi—C(H)(CH,-t-Bu) and found  gpsituted cyclopropylcarbinyl radicall, is unknown, there

similar results, which led to the conclusion that the mechanism 5o several estimates in the literature which demonstrate that
was analogous to that of the related®i=CH, derivative: i.e.,

a mechanism of addition passing through a zwitterionic inter-
. 8 P 9 9 (18) Owens, T. R.; Grinyer, J.; Leigh, W. Qrganometallic2005 24,
mediatel 2307,
A detailed examination of the mechanism of the addition of  (19) Mosey, N. J.; Baines, K. M.; Woo, T. K. Am. Chem. So2002

i Fi= 124, 13306.
formaldehyde to the parent silene,,$#=CH,, has been (20) Dixon, C. E.; Hughes, D. W.; Baines, K. M. Am. Chem. Soc.

199§ 120, 11019.

(15) (a) Wiberg, N.; Wagner, G.; Reber, G.; Riede, J.jlishy G. (21) Samuel, M. S.; Jenkins, H. A.; Hughes, D. W.; Baines, K. M.
Organometallics1987 6, 35. (b) Wiberg, N.; Wagner, Gl. Organomet. Organometallic2003 22, 1603.
Chem.1984 271, 381. (22) Samuel, M. S.; Baines, K. M. Am. Chem. So@003 125, 12702.
(16) Wiberg, N.; Schurz, K.; Miler, G.; Riede, JAngew. Chem., Int. (23) (a) Le Tadic-Biadatti, M.-H.; Newcomb, M. Chem. Soc., Perkin
Ed. 1988 27, 935. Trans. 21996 1467. (b) Newcomb, M.; Chestney, D. 1. Am. Chem.
(17) (a) Bradaric, C. J.; Leigh, W. Drganometallics 1998 17, 645. Soc.1994 116, 9753. (c) Newcomb, M.; Johnson, C. C.; Manek, M. B.;
(b) Leigh, W. J.; Bradaric, C. J.; Sluggett, G. W.Am. Chem. S0d.993 Varick, T. R.J. Am. Chem. Sod992 114, 10915. (d) Newcomb, M.;

115 5332. Manek, M. B.J. Am. Chem. S0d.99Q 112, 9662.
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Scheme 7. Addition of Aldehyde 10 to MesSi=SiMes,, Since silenes react rapidly with many functional groups,
Mes,Ge=SiMes,, and MesGe=GeMes including carbonyl, hydroxyl and amino groups, few solvents
Mes M=MMes, Mes Ge— GeMes, are suitable for examining the effect of solvent polarity on the
+ M | rate constants for the addition reactions of silenes. Furthermore,
10 ° the range of substituents which can be employed in studies of
Y the effect of substituents on the rate constants of reactions is
M, M1 = Si also limited. Only a few stable geometric isomers of silenes
l or Ph are known, and these exist as mixtuté&ince it is extremely
M= Si, M' = Ge 15a-b difficult either to stereoselectively synthesize or separate
geometric isomers of silenes, stereochemical studies of addition
Mes Si— M'Mes,  Mes,Si— M'Mes, reactions have not been used, in general, as a mechanistic tool.
c'> ,L . o Ph We believe the molecular probe method is an effective means
| — for studying this class of compounds, and thus, we have
examined the addition of aldehyde probe to two different
| 14 types of silenes: the relatively nonpolar Brook silenes {Me
Ph Si);Si=C(R)(OSiMe), where R=t-Bu (1a), 1-Ad (1b),>?°and
13 the naturally polarized Couret silene M8&=C(H)(CH,-t-Bu)
(2).1°We were particularly interested in the examination of the
the lower limit of the rate constant is likely 10s1.2024-26 |n influence of the polarity of the SiC on the nature of the
contrast, the oxy-substituted-cyclopropylcarbinyl catiorl?2 reactive intermediate (if any).

derived from aldehyddO is not expected to undergo a ring-
opening rearrangement, on the basis of the observation that acid-
catalyzed removal of an acetal protecting group from a phenyl-
substituted cyclopropyl aldehyde does not give any ring-opened 1 1_pimesityl-2-neopentylsilene2( was prepared by the
products; only the aldehyde was isolatédhus, aldehydd0 addition of t-BuLi to a pentane solution of fluorodimesityl-
can be used to discriminate between the formation of oxy- vinylsilane (L6) at —78 °C.1° When the reaction mixture is

substituted cyclopropylcarbinyl radicals and cations (Scheme \yarmed to room temperature, LiF is eliminated, forming silene

Results

6). ) 2. Addition of trans-2-phenylcyclopropanecarbaldehyd®) to
_When cyclopropy! aldehyd&0 was added to tetramesityl-  the solution of 1,1-dimesityl-2-neopentylsilen) (yielded a
disilene or -germasilene, theistransdiene 13 and the oxa-  mixture of vinylsilanel7, siloxetanesi8a—c (in a ratio of 54:

cycloheptenel4 were formed (Scheme 7).In all cases, the  23:14:9, respectively), and estt9 as well as unreactetb and
cyclopropane ring had opened toward the phenyl substituent, 19 a5 determined byH NMR spectroscopy (Scheme 8).
leading to the conclusion that lairadical intermediate had Examination of the ratio of the products from a number of
formed along the reaction pathway. In contrast, when the yeactions revealed that the relative amount of eldavas quite
cyclopropyl aldehyde.0 was added to tetramesityldigermene, yariable, ranging from 6 to 55% of the product mixture; the
the only products formed were the diastereomeric digermoxe- rg|ative amounts 017 and 18a-c remained fairly constant.
:z;neslsfi,.b't(Scr;etnle ¥ TPT(;? is a remarkable dgf(teretr;]ce In ¢ Separation of the crude reaction mixture by chromatography
€ reactvity of tetramesityldigermene compared 1o those o yielded a mixture of vinylsiland 7, alkenestrans-20 and cis-
the disilene and germasilene derivatives. This difference was 20, and fluorosilanel6 (in a ratio of 46:15:6:33, respectively)
also evident in the theoretical study of the addition of formal- " .o\ 'a 6f19 and tetramesityl-1 3-c.ycl.0(.;iisilyoxaﬁ%and a
=S = 19 !
dgg_y_de tofl;j& Sll(;-izh Hdzs' C;e':lz' a_r1_o|SI_-|ii|Ge=Sel-Siz.__ (I;n the mixture of tetramesityl-1,3-cyclodisiloxaffeandtrans-2-phen-
addition of formaldehyde to both8=SiH, and HS—Gelt, ylcyclopropyl carbinol contaminated with unidentified impuri-
the lowest energy pathways were found to pass through Aigs3l Vinylsilane 17, esterl9, andtrans-20 and cis-20 could

biradical intermediaté? Our experimental results (Scheme 7) o separated after extensive chromatography. Siloxela
are totally consistent with these findings, since the structures decompose upon prolonged exposure to the f;ltmosphere or upon
of the products formedl@ and14) are best explained as being adsorption to silica gel. Alkenetrans20 and cis-20 and

i i i i i 21
dGe”ng froLn a blradlt(;]al llntern:edla%%. In :Ee calse Otf Ig’ tetramesityl-1,3-cyclodisiloxane are only observed after chro-
e=Gekp, however, the lowest energy pathway located pro- matographic separation of the crude reaction mixture. Due to

Ceer?ed throufgh g Z\tljvitteriorr]]_ich i_ntermediatet;) the con}%erted difficulties encountered during the attempted isolation of the
Wt ;]/vay was ognh to he too hig bln_energzy tﬁ € ?omlpet Ve. products of this reaction, the recovered yields are quite low and,

e have argued that the oxy-su stitute2-phenylcyc opro- as such, do not reflect the amount of the products formed. The
pyl)carbinyl cation12 (Scheme 6) does not undergo rapid ring products of several reactions had to be combined in order to

opening, and thl.JS' the _formatpn of dlg_ermoxetams_a,b IS obtain sufficient amounts of material for purification and
completely consistent with the intermediacy of a zwitterion in characterization

the addition of aldehyd&0 to tetramesityldigerment.

As Wlth group 14 dlmetallenes, me_chanlstlc studies of silenes (28) (2) Brook, A. G.. Baumegger, A Lough. A. Grganometallics
are hindered by the inherent reactivity of these compounds. 1995 11 308s. (b) Lassacher, P. Brook, A. G.; Lough, AQtganome-
tallics 1995 14, 4359.

(24) (a) Ha, C.; Horner, J. H.; Newcomb, M.; Varick, T. R.; Arnold, B. (29) (a) Brook, A. G.; Harris, J. W.; Lennon, J.; El Sheikh, J.Am.
R.; Lusztyk, JJ. Org. Chem1993 58, 1194. (b) Johnson, C. C.; Horner,  Chem. Socl979 101, 83. (b) Brook, A. G.; Nyburg, S. C.; Abdesaken, F.;
J. H.; Tronche, C.; Newcomb, M. Am. Chem. Sod.995 117, 1684. Gutekunst, B.; Gutekunst, G.; Kallury, R. K. M. R.; Poon, Y. C.; Chang,
(25) Zelechonok, Y.; Silverman, R. B. Org. Chem1992 57, 5785. Y.-M.; Wong-Ng, W.J. Am. Chem. S0d.982 104, 5667.
(26) Castellino, A. J.; Bruice, T. . Am. Chem. S0d988 110, 7512. (30) (a) Michalczyk, M. J.; Fink, M. J.; Haller, K. J.; West, R.; Michl,
(27) (a) Barrett, A. G. M.; Doubleday, W. W.; Tustin, G. J.; White, A.  J.OrganometallicsL986 5, 531. (b) Fink, M. J.; DeYoung. D. J.; West, R.
J. P.; Williams, D. JJ. Chem. Soc., Chem. Comm@@94 1783. (b) Mori, J. Am. Chem. S0d.983 105, 1070.
A.; Arai, |.; Yamamoto, H.Tetrahedronl986 42, 6447. (c) Abdallah, H.; (31) Smart, R. P.; Peelen, T. J.; Blankespoor, R. L.; Ward, 3. lAm.

Gree, R.; Carrie R. Bull. Soc. Chim. Fr1985 5, 794. Chem. Soc1997 119, 461.
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Scheme 8. Addition of Aldehyde 10 to Silene 2
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Vinylsilane 17, esterl9, and alkenetrans-20 andcis-20 were
isolated and identified by IRH, 1°C, gCOSY 'H—13C gHSQC
and gHMBC, andH—2°Si gHMBC (in the case o17) NMR
spectroscopy, and mass spectromé&tiBecause of the sensitiv-
ity of siloxetanesl8a—c, they were identified as part of the
crude product mixture. Due to signal overlap, it was difficult
to identify all the signals attributable to siloxetarfesa—c in
the 1D and 2D NMR spectra of the crude reaction mixture. The
only unobscured signals in thel NMR spectrum of the product
mixture which could be assigned to siloxetariga—c were
those at 4.77 ppm (dd,= 2.4, 3.6 Hz), 4.66 ppm (] = 4.2
Hz), and 4.27 ppm (1] = 8.4 Hz). On the basis of the chemical
shifts and multiplicities of these signals, they were assigned to
the IH geminal to the oxygen on the four-membered ring for
the three diastereomers b8a—c. Accordingly, in thetH—2°Si
gHMBC NMR spectrum of the crude reaction mixture, a
correlation between these three signals and signat2@tppm
in the 2°Si dimension, assigned to the siloxetane ring silicon,
were observed. The chemical shifts-020 ppm are comparable
to those assigned to the ring silicon atoms of similarly substituted
siloxetanes?

The identity of tetramesityl-1,3-cyclodisiloxane was con-
firmed by mass spectrome#fyand by comparison of th&éH
and 2°Si NMR chemical shifts to the literature da&aThe
identity of trans-2-phenylcyclopropyl carbinol was confirmed
by comparison of theH NMR chemical shifts to those of an
authentic sample and to the literature ddtahe alcohol was
not observed in the crude product mixture, and thus, it was likely
formed by hydrolysis of one of the primary products upon
chromatography.

The addition of aldehyd&0 to Brook silenesla,b was also
examined. A solution of acyltris(trimethylsilyl)silar®aor 21b
was irradiated, producing siled@or 1b, respectively:2° Silene

(32) A discussion of the NMR spectral data for compoubgsl9, trans
andcis-20, 23, 25ab, 26, and27ab can be found in the structure elucidation
section of the Supporting Information.

(33) Toltl, N. P.; Leigh, W. JOrganometallics1996 15, 2554.

(34) A sample of (MesSiO), was isolated from the addition of aldehyde
10to silene2 after chromatography. Tetramesityl-1,3-cyclodisiloxane: high-
resolution CI-MS for GeH4s0,Siz (M + H*) m/zcalcd 565.2958, found
565.2963.

Bu

chromatography
e

trans-20 cis-20

+

Mesz?i—(l)
O—SiMes,

Scheme 9. Addition of Aldehyde 10 to Silenes 1a,b

(e}
21a: R =t-Bu
(Me3Si)sSi R 21b: R=1-Ad
hv
CeDs ]
OSiMe;
OSiMe; R =tBu (MesSi),Si——t-Bu
(Me;Si)Si=—=( — |
R (MesSi),Si—— t-Bu
1a: R =t-Bu OSiMe;
1b: R = 1-A
b d 2
l1o
OSiMe; OSiMe; OSiMe;
(Megsi)2|Si R (Me3$i)2?i—— R (Me3Si)ZSi—’~ R
+ +
o H o—LH o:{_ H
| .
| Ph Ph
Ph
23: R =t-Bu 24a-b: R =t-Bu 25a-b: R =t-Bu
26: R = 1-Ad 27a-b: R = 1-Ad 28a-b: R = 1-Ad

lareversibly dimerizes, forming the 1,2-disilacyclobut&®
Although aldehydelO reacts very quickly with silenela,
dissociation of dimeR2 to the silene is relatively slow. Thus,
the reaction mixture was stirred for several hours. The addition
of aldehydel0 to the Brook silenes produces a mixture of
cis,transdienes23 and 26, siloxetane24ab and 27ab, and
acylsilane25ab and28ab for sileneslaandlb, respectively
(Scheme 9). The products derived from sildmewere formed

in a ratio of 74:11:10:2:3 foR3:24ab:25ab, and those from

1b were formed in a ratio of 73:13:12:1:1 f@6:27ab:28ab,

as determined byH NMR spectroscopy. When silends,b

are formed by irradiation in the presence of aldehjdesimilar
product mixtures are obtained; however, products which appear
to be derived from isomerization of tlués,transdienes are also
formed. Addition of10to the preformed silene provided a less
complex product mixture.
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The cis,transdienes23 and 26 and acylsilane5ab are
readily separated and purified by chromatography and were
identified by IR, H, ¥C, gCOSY, H-13C gHSQC and
gHMBC, and!H—2°Si gHMBC NMR spectroscopy, and mass
spectrometry? Despite many attempts, acylsilar&ab could
not be isolated, even as part of a mixture by chromatography.
Siloxetane®4ab and27ab are somewhat sensitive to ambient

atmospheric conditions. They remain unchanged after exposure

to the atmosphere for short time periods (typically hours);

however, upon prolonged exposure they decompose. Siloxetanes

24ab and 27ab also readily decompose upon adsorption on
silica gel; however, no decomposition products could be isolated
or identified. The identity of siloxetaneéstab and27ab was,
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Scheme 10. Conversion of Siloxetanes 18a to Alkenes 20

and (Mes;SiO),
H H tBu H t-Bu
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o] ? SN ” ?
Ph

chromatography

—_—
Ph
—~/
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therefore, confirmed by several characteristic features in the spectroscopy in the crude product mixture. The formation of

NMR spectra of the crude reaction mixtures. The spectral the Wittig alkene provides additional evidence for the formation
features which led to the identification of both diastereomers of a siloxetane from the addition of the aldehyde to the silene

of siloxetane®4 and27 are essentially the same; as such, only
diastereomeR4awill be discussed? A doublet was observed

in the 'H NMR spectrum of the crude reaction mixture at 4.34
ppm; the magnitude of the coupling constant for this signal was
9.0 Hz. This signal is attributable to the siloxetane rithty
geminal to the oxygen of siloxetargta The gCOSY NMR
spectrum of the crude reaction mixture showed a correlation
between the doublet at 4.34 ppm and a multiplet 418 ppm3>

The multiplet at~1.8 ppm also correlated to three multiplets
at ~0.9—-1.3 ppm in the gCOSY NMR spectrum of the crude
reaction mixture. The chemical shifts and correlations can be
assigned to the cyclopropyi’s, and thus, the downfield signal

at ~1.8 ppm was assigned to tAE vicinal to the siloxetane
ring H of 24a The IH—2°Si gHMBC NMR spectrum of the
crude reaction mixture revealed that the signal at 4.34 ppm in
theH dimension correlated to a signal at 57.4 ppm in3&i
dimension. Thig°Si resonance also showed a correlation to two
types of SiMg protons, each in the range of 6:0.4 ppm in
theH dimension, which implies that the silicon atom resonating
at 57.4 ppm is of the typ8i(SiMes),. Thus, the signal at 57.4
ppm was assigned to the siloxetane ring silicon2dé The
chemical shifts of the ring°Si of a number of siloxetanes
derived from the addition of carbonyl compounds to Brook-
type silenes have been determined. The chemical shift of the
siloxetane ring®Si ranges from 42 to 65 ppm, with the majority
of the chemical shifts falling within the much narrower range
of 50-56 ppm%@ Thus, the observed®Si chemical shift of
siloxetane24ais completely consistent with the known data.

Discussion

The addition of aldehyd&0 to silene2 yielded vinylsilane
17, siloxetanesl8a—c, and esterl9 (Scheme 8). Vinylsilane
17is the product of a formal ene addition between aldet@le
and silene. In this case, the aldehyde has exclusively acted as

(Scheme 1032 Interestingly, the siloxetanes derived from the
addition of benzaldehyde or benzophenone to siwere not
reported to undergo transformation to the Wittig alkenes and
(MegSiO),.1% |t is likely that the siloxetanes were only
characterized as part of the crude product mixture and not
isolated. No products were isolated or observed in the NMR
spectra of the crude reaction mixture where the cyclopropyl ring
had opened. As such, we believe that a biradical intermediate
is not formed during the addition of aldehyd® to silene2.

The possibility of a concerted addition of the aldehyde was also
ruled out, since the concerted addition of formaldehyde 0 H
Si=CH, follows a significantly higher energy pathway than the
pathways passing through either a biradical or a zwitterionic
intermediate, as determined by density functional thébfus,
siloxetanesl8a—c, from the addition of aldehyd&0 to silene

2, are likely formed by cyclization of an intermediate 1,4-
zwitterion.

The formation of the estef9 was unexpected. The formation
of an ester from dimerization of an aldehyde via Lewis acid
catalysis is a well-known reaction: the Tishchenko reactfon.
Typically, the Lewis acid catalyst employed is an aluminum
alkoxide; however, other catalysts, including transition-metal
complexes containing Zr, Hf, Fe, Ru, Os, Rh, and Ir, are known
to catalyze the dimerization. The proposed mechanism for the
catalytic process is dependent on which catalyst is empl&y&d.

In this case, we believe silerzis acting as a Lewis acid,
catalyzing the dimerization of aldehyd® to form esterl9.
Thus, the addition ofrans-2-phenylcyclopropanecarbaldehyde
(10) to MesSi=C(H)(CHy-t-Bu) (2) initially yields a 1,4-
zwitterion (Scheme 11). The zwitterion can then cyclize to give
siloxetanesl8a—c or add a second equivalent of aldehy
to yield the 1,6-zwitterior29. Loss of silene from zwitterion
29 accompanied by a [1,3]-hydride shift results in the formation

(36) A recent review: Seki, T.; Nakajo, T.; Onaka, @hem. Lett2006

the enophile; no products were observed that could be attributedss, 824.

to an ene addition where the silene acted as the enophile.
Interestingly, the addition of acetophenone to sileénforms
both types of ene-addition produéfs.

Upon chromatography of the crude product mixture from the
addition of aldehydd0 to silene2, alkenestrans-20 and cis-
20 and tetramesityl-1,3-cyclodisiloxane were isolated; these
products were not present in the crude product mixture. Alkenes
trans-20 and cis-20 are the expected products from the corre-
sponding siloxetanek8a—c, which were detected b\H NMR

(35) Due to overlap in théH NMR spectrum of the crude reaction
mixture, it was not possible to observe the precise chemical shifts of some

(37) Although there are no reports in the literature of Pt catalyzing the
dimerization of an aldehyde, the possibility that the formation of ekder
was catalyzed by a Pt species was also considered. Fluorodimesitylvinyl-
silane (6), the precursor to silen2, is formed by the HPtCk-catalyzed
hydrosilylation of acetylene by MgSiHF. Although fluorosilanel6 was
purified by multiple filtrations through a bed of silica gel to remove the
catalyst, it seemed possible that traces of a Pt species of unknown
composition remained. The formation of estéry a Pt-catalyzed reaction
was discarded on the basis of the following evidence. A mixture of
fluorosilanel6 and aldehydd0, in both the presence and absence of LiF,
afforded no reaction. When a catalytic amount oPECk was added to a
solution of aldehydd0, a number of products were formed; however, ester
19 was not. Finally, a sample of fluorosilari® was analyzed by energy
dispersive X-ray spectroscopy (EDS) and no signals attributable to platinum
could be observed (detection limit: 2 ppt). The upper limit of Pt in this

signals, and thus, the chemical shifts have been estimated from the gCOSYcase, 2 ppt, is significantly lower than the amounts typically required in

NMR spectrum.

catalytic reactions.
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Scheme 11. Mechanism of Addition of Aldehyde 10 to Scheme 13. Mechanism of Addition of Aldehyde 10 to
Silene 2 Silenes la,b
2+10 1a-b +10
MeSZSi—e/\ £-Bu oSN, sy OSiI\;es
€301 |
Mes;Si—" > t-Bu Ph <c|> A" Messisi—LR | ke> 10051 | TSI
| © | —_— 0
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18a-c 24a-b: R =t-Bu 23: R =t-Bu
) l 27a-b: R = 1-Ad 26: R = 1-Ad
l 2+19 phenyl substituent to form a 1,7-biradical intermediate. This 1,7-

biradical intermediate then disproportionates, yielding the
observectis,transdienes23 and26 (Scheme 13). No evidence
* MeSZ|Si—<|J for the formation of products derived from cyclization of the
O— SiMes, 1,7-biradical intermediate was observed.
The proposed mechanism by which siloxeta2dsb and
Scheme 12. Possible Routes for the Formation of 27ab are formed, via a biradical intermediate, contrasts with
Vinylsilane 17 our earlier conclusion that siloxetané8a—c, detected as a
product of the addition of aldehydt to silene2, are formed
Mes,Si—" > t.Bu via a 1,4-zwitterion. Although the possibility that siloxetanes
| @ 24ab and27ab are formed by ring closure of a 1,4-zwitterion
2410 > O\_/H cannot be rigorously ruled out, we believe that, in this reaction,
S® these products are more likely formed by cyclization of the 1,4-
F’h—<] biradical. If we assume that the 1,4-biradical undergoes com-
: petitive ring closure or rearrangement and we assume that the
v rate constant for ring opening of the oxy-substituted cyclopro-
Mes ,Si==— pylcarbinyl radical kg, is on the same order as that of the
‘\;t Bu unsubstituted derivative, bs71,2% the rate constant of cycliza-
O\\__ H"' — 17 tion, k¢, of the 1,4-biradical can be estimated using the following
Y equation: kc = kgr([24)/[23]). The ratio of24:23is 21:74, and
ph._<] thus, kc is estimated to be on the order of12&~1. Although
the value ofkc is only an estimate, it is likely that the order of
magnitude is correct. Thus, siloxetan2$éab and 27ab are
of ester19 (Scheme 11). The formation of estE9, therefore, likely formed by the cyclization of a 1,4-biradical intermediate.
provides further evidence that, in the case of aldehyde addition Since thecis,transdienes and the siloxetanes formed from the
to this type of silene, a 1,4-zwitterion is formed along the addition of aldehydd to the Brook silenes can be explained
reaction pathway. from the same 1,4-biradical intermediate, there is no need to
The mechanism by which vinylsilark? is formed is more  invoke the intermediacy of a zwitterion.
ambiguous. The vinylsilane could be formed by a [1,6]-hydride ~ With an estimate okc, the interpretation of the BSnH-
shift from the 1,4-zwitterionic intermediate or by a concerted trapping experiments reported by Brook et al. should be re-
ene addition (Scheme 12). Interestingly, the ene product derivedexamined. During the formation of the silene (88,Si—=
from a proton transfer from the 1,4-zwitterion (that is, with the C(R)(OSiMe), R = 1-Ad, Ph, in the presence of benzophenone
silene acting as the enophile) was not observed. Furtherand BuSnH, no product(s) derived from the reaction ofsBu
experiments are required to provide evidence for the mechanismSnH with a putative 1,4-biradical intermediate Scheme 4)

trans-20 + cis-20

by which this product is formed. was observef Siloxetane3 and a small amount ¢f, derived
The addition of aldehyddO to sileneslab yielded the from the addition of BgSnH to the silene, were formed (Scheme
cis,transdienes23 and 26, siloxetane24ab and 27ab, and 4). The absence of B8nH adducts of biradicdl was taken as

acylsilanes25ab and 28ab, respectively (Scheme 9). The evidence that no biradical intermediate was formed during the
cis,transdienes23 and26, derived from the addition of aldehyde  addition of PRC=0 to the silene. Thus, Brook and co-workers
10to Brook silened ab, respectively, clearly result from ring-  concluded that the addition proceeded via a zwitterionic
opening rearrangement of the cyclopropyl group toward the intermediate §; Scheme 4). Our results indicate that the rate
phenyl substituent. On the basis of the known behavior of constant for cyclization of the 1,4-biradical intermediate is very
aldehydel0 (vide supra), we believe that this rearrangement fast, on the order of 20 s™1. The rate constant for hydrogen
occurs from an intermediate biradical. Thus, the aldehyde atom abstraction from B$nH by most alkyl radicals is on the
initially adds to the Brook sileneka,b, forming a 1,4-biradical ~ order of 16—10" M~1s! and is 16 M~1s71 in the case of a
intermediate which can either cyclize to give siloxetapésb benzyl radicaf® Since the rate constant for hydrogen atom
and27ab or undergo ring-opening rearrangement toward the abstraction by an alkyl radical is ktast3 orders of magnitude
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less than that for cyclization of the biradical intermediate, the
relative amount of products derived from reaction withzBu
SnH would be very small and, in all probability, not be within
the detection limit offH NMR spectroscopy. Thus, Brook’s
experiments do not rule out the possibility of the intermediacy
of a biradical during the addition of carbonyl compounds to
Brook silenes.

The formation of acylsilane®5ab and 28ab is more
perplexing. A reasonable mechanism for their formation involves
the addition of aldehyd#0 to sileneslab to form a biradical

Organometallics, Vol. 26, No. 9, ZZE80

Silenes, particularly the readily available Brook silenes, have
been recently recognized as promising substrates for organic
synthesis because of their selective and efficient cycloaddition
reactions®® Our results are important not only because of the
fundamental nature of the work but also because a thorough
understanding of the mechanisms of cycloaddition reactions will
be critical for the continued and fruitful development of
applications of this chemistry.

Experimental Section

intermediate, where the carbonyl carbon has added to the silenic

silicon center. A subsequent [1,3]-hydrogen transfer forms
acylsilanes25ab and28ab.

Conclusions

We have examined the addition w&ns-2-phenylcyclopro-
panecarbaldehydd Q) to two different types of silenes. In the
case of the addition of aldehyd® to the naturally polarized
Couret silene2, three different types of products are obtained:
vinylsilane 17, siloxetaned 8a—c, and ested 9. Upon chroma-
tography, siloxetaned&8a—c undergo conversion to alkenes
trans-20 andcis-20 and (MegSiO),. The formation of siloxe-
tanes18a—c and esterl9 are best explained from the same
intermediate: a 1,4-zwitterion. The absence of cyclopropyl ring-
opened products rules out the formation ofceyclopropyl-
carbinyl radical along the reaction pathway. Vinylsilatiéis
likely formed via a [1,6]-hydride shift from the 1,4-zwitterionic

Addition of trans-2-Phenylcyclopropanecarbaldehyde (10) to
1,1-Dimesityl-2-neopentylsilene (2).A solution of fluorodi-
mesitylvinylsilane {6; 248 mg, 0.79 mmol) in pentane (3 mL) was
cooled to—78 °C. A pentane solution afBuLi (0.45 mL, 1.7 M)
was then added to the cold solution. The reaction mixture was
warmed to room temperature and stirred for 1 h, after which time
the color had deepened to orange and a fine precipitate of LiF had
formed. The pentane was removed under vacuum, the orange
residue was dissolved ingDs (1.0 mL), and this solution was
transferred to a septum-sealed NMR tube. The solution consisted
of a mixture of silene2 and fluorosilan€l6 in a ratio of 71:29,
respectively, as determined Byt NMR spectroscopy® A solution
of trans-2-phenylcyclopropanecarbaldehyd®;,(94 mg, 0.64 mmol)
in CsDs (0.5 mL) was added to the silene solution. Upon addition
of the aldehyde, the orange color immediately faded to pale yellow;
the reaction mixture was stirred at room temperature for 2 h. The
solvent was removed by rotary evaporation, yielding an orange
residue (332 mg) consisting of vinylsilari&, siloxetanesl8a—c

intermediate, but a concerted ene addition cannot be ruled out.(in @ ratio of 54:23:14:9, respectively), and esi&ras well as

The formation of estel9, the dimer of aldehydé&O, via a

silene-catalyzed Tishchenko reaction is a unique example of a

silene behaving as a Lewis acid catalyst. While the catalytic
activity of silene 2 is very intriguing, the silene-catalyzed
reaction is not efficient, due to the multiple modes of reactivity
that are possible and, as such, silehés unlikely to gain
common use as a Lewis acid.

fluorosilane16 and unreacted aldehyde), as determined byH
NMR spectroscopy.

The crude reaction mixture was separated by column chroma-
tography (silica gel, 1:1 hexane€H,Cl,), yielding a mixture of
vinylsilane 17, alkenestrans-20 and cis-20, and fluorosilanel6
(46:15:6:33, 158 mg), esté® contaminated with tetramesityl-1,3-
cyclodisiloxane (16 mg}? and a mixture of tetramesityl-1,3-
cyclodisiloxané® andtrans-2-phenylcyclopropyl carbindl (34:66,

In the case of the less polar Brook silenes, three types of 30 mg). The mixture of vinylsiland7, alkenestrans-20 and cis-

products were also obtainedcis,transdienes 23 and 26,
siloxetane4ab and27ab, and acylsilane25ab and28ab,
derived from sileneda andlb, respectively. The formation of

20, and fluorosilanel 6 was further separated by repetitive prepara-
tive thin-layer chromatography (silica gel, hexanes). The mixture
containing 19 was further separated by preparative thin-layer

thecis,transdienes and the siloxetanes are best explained from chromatography (silica gel, 2:1 GBI,—hexanes). It proved to be

the same intermediate: a 1,4-biradical. This is the first time

very difficult to purify any of the products from this reaction, and

that unequivocal experimental evidence for the formation of a as such, the product mixtures of several reactions had to be

biradical intermediate has been found during the addition of a combined in order to obtain sufficient amounts for characterization
carbonyl compound to silenes. of vinylsilane 17, alkenestrans20 and cis-20, and ester19.

We have provided convincing evidence for the formation of Z:;‘g:f:g ngftzizgitﬁf’;&g?r;emﬁgid Ajﬁgg;::;%damt(::;g‘m
both biradicals and zwitterions during the addition of aldehydes P ’

to sil Th f d i th is d dent th were obtained as a colorless oil in a ratio of 75:25, respectively
o silenes. The preferred reaction pathway is dependent on e(98% pure by GC analysisi7: IR (cm) 3026 (m), 2958 (s),

nature of the substituents and, thus, the polarity of the silene. 5gcg (m), 2735 (w), 1606 (s), 1452 (s), 1411 (m), 1236 (m), 1072
This work provides the first clear example of a dramatic (s), 1030 (m), 849 (m), 817 (w), 792 (w), 748 (m), 698 (W), 632
difference in reactivity between the relatively nonpolar Brook (s)- 14 NMR (CsD¢) 6 7.11 (t, 2H,m-PhH, J = 7.8 Hz), 7.02 (tt,
silenes and naturally polarized Couret silene toward aldehydes.1H p-phH, J = 1.4, 7.8 Hz), 6.95 (d, 2Hp-PhH, J = 7.8 Hz),
Although the structures of the products are analogous, we haves 76 (s, 2H,m-Mes H), 6.75 (s, 2H,m-Mes H), 6.30 (AB spin
shown that the mechanisms of the addition are quite different. system, 1H, SiC(HFC(H)t-Bu, J = 18.6 Hz,3Js_ = 8.1 Hz),
Our results are in very good agreement with the results of the 6.23 (AB spin system, 1H, Si€&)=C(H)--Bu, J = 18.6 Hz,2J5;_4
theoretical study of the addition of formaldehyde to the parent = 6.9 Hz), 3.67 (dd, 1H, OB,, J = 6.0, 10.2 Hz), 3.55 (dd, 1H,
silene, HSi=CHy, where the biradical and zwitterionic pathways OCH,, J = 6.3, 10.5 Hz), 2.50 (s, 6H)-Mes (H3), 2.49 (s, 6H,
were shown to be relatively close in enef§yThe authors 0-Mes (Hj3), 2.104 (s, 3Hp-Mes CH3), 2.102 (s, 3Hp-Me CHy),
indicated that, because of the competitiveness of the two 1.66 (dt, 1H, Ph €, J = 8.8, 4.0 Hz), 1.351.40 (m, 1H,
pathways, the substituents on the silene will have a significant OCH,CH), 0.93 (s, 9H{-Bu), 0.75 (dt, 1H, €, J = 8.2, 5.0 Hz),
influence on the preferred mechanism of aldehyde addition, as
we have shown here experimentally.

(39) Ottosson, H.; Steel, P. @hem. Eur. J2006 12, 1576.

(40) It was necessary to addl equiv oft-BuLi to fluorosilanel6 when
forming silene2, to prevent decomposition of the silene. As such, sizne
was always contaminated with residual fluorosildrée

(38) Newcomb, M.Tetrahedron1993 49, 1151.
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0.71 (dt, 1H, G, J = 8.6, 5.3 Hz);3C NMR (CsDg) 6 158.07
(SIC(H=C(H)-t-Bu), 144.39 ¢-Mes C), 143.29 {-Ph C), 139.08
(p-Mes C), 132.15 {(-Mes C), 132.10 {-Mes C), 129.67 (n-Mes
C), 128.49 (n-Ph C), 126.20 ¢-Ph C), 125.66 p-Ph C), 122.89
(SIC(H)=C(H)t-Bu), 66.48 (QCH,), 34.91 (C(CHy)s), 28.79
(C(CHa)3), 25.41 (OCHCH), 24.39 p-Mes-CHj3), 21.80 (PhCH),
21.08 p-MesCH3), 14.21 CHy); 2°Si NMR (GiDg) 0 -10.4
(Mes;Si); high-resolution EI-MS for gH440Si (M*) m/z calcd
496.3161, found 496.31528a—c: *H NMR (CsDg) 0 4.77 (dd,
1H, OtH, J = 2.4, 3.6 Hz,189), 4.66 (t, 1H, OC1, J = 4.2 Hz,
18b), 4.27 (t, 1H, OG, J = 8.4 Hz, 180); ?°Si NMR (CsDg)
~20 (MesSi, 18a—c). 19 IR (cm™1) 3063 (w), 3029 (w), 2950
(w), 1723 (s), 1605 (w), 1498 (w), 1459 (w), 1404 (m), 1338 (m),
1262 (w), 1173 (s), 754 (m), 697 (M4 NMR (CeDg)*t 6 7.06—
7.10 (m, 2H,m-PhH ring B), 6.96-7.02 (m, 4H,m-PhH ring A,
p-PhH ring A and B), 6.86-6.88 (m, 2H,0-PhH ring B), 6.74-
6.76 (m, 2H,0-PhH ring A), 3.97, 3.90 (AB portion of an ABX
spin system, 2H, OB, of one diastereomedas = 11.4 Hz,Jax
= 7.0 Hz,Jgx = 7.6 Hz), 3.95, 3.92 (AB portion of an ABX spin
system, 2H, O@, of one diastereomedag = 11.6 Hz,Jpx = 7.1
Hz, Jsx = 6.9 Hz), 2.59-2.63 (m, 1H, Ph@& ring A), 1.88 (dt,
1H, CHC=0,J = 8.6, 4.3 Hz), 1.66-1.63 (m, 1H, Ph@ ring B),
1.55-1.60 (m, 1H, &, ring A), 1.28-1.34 (m, 1H, OCHCH),
0.95 (1H, ddd, €, ring A, J = 4.2, 6.3, 8.4 Hz), 0.71 (dt, 1H,
CH, ring B of one diastereomed, = 10.6, 5.4 Hz), 0.71 (q, 1H,
CH, ring B of one diastereomed, = 5.6 Hz), 0.64 (dt, 1H, €,
ring B of one diastereomed, = 11.8, 5.4 Hz), 0.64 (q, 1H, I&;
ring B of one diastereomes,= 5.6 Hz);13C NMR (GsD¢) 0 173.04
(C=0), 142.29 {(-Ph C ring B), 140.31 {(-Ph C ring A), 128.62
(mPhCring A), 128.56 (m-PhCring B), 126.53 p-PhC ring B),
126.35 ¢-Ph Cring A), 126.23 6-Ph C ring B), 125.96 p-PhC
ring A), 68.25, 68.19 (@QH, x 2 diastereomers), 26.45 (REH
ring A), 24.45, 24.44¢(H)C=0 x 2 diastereomers), 22.02, 22.00
(PhCH x 2 diastereomers, ring B), 21.76 (OgEH), 17.11 CH,
ring A), 13.97 CH, ring B); high-resolution EI-MS for H200,
(M*) m/z caled 292.1463, found 292.1458ans20: 'H NMR
(CeDg) 0 7.09-7.12 (m, 2H,m-Ph H), 7.01-7.04 (m, 1H,p-Ph
H), 6.91-6.93 (m, 2H,0-PhH), 5.53 (1H, ddt, CH-CHCH,-t-Bu,
J=0.6, 15.0, 7.5 Hz), 5.05 (1H, ddt,He=CHCH,-t-Bu, J = 8.2,
15.2, 1.0 Hz), 1.89 (dt, 1H, I@,-t-Bu, J = 7.2, 1.4 Hz), 1.76 (dt,
1H, Ph@H, 3= 9.0, 4.6 Hz), 1.60 (tt, 1H, CHCHCHcycioprop J =
4.5, 8.6 Hz), 1.01 (dt, 1H, B,, J = 8.4, 5.1 Hz), 0.880.92 (m,
1H, CHy), 0.88 (s, 9Ht-Bu); 13C NMR (CeDg) 6 142.92 {-PhC),
134.85 (CH=CHCH,-t-Bu), 128.56 +Ph C), 126.07 CH=
CHCH,-t-Bu), 125.96 ¢-Ph C), 125.73 p-Ph C), 47.38 CHy-t-
Bu), 30.97 C(CHzs)s), 29.36 (CCH3)3), 26.82 (CH=CHCHcycioprop
25.31 (PhCH), 16.85 CHy). cis-20: 'H NMR (CgDg) 0 7.09—
7.12 (m, 2H,m-Ph H), 7.00-7.03 (m, 1H,p-Ph H), 6.95-6.96
(m, 2H,0-PhH), 5.49 (1H, ddt, CH-CHCH,-t-Bu, J = 1.0, 11.0,
8.0 Hz), 4.97 (1H, ddt, B=CHCH,-t-Bu, J = 9.6, 11.0, 1.4 Hz),
2.02 (ddd, 1H, @i,-t-Bu, J = 1.5, 4.2, 7.8 Hz), 1.831.88 (m,
1H, CH=CHCHcycioprop, 1.76 (dt, 1H, Ph@&, J = 9.0, 4.6 Hz),
1.09 (dt, 1H, ¢, J = 8.8, 5.4 Hz), 0.88 (s, 9H;Bu), 0.81-0.85
(m, 1H, CHy,); 3C NMR (C¢Dg) 6 142.70 {-Ph C), 134.34 (CH=
CHCH,-t-Bu), 128.60 (-Ph C), 126.10 CH=CHCH,-t-Bu),
125.96 ¢-Ph C), 125.83 p-Ph C), 41.84 (CHxt-Bu), 30.97
(C(CHa)3), 29.34 (CCH3)3), 25.57 (PhCH), 23.07 (CH=CH-
CHeycioprop, 17.19 CHy). trans and cis-20: high-resolution El-
MS for CieHz2 (MT) m/zcaled 214.1721, found 214.1718.
Addition of trans-2-Phenylcyclopropanecarbaldehyde (10) to
2-tert-Butyl-2-(trimethylsiloxy)-1,1-bis(trimethylsilyl)silene (1a).
A solution of pivaloyltris(trimethylsilyl)silaneZ1a 73 mg, 0.22
mmol) was irradiated in D¢ (1.5 mL), forming a mixture of silene
laand its dimeR2. The progress of the irradiation was monitored

(41) The cyclopropyl ring attached to the carbonyl carbon is assigned
as ring A, and the cyclopropyl ring attached to the QGs$lassigned as
ring B.

Milnes and Baines

by 'H NMR spectroscopy, and after 13 h of irradiation the solution
consisted of a mixture of silenka, dimer22, and pivaloylsilane
21ain aratio of 54:33:13, respectively, as determinedt\NMR
spectroscopy. A solution dfans-2-phenylcyclopropanecarbalde-
hyde @0; 38 mg, 0.26 mmol) in €D (0.5 mL) was added to the
yellow solution ofla, 22, and21a Upon addition of aldehyd#0,

the color of the reaction mixture changed to light orange; however,
after sitting for 18 h, the color of the solution had completely
disappeared. The crude reaction mixture contatiedransdiene

23, siloxetane24ab, and acylsilane®5ab in a ratio of 74:11:
10:2:3, respectively, as well as pivaloylsilaB&a and aldehyde
10, as determined byH NMR spectroscopy. The solvent was
removed from the crude reaction mixture, yielding a pale yellow
residue (98 mg). The mixture was separated by preparative thin-
layer chromatography (silica gel, 1:1 hexar€H,Cl,), yielding
cis,transdiene23(21.1 mg), pivaloylsilan@1a an impure mixture

of pivaloylsilane21aand acylsilane&5ab (2.3 mg), and aldehyde
10. Since such a small amount of the mixture containing acylsilanes
25ab was obtained, the products of several reactions were
combined to obtain a sufficient amount for further purification and
characterizatior23: IR (cm1) 3026 (m), 2954 (s), 2898 (m), 1636
(s), 1596 (s), 1405 (s), 1248 (s), 1058 (s), 838 (s), 743 (s), 690 (s);
IH NMR (CgDg) 6 7.61 (ddd, 1H, OCH-CHCH=CH, J = 0.9,
10.9, 16.1 Hz), 7.457.48 (m, 2H,0-PhH), 7.13 (it, 2H,m-PhH,
J=17.6, 1.8 Hz), 6.99 (tt, 1Hp-PhH, J = 7.6, 1.4 Hz), 6.46 (d,
1H, OCH=CHCH=CH, J = 16.0 Hz), 6.35 (dt, 1H, OB=
CHCH=CH,J= 1.0, 5.6 Hz), 5.40 (ddd, 1H, OGHCHCH=CH,
J=0.8,5.6,10.8 Hz), 3.89 (s, 1H, M&OCH), 0.99 (s, 9H{-Bu),
0.35 (s, 9H, SiMg), 0.26 (s, 9H, SiMg), 0.22 (s, 9H, OSiMg);

13C NMR (CgDg) ¢ 143.88 (@CH=CHCH=CH), 138.86 {-PhC),
128.89 -Ph C), 128.85 (OCH-CHCH=CH), 127.05 p-Ph C),
126.35 ¢-Ph C), 122.78 (OCH-CHCH=CH), 111.12 (OCH
CHCH=CH), 80.03 (MgSiOCH), 35.69 C(CHg)s), 28.66 (CCH3)3),
1.16 (OSiMg), 0.58 (SiMe), 0.21 (SiMe); 2°Si NMR (CsDg) 6
16.3 (CBiMe3), 13.7 Si(SiMes),), —16.8 SiMe;), —17.8 SiMey);
high-resolution EI-MS for GH460,Si; (M) m/zcalcd 478.2575,
found 478.256824ab: 'H NMR (CgDs) 6 4.39 (d, 1H, OEi, J =

8.4 Hz, 24b), 4.34 (d, 1H, OEl, J = 9.0 Hz, 24g), ~1.95 (m,
OCHCHycioprop 24b), ~1.80 (m, OCH®¢ycioprop 248), ~0.9-1.3
(six M, CHeycioprop 24ab); 2°Si NMR (CsDg) 0 57.6 Si(SiMey),,
24b), 57.4 Si(SiMey),, 243d). 25ab: IR (cm™1) 2956 (s), 2899 (M),
1615 (s), 1249 (s), 1052 (s), 1028 (m), 839 (s), 749 (m), 694 (m).
25a 'H NMR (CgDg) 6 6.96-7.08 (m, 3H,m,pPh H), 6.87—
6.88 (m, 2H,0-Ph H), 4.42 (s, 1H, MgSiOCH), 2.79 (ddd, 1H,
CHC=0, J = 3.8, 5.3, 7.7 Hz), 2.67 (ddd, 1H, PRCJ = 3.9,
6.3, 9.0 Hz), 1.91 (ddd, 1H, 1, J= 3.8, 5.3, 8.9 Hz), 1.171.20

(m, 1H, GH,), 0.98 (s, 9Ht-Bu), 0.38 (s, 9H, SiMg, 0.23 (s, 9H,
SiMes), 0.20 (s, 9H, OSiMg); 13C NMR (CsDg) 0 241.15 C=0),
141.15 {-Ph C), 128.67 (nPh C), 126.42 p-PhC), 125.75 ¢-Ph

C), 79.83 (M@SiOCH), 41.90 (GHC=0),*?36.05 C(CHs)3), 30.49
(Ph CH), 28.91 (CCHa)3), 20.21 CH,),*? 2.07 (SiMe), 1.20
(SiMes), 0.88 (SiMe);*3 2°Si NMR (CsDg) 6 15.0 (CBiMe3), —15.7
(SiMes), —15.9 (SiMe), —37.5 Si(SiMe3),). 25b: *H NMR (CsDe)

0 6.96-7.08 (m, 3Hm,p-PhH), 6.94-6.96 (m, 2H,0-PhH), 4.44

(s, 1H, MgSiOCH), 2.79 (ddd, 1H, €IC=0,J = 3.8, 5.3, 7.7
Hz), 2.75 (ddd, 1H, PhE, J= 4.0, 6.5, 8.6), 1.86 (ddd, 1H,HG,
J=3.8,5.3,9.2 Hz), 1.1#1.20 (m, 1H, &1), 0.97 (s, 9H}-Bu),
0.34 (s, 9H, SiMg), 0.23 (s, 9H, OSiMg), 0.19 (s, 9H, SiMg);

13C NMR (CsDg) 6 241.04 C=0), 141.15{(-PhC), 128.67 (n-Ph

C), 126.49 p-PhC), 125.92 ¢-Ph C), 79.83 (MgSiOCH), 41.61
(CHC=0),*? 36.05 (C(CHgs)3), 30.61 (PhCH), 28.94 (CCHy3)3),*?
20.04 CH,),*? 2.07 (SiMe), 1.29 (SiMe), 0.88 (SiMg);*? 2%Si
NMR (CgsDg) 0 15.0 (CBiMe3), —15.0 (SiMe), —15.4 (SiMe),

(42) A number of the carbon signals were difficult to assign to a specific
isomer, and thus, their assignments may be reversed.

(43) Thel3C signals for compound25aand25b attributable to the SiMg
groups could not be specifically assigned as SiMe OSiMe;, due to
overlap of the signals.



Aldehydic Mechanistic Probe Addition to Silenes

—37.4 Si(SiMe3),). 25ab: high-resolution CI-MS for gyH470,-
Sis (M + H*) m/zcalcd 479.2653, found 479.2652.

Addition of trans-2-Phenylcyclopropanecarbaldehyde (10)
to 2-(1-Adamantyl)-2-(trimethylsiloxy)-1,1-bis(trimethylsilyl)-
silene (1b).Aldehyde10 was added to silengb as described for
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1.24 (OSiMe), 0.69 (SiMe), 0.29 (SiMg); 2°Si NMR (C¢Dg) 6
16.3 (5iMey), 14.0 Si(SiMes),), —16.6 SiMes), —17.9 SiMe3);
high-resolution EI-MS for GHs,0,Si, (M™) m/zcalcd 556.3044,
found 556.305427ab: H NMR (CeDe) 6 4.38 (d, 1H, OCl, J =
9.2 Hz,27b), 4.33 (d, 1H, OEl, J = 9.6 Hz,2738); 2°Si NMR (CsDs)

5 58.4 Si(SiMey),, 274), 58.0 Si(SiMe),, 27b). 28ab: H NMR
(CeDe) & 4.45 (s, M@SIOCH, 28h), 4.43 (s, MgSiOCH, 283).

silene 1la Specific experimental details can be found in the
Supporting Information26: IR (cm~1) 2906 (s), 2852 (m), 1637
(s), 1453 (w), 1405 (w), 1248 (s), 1143 (w), 1050 (s), 839 (s), 745
(w), 691 (w);*H NMR (CgDg) 6 7.63 (ddd, 1H, OCH-CHCH=
CH,J= 1.0, 11.0, 16.0 Hz), 7.477.50 (m, 2H,0-Ph H), 7.11—
7.15 (m, 2H,m-Ph H), 6.97-7.01 (m, 1H,p-PhH), 6.47 (d, 1H,
OCH=CHCH=CH, J = 16.0 Hz), 6.38 (dt, 1H, OB=CHCH=
CH,J=1.0, 5.6 Hz), 5.42 (ddd, 1H, OGHCHCH=CH, J = 0.8,
5.7, 10.7 Hz), 3.83 (s, 1H, M8IOCH), 1.96 (bs, 3H, Ad @),
1.64-1.72 (m, 12H, Ad @), 0.39 (s, 9H, SiMg), 0.30 (s, 9H,
SiMes), 0.25 (s, 9H, OSiIMg); 13C NMR (CsDg) 6 144.02 (GCH=
CHCH=CH), 138.89 {(-Ph C), 128.89 (n-Ph C), 128.78 (OCH=
CHCH=CH), 127.03 p-Ph C), 126.34 ¢-PhC), 122.84 (OCH=
CHCH=CH), 111.06 (OCH-CHCH=CH), 81.30 (MgSiOCH),
41.41 (AdCHy), 37.85 (4 Ad C), 37.31 (AdCH,), 28.99 (AdCH),
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