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Abstract: Mechanisms of the reactions of three tetrakis(trialkylsilyl)disilenes and a tetraaryldisilene with various
haloalkanes such as carbon tetrachloride, chloroform, dichloromethane, which gave the corresponding 1-alkyl-
2-chlorodisilanes and/or 1,2-dichlorodisilanes, were investigated in detail. As evidenced by an ESR observation
of an intermediate radical, these reactions were quite unusual, forming neutral radical pairs from two closed
shell molecules at the first step; no similar reactions have been observed between alkenes and haloalkanes.
Low oxidation potentials of these disilenes, large negative activation entropies, and solvent effects for the
rates are in good accord with the direct halogen abstraction of disilenes from haloalkanes instead of single-
electron transfer at the rate-determining first step. The structe@ctivity relationship of the reactions and

the Hammond postulate suggest that the transition state structures for the first step are similar to those for the
halogen abstraction by silyl radicals, but more product-like.

Introduction Scheme 1

Since the isolation of tetramesityldisilene as the first stable +BuCl Mes Hes fHe
disilene in 198% there have been reported a number of T MesTyrgMes +

Isrene 5 o€ po : Mes, __Mes ci A HoC™ "CH
distinctive reactions of stable disilenes with various reagents ., SFS|  —

. Mes Mes Mes Mes

such as hydroxylic compounds (water, alcohols, and phenols) PRCHACl _ es i SiMes
and carborcarbon multiply bonded compounds (alkenes, &1 CHoPh
alkynes, and 1,3-dienes) giving various types of addicts.
Whereas the mechanisms of these reactions have not been R A
investigated yet in detail, the reaction modes and reactivity of CX4 A-SESLR
disilenes appear to be remarkably different from those of RS' of X X (x=Cl orBr
alkenes. Typically, in contrast to=€C double bonds, SiSi R | L R R
double bonds react with water and various alcohols very NLLL S R-%;_sl.;_n
smoothly without catalysts to give the corresponding adducts, R = #BuMe,Si R X (RX = CHCIp~Cl, CHaC-Cl, CHa-Br)

but the mechanistic details of the reactions including the origin

of the diverse stereochemical outcome are still under active types of products as shown in Scheme 1. The formation of these

discussior#:# products is apparently suggestive of the radical nature of the
Recently, West et &and our grouphave found that disilenes  reactions. These reactions are rationalized if a pair of the

react rather unusually with various haloalkanes giving several corresponding halodisilanyl radical and alkyl radical is formed

in the first step (Scheme 2); in the second step, various types

(1) West, R.; Fink, M. J.; Michl, JScience (Washingtor)981 214
1343.

(2) For reviews on disilenes, see: (a) WestPRre Appl. Chem1984 Scheme 2
56, 163. (b) Raabe, G.; Michl, Lhem. Re. 1985 85, 419. (c) West, R. R R R R
Angew. Chem., Int. Ed. Engl987, 26, 1201. (d) Raabe, G.; Michl, J. In Si=gi R'X R—éi-sli-R + g Products
The Chemistry of Organic Silicon Compound@atai, S., Rappoport, Z., Ff' 1R . T
Eds.; John Wiley & Sons: New York, 1989; Part 2, Chapter 17. (e) X
Tsumuraya, T.; Batcheller, S. A.; Masamune ABgew. Chem., Int. Ed. ) ) o ) ) )
Engl. 1991 30, 902. (f) Grev, R. SAdv. Organomet. Cheml991 33, of products will be formed via recombination, disproportionation
&Izrg (l\g/l)-?vkviﬁgtlef; B’V%Sr‘é?;‘gl% grggﬁgnn%%%ggigiggg 39, 231. (h) of the radical pair in the cage, or abstraction of the second
(3:) Sékurai, H.’ InThe Chemistry of Organic Silicon Compounds halogen by th('_:‘ halodlsnar_\yl radical out of the cage. .
Rappoport, Z., Apeloig, Y., Eds.; John Wiley: New York, 1998; Vol. 2, These reactions are quite unusual becauseutral radical
Part 1, Chapter 15. pair is formed from two neutral closed shell molectleaso

(4) (a) Apeloig, Y.; Nakash, MJ. Am. Chem. S0d.996 118 9798. (b) P -
Apeloig, .. Nakash. MOrganometallicsL998 17, 1260. (c) Apeloig, Y. similar reactions have been observed between alkenes and

Nakash, M.Organometallics1998 17, 2307. See also: Takahashi, M.; haloalkanes. Elucidation of the mechanisms of these reactions

Veszprieni, T.; Hajgafg B.; Kira, M. Organometallics200Q 19, 4660. may contribute to understanding the characteristics of double
(5) Fanta, A. D.; Belzner, J.; Powell, D. R.; West, ®rganometallics

1993 12, 2177. (7) As a rather exceptional case, reactions of a dioxirane with olefins
(6) lwamoto, T.; Sakurai, H.; Kira, MBull. Chem. Soc. Jpri998 71, etc. have been proposed to proceed via a similar radical pair fornfation,

2741. while a concerted mechanism is claimed as an alternative mech&nism.
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Reactions of Stable Disilenes with Haloalkanes

Table 1. Reactions of Various Disilenes with Haloalkanes in
Hexané

yields (%}
disilene RX 2 3
la(R = i-PrMeSi) CCl, 83 (2a) 0
CHClz 26 (28) 70 (38
CH.CI, 0 93 3d)
PhCHCI 0 51@34d")
1b (R = t-BuMe:Si)® CCly 83 (2b) 0
CHClg 0 78 3b)
CH.CI, 0 85 3b')
1c(R=i-PrsSi) CCly 70 (20 0
CHClz 62 (20 0
t-BuBr 81 (2C) 0
1d (R=Tip) CCly 84 (2d) 0
CHClg 94 (2d) 0
CH.CI, 85 (2d) 0

2See Experimental Section for detailed reaction conditibibse-
termined by NMR . Reference 6.
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Figure 1. An ESR spectrum of disilanyl radicdic observed during
the reaction oflc with tert-butyl chloride in benzends at room
temperature.

that the two types of products are produced via the two

bonds of group-14 elements. In this paper, we discuss the competitive reactions from the radical pair shown in Scheme
detailed mechanisms of the reactions of several stable disilenesy.

(1a—d) with various haloalkanes.

Chart 1

\ /
/Si:Si
R
1a; R = +ProMeSi
1b; R = t-BuMe,Si
1¢; R = i-Pr3Si
1d; R = 2,4,6-triisopropylphenyl (Tip)

Results and Discussion

A. Overall Profile of Reaction. 1. Product Study.Tetrasi-
lyldisilenes 1a—c!! and a tetraaryldisilenéd!? reacted with

2. ESR Spectra of Intermediateslf the reaction of a disilene
with a haloalkane proceeds via the corresponding 2-halodisilanyl
radical and alkyl radical, the 2-halodisilanyl radical as a key
intermediate might be observed by ESR. During the reaction
of 1c with excesstert-butyl chloride in benzends at room
temperature (eq 2), an intense singlet ESR signal with several
satellites due t@°Si nuclei was observed (Figure 1).

R R
t+Bucl Eol
1c R-SSHR 2
CgDg, 1t c':l .
4c (R = i-PrsSi)

The ESR spectrum is assignable to the corresponding
oligosilanyl radicaldc on the basis of thg value and splitting

various haloalkanes in the dark to give the corresponding pattern of the satellite signalgy = 2.0054,a(Si,) = 5.73 mT,

dihalodisilane2 and 1-alkyl-2-halodisilane8 in high yields

and hfs values of five satellites with 1.03, 0.73, 0.59, 0.46, and

(eq 1), while the reaction rates and product distribution depended0.27 mT due to othe?®Si and$3C nuclei. Theg and a(Siy)

R R R'X PR }? FI(
SsFs{ 2Xeess R-S-SHR + R—S-SHR (1)

R R hexane 1] 1]

in the dark X X R X

1 2 3

values fordc are similar to those of tris(trialkylsilyl)silyl radi-
cals!® a(Si,) = 5.56 and 5.71mTg = 2.0061 and 2.0055 for
(i-PrsSi)sSit 13 and (-BuMe,Si)sSi, L3¢ respectively. The reaction

of 1c with tert-butyl chloride was very slow and only 10% of
lcwere consumed after 1 month at room temperature; the ESR
signal intensity continued slowly to increase for more than half

strongly on the types of disilenes and haloalkanes as shown ina year. Disilanyl radicaldc was exceptionally long-lived,

Table 1. The reactions of sterically very bulky disiledesand
1d gave only the corresponding 1,2-dihalodisilagegor 2c)

probably becausécis well protected sterically to cause neither
the chlorine abstraction frotert-butyl chloride nor recombina-

and2d irrespective of the structure of haloalkanes. The reactions tion with tert-butyl radical. Isobutene and isobutane were

of less bulky disilenela with dichloromethane and benzyl
chloride gave only the simple addition produ8s and 3a’,
while the reaction ofLa with chloroform produced a mixture

detected in the reaction mixture by NMR, indicative of the
formation oftert-butyl radicals during the reaction.
In contrast, disilene$aandl1b react withtert-butyl chloride

of 2aand3a. Carbon tetrachloride was the most reactive among rather smoothly to show no ESR signals due to silyl radicals
investigated haloalkanes toward these disilenes to afford only during the reactions. The major products w2eeand2b, but
the corresponding 1,2-dichlorodisilanes. These results suggesseveral other products involving ene-addition products of

(8) (a) Bravo, A.; Fontana, F.; Fronza, G.; Minisci,Tetrahedron Lett
1995 38, 6945. (b) Bravo, A.; Fontana, F.; Fronza, G.; Minisci, F.; Zhao,
L. J. Org. Chem1998 63, 254.

(9) Adam, W.; Curci, R.; D'Accolti, L.; Dinoi, A.; Fusco, C.; Gaspatrrini,
F.; Kluge, R.; Paredes, R.; Schulz, M.; Smerz, A. K.; Veloza, L. A;
Weinkdz, S.; Winde, RChem. EurJ. 1997 3, 105.

(10) Dixon, C. E.; Hughes, D. W.; Bains, K. Am. Chem. S0d 998
120 11049.

(11) Kira, M.; Maruyama, T.; Kabuto, C.; Ebata, K.; Sakurai Atgew.
Chem., Int. Ed. Engl1994 33, 1489.

(12) Watanabe, H.; Takeuchi, K.; Fukata, N.; Kato, M.; Goto, M.; Nagai,
Y. Chem. Lett1987 1341.

isobutene with the disilenes were also forri¢dery weak ESR
signals were detected but unidentified during the reaction of
1d with tert-butyl chloride, although the reaction was very slow
similar to the corresponding reaction b€, the major product

(13) (&) Kyushin, S.; Sakurai, H.; Betsuyaku, T.; Matsumoto, H.
Organometallicsl997, 16, 5386. (b) Kyushin, S.; Sakurai, H.; Matsumoto,
H. Chem. Lett1998 107. (c) Kira, M.; Obata, T.; Kon, I.; Hashimoto, H.;
Ichinohe, M.; Sakurai, H.; Kyushin, S.; Matsumoto, EGhem. Lett1998
1097. (d) Cooper, J.; Hudson, A.; Jackson, RM&l. Phys.1972 23, 209.

(14) The ene-addition reactions of disileridsare reported to occur very
easily via the six-membered cyclic transition stédtes.
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was again dichlorodisilan2d. The intermediate silyl radicals
formed from disileneda, 1b, and1d with tert-butyl chloride
should be more reactive thafc due to less severe steric
bulkiness of the substituents fbaand1b, and due to possible
homolytic aromatic addition of silyl radicafsfor 1d.

B. The First Step: Single-Electron Transfer or Halogen
Abstraction. As shown in Scheme 3, the first step may proceed
either through (1) the single-electron transfer (SET) from
disilene to haloalkane followed by the coupling of the disilene
cation radicals and chloride anion or through (2) the direct
halogen abstraction of disilene from haloalkane, where the
disilene is supposed to serve as a biradical.

1. Cyclic Voltammetry of Disilenes.To distinguish the above

estimated by using the following egs 3 and 4, whgréd, C,
and AG are the frequency factor, reorganization energy,
Coulomb energy, and free energy difference, respectively.

AG/(kcalsmol™!) = 23.06(Eox - Ereg)/V + C

- __h_[1,46\2
k_Zexp[ 4RT<1+7»)}

The AG value for the SET reaction betweebc and
chloroform is estimated to be larger than 34 keadl~, because
Eox Of 1c and Ereq Of chloroform are+0.70 and<—1.0 V18P
respectively; the Coulomb energy is estimated to bg&

3

4

i . . s , . Soe
two possible mechanisms, the assessment of the SET mechanisri{c@Fmol™ by assuming the interatomic distance of 10 A.The

using the Marcus theot{ will be effective. For this purpose,
oxidation Eox) as well as reduction potentialk{q) of various
disilenes have been investigated in THF by cyclic voltammetry
by using a conventional three-electrode cell design; an AgCl-
coated silver wire, a glassy carbon rod, and a platinum metal

wire were used as a working electrode, a reference electrode,

and a counter electrode, respectively. It was confirmedHby
NMR spectroscopy that disilendsa and 1d did not react for
several hours with supporting electrolyte BY[PFg] in THF-

ds. Since both reduction and oxidation of these disilenes were
irreversible, the peak potentials were compared in Table 2.

Table 2. Peak Potentials of Various Disilenes in THF

disilene Ep,ox(V) Epred(V)
la +0.88 —-1.82,—2.41
1c +0.70 —-1.70,—2.56
1d +0.56,+1.32 —2.66
MesSi=SiMes +0.44 (+0.38) —2.12 (-2.12)

a Conditions: Potentials in V vs ferrocene/ferroceniutr0(61 V),
supporting electrolyte 0.1 M [NB{[PF¢], reference electrode Ag/Ag
at ambient temperatures in THF at 0.2 \WShe data in parentheses
are taken from ref 18a.

The oxidation potentials of the investigated tetraaryldisilenes
and tetrasilyldisilenes were in the range 60.4 to +0.9 V.
The relatively high oxidation potentials of these disilenes
eliminate the possible SET mechanism for the initial reactions
of disilenes with haloalkanes. According to the Marcus thééry,
the second-order rate constard for an SET reaction is

(15) For reviews of silyl radicals, see: (a) Sakurai, HFhee Radicals
Kochi, J. K., Ed.; John Wiley & Son: New York, 1973; Vol. Il. (b)
Chatgilialoglu, C.Chem. Re. 1995 95, 1229.

(16) Recently, Bains et al. have found the reactions of stable disilenes
with ketones to proceed via biradical adducts, while the detailed discussion
on the transition states for the step was not given: Dixon, C. E.; Hughes,
D. W.; Bains, K.J. Am. Chem. S0d.998 120, 11049.

(17) (a) Marcus, RAnnu. Re. Phys. Cheml1964 15, 155. (b) Marcus,

R. J. Chem. Physl965 43, 679. (c) Marcus, RJ. Phys. Cheml968 72,
891.

(18) (a) Shepherd, B. D.; West, Rhem. Lett 1988 183. (b) Eox-
(chloroform)= —1.67 V (SCE) in a dioxane-water (75/25) mixture: Mann,
C. K.; Barnes, K. KElectrochmical Reactions in the Nonaqueous Systems
Marcel Dekker Inc: New York 1970.

(19) Eberson, LActa Chem. Scand 982 B36, 533.

rate constank is suggested to be 10714 M~1.s71, if we assume
that thed value is ca. 50 kcaiol™! according to the evaluation
by Ebersot’ for reduction of haloalkanes, and tevalue is
ca. 16 M~%-s71. As shown in the next sectiok,is measured

to be 1.2x 1072 M~1-s71 for the reaction ofL.c with chloroform

at 298 K. The observel is 10'? times larger than the above
estimatedk, and hence incompatible with the SET process
betweenlc and chloroform. Since disilenelsa—d react with
those haloalkanes which have even lolgg than chloroform,
the reaction mechanisms should not involve the initial SET
process.

Meanwhile, interesting substituent effects on both oxidation
and reduction potentials of disilene were observed. The oxidation
potentials of tetrasilyldisilene%a and 1¢c were 0.14-0.44 V
higher than those of tetramesityldisilene aldj and the first
reduction potentials of tetrasilyldisilends and 1c were ca.
0.3-0.9 V lower than those of tetraaryldisilenes. The results
suggest that both HOMO and LUMO of tetrasilyldisilenes are
significantly lower in energy than those of tetraaryldisilenes as
shown in Figure 2; tetrasilyldisilenes are more electron-accepting
and less electron-donating than tetraaryldisilenes. Significant
differences in the various reactions of tetrasilyldisilenes from
those of tetraaryldisilenes may be explained by the major
electronic effects of the substituents, while the steric effects
should also be taken into account; for example, tetrasilyldisilenes
la and 1b react with 2,3-dimethylbutadiene to produce the
corresponding DielsAlder adducts, while no [#2] addition
of tetramesityldisilene to 1,3-butadienes has been repbittad.
more electron-accepting tetrasilyldisilents and 1c afforded

Mes, Si=SiMes, (i-ProMeSi),Si=Si(SiMe(i-Pr),).

Figure 2. Schematic representation of the relative energy levels of
the frontier orbitals of tetrasilyldisilenes and tetraaryldisilenes.
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Table 3. Rate Constants of the Reactions of Disilenes with Table 4. Comparison of Second-Order Rate Constants of Halogen
Chloroform at 303 K in Various Solvents Abstractions of Disilenes (at 303 K in hexane) and Silyl Radicals
10 (M—L-sY) (at 300 K) from Various Haloalkanes
—_— —l.g 1
solvent 1c 1d Er (kcakmol-1)a kK(M~-s7)

a map—
hexane 160 16 309 haloalkane 1c 1d Et:Si (MesSi)sSit
toluene 210 0.82 33.9 CCly 17x 10t 43x10° 1.7x 1C®
benzene 200 2.2 34.5 CHCl; 16x102 16x10* 25x 10 6.8x 10°
THF 110 b 37.4 CH:Cl; 52x10°% 14x107 7.1x10
chlorobenzene 330 8.0 37.5 CI;CCCh 26x10°% 41x 1@
dichloromethane d 4.9 411 CI,CHCHCL 20x 108 22x 1¢®

- PhCHCI 14x 102 16x10°% 2.0x 10 4.6x 10°

2 Data were taken from ref 28.A complex mixture of products was . gyCJ 7.4% 107 25%x 10 4.0x 10°
formed.¢ Reactions ofLd with these solvents were assumed to be too ;. 3

. t-BuBr 8.8x 10~ 1.1x10° 1.2x10°

slow to affect the rate constantsNot determined. i-PrBr 22y 104 4.6 % 107

) . CH3(CH,).Br 1.0x 10°° 54x 10° 2.0x 107

the second reduction potentials at arount.8 and—2.5 V, PhBr 1.7x 107 1.1x 108 4.6x 10°

while 1d and tetramesityldisilene showed only one reduction
peak at>—2.5 V. The results coincide with the fact that
tetrasilyldisilenesla and 1b are reduced by lithium metal in

aReference 24b. In diert-butylperoxide-triethylsilane. Reference
24d. In hexadecane.

THF to give the corresponding dianioffswhile a similar — gjgnificantly solvent dependent. Polar solvents slightly acceler-
lithium reduction of1d is known to give th? corresponding  4teq the reactions but the extent is smaller than that expected
disilenyllithium via the Si-Ar bond cleavageé: for the SET reactions. All the features of the reactions, i.e.,

2. Kinetic Order, Rates, Activation Parameters, and  rgjatively low oxidation potentials of these disilenes, large
Solvent Effects.The reactions of disilenes with haloalkanes in negative activation entropies, and solvent effects for the rates,

hexane were followed by UV spectroscopy, using the absorbance, g jncompatible with the SET reactions at the rate-determining
at the zz*band maxima of the disilenes. When the initial jnitial step.

con3centrations of a disilene and haloalkane were ca® 20d The reactions of disilenes with haloalkanes are judged to
10" M, pseudo-first-order kinetics was observed (eq 5). Several hroceed via the rate-determining halogen abstraction of disilenes,
kinetic runs showed that the apparent first-order rate constants,here the disilenes serve as biradicals. Since the role of group-

(kopg) were proportional to the concentrations of the haloalkane 14 glement unsaturated bonds as biradicals is rather exceptional,
(eq 6); the second-order rate constakisere determined as  \ye have investigated further in detail the structareactivity

relationship of the reactions to elucidate the transition state

d[1a] )
" Tar T = kowslia) structures. _
C. Transition-State Structure for the First Step. 1.
Kope = KICHCI] (6) Disilenes vs Silyl Radicals.To determine the electronic and
bs = 3

steric requirement for the first-step reactions, the second-order

. . . rate constants were compared with those for the halogen
the slope. The reaction was thus characterized as obeying an . . . o6

. R 2 “abstraction by silyl radical%2% In Table 4, the rate constants
overall second-order rate law, first order in disilene and first

order in haloalkane. All the reactions investigated here showed for the halogen abstractions of disilerixsand 1d are shown

similar kinetics, indicating that the rate-determining step of these together with those reporte_d_for silyl radlcalf._
. - X . . The absolute rates for disilenes are®-100" times slower
reactions is the first step to form radical pairs.

- \ . . than the corresponding reactions for silyl radicals. These
Typically, k's for the reactions olcandld with chloroform differences are understood on the basis of the reaction enthalpies
were thus determined to be (1.580.005)x 102and (1.62+ P

0.06) x 10-* M-L-s1, respectively, in hexane at 303 K. From (AHo). The reactions of silyl radicals are well-known to be

L exothermic by more than 30 keelol™, irrespective of chlorine
the temperature dependencéaihe activation parameters were or bromine abstractioff. On the other hand, the reactions of
determined a&\H* = 7.0+ 0.1 kcalmol~t andAS" = —43.9 : '

© 0.05 calmol--K—1 for 1candAH* = 7.4+ 0.1 kcatmol-1 the disilenes with haloalkanes will be less exothermiel§ =

— — —1 Had i
andAS' = —43.14 0.07 caimol~1-K~1 for 1d. The very large 5 to ~15 kcatmol ™), because a SiSi z bond is cleaved
) o . . during the reaction¥ The higher reactivity of tetrasilyldisilenes
negative activation entropies of these reactions support the

bimolecular chlorine abstraction mechanism for the first step  (23) Kosower, E. M.; Mohammad, M. Am. Chem. So968 90, 3271.

i . i ivati ; (24) (a) Chatgilialoglu, C.; Ingold, K. U.; Scaiano, J. C.; WoynarJH.
of the rézl;lctli)lns, large negative activation entropies aroum_ Am. Chem. Sodl981 103 3231, (b) Chaigiialoglu. C.. Ingold, K. U
calmol™-K™* have also been observed for the reactions of gcgiano, J.'CJ. Am. Chem. S0a982 104 5123. (c) Lusztyk, J.: Maillard,

tetramesityldisilene with phenot&The SET mechanism is again  B.; Ingold, K. U.J. Org. Chem 1986 51, 2457. (d) Chatgilialoglu, C.;

eliminated because typical SET reactions should show reIativerCK*i“Vevf,tD-: %esage,'&/l-lt- 0(;9- %elrrllcgﬁﬁ 54,3249%- ?% gcl)' &-:gé)ztei()]()a,
P : : ., Watanabe, A.; Matsuda, ull. em. SocC. Jp ) .
small and even positive activation entro%?y. Sluggett, G. W.; Leigh, W. JOrganometallics1992 11, 3731.

As shown in Table 3, while rates for disilede are much (25) Ingold, K. U.; Lusztyk, J.; Scaiano, J. @.Am. Chem. S0d 984
larger than those for disilenkd, these rate constants were not 106 343.
(26) (a) Tamblyn, W. H.; Vogler, E. A.; Kochi, J. KI. Org. Chem

(20) Iwamoto, T.; Yin, T.; Maruyama, T.; Kabuto, C.; Kira, M. To be  198Q 45, 3912. (b) Blackburn, E. V.; Tannner, D. D. Am. Chem. Soc
submitted for publication. See alsatOth International Symposium on 1980 102, 692.
Organosilicon ChemistryPoznia, Poland, 1993; Abstracts, p 263. (27) For this discussion, bond dissociation energies (BDE) ofCi

(21) (a) Scaott, J. P.; Batchller, A.; Masamune JSOrganomet. Chem. Si—Br, C—Cl, and C-Br were taken to be 113, 96, 80, and 64 koail1.28
1989 367, 39. (b) Weidenbruch, M.; Willms, S.; Saak, W.; Henkel, G. The BDE values depend significantly on the substituents. For further detailed

Angew. Chem., Int. Ed. Engl997, 36, 2503. discussion in this paper, the BDE values of Cl are taken to be 83.6,
(22) Typically, the activation entropy for the electron transfer from 82.8, 79.2, and 70.3 keahol* for CH3—Cl, CICH,—ClI, Cl,CH—CI, and

anthracene anion to butyl bromide was reported teHsecatmol=-K 1 ClsC—Cl, respectively?®

Lexa, D.; Saeant, J.-M.; Su, K.-B.; Wang, D.-lJ. Am. Chem. Sod 988 (28) Walsh, RAcc. Chem. Red981, 14, 246.

110 7617. (29) Weissman, M.; Benson, S. W. Phys. Chem1983 87, 243.
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Figure 3. A log—log plot of the rate constants of the chlorine
abstraction between disileri@ (k;) and triethylsilyl radical ks).

- 30 keal/mol

Reaction Coordinate

Figure 5. Comparison of the reaction profile of the halogen abstraction
of a silyl radical with that of a disilene.

abstraction than that for chlorine abstracttéhEor disilenelc,
the reactivity difference betweetrBuCl and t-BuBr was
observed to be much larger in extent in accord with the
reactivity—selectivity principle;k[t-BuBr]/k[t-BuCI] = 1.2 x
6 7 8 10* at 303 K.
log ky/(Mes™) The fact that the reactivities of disilenes toward various
) . haloalkanes are parallel to those of silyl radicals with larger
Figure 4. A log—log plot of the rate constants for the reactions of = gg|activity for the former suggests the similarity of the transition
disilene1c (i) vs (MeSisSt (k). states between these two types of halogen abstractions. Since,
- . like other atom abstraction reactions, the transition states for
than tetraarydisilenes may be attributed to the smattond halogen abstraction by a silyl radical are considered to have a
energy for the fF’m??r- . ) . linear arrangement of (halide carbetit)alogen-silicon atoms,
Despite the significant difference of the reaction enthalpies gjmilar linear transition states will be applicable to the corre-
between disilenes and silyl radicals, the structueactivity sponding reactions of disilenes as shown in Figure 5. According
relationships of these reactions are rather parallel to each othery the Hammond postulafthe transition state for a silyl radical
As shown in Fig_ure 3,_Iogarithms of rate constants for the ¢houid be early and reagent-like. On the other hand, the
reactions ofld with various haloalkanes correlated roughly  ansition state for a disilene should be later, where the carbon
linearly with those for triethylsilyl radical, with a correlation halogen bond cleavage is significantly developed.
coefficient Of.0'854.' The reason fOF th.e. rather.poor correlation 2. Hammett-Type Relationship.Chatgilialoglu and Ingoff
may be_ascnbed in part to the S|gn|f|ca_nt difference in the have investigated the substituent effects on the rate for chlorine
electronic and steric eff(_acts Of. the Sl.JbSt'tuents at the radical abstraction of triethylsilyl radical from benzyl chlorides, and
centers betweefid and tnethylsnyl radical. found a linear plot of log vs o, with p of +0.64, indicative of
/Aplot of log k for the reactions of chloro- and bromoalkanes - gjgnificant polar effects, i.e., significant development of negative
w_|th lcag_alnst t_hose with tris(trialkylsilyl)silyl radical gave two charge on the benzylic carbon in the transition state for this
different linear lines for chloro- and bromoalkanes with almost e ction, In radical reactions, however, spin delocalization effects
the same slope as shown in Figure 4; the slopes and correlationye 1o supstituents may also be important. On this basis, Jiang
coefficients were 3.37r(= 0.994) and 3.36r(= 0.996) for & 5 have recently proposed a two-parameter relationship for
chloro- and bromoalkanes, respectively. For halogen abstractiongjica| reactions using various combinations of polar and spin
of silyl radicals, it is well-recognized that the reaction wiint- delocalization substituent constaftSubstituent effects on the
butyl chloride is much slower than the reaction wiéht-butyl rates for the bromine abstraction of tris(trimethylsilyl)silyl
bromide, while the reaction enthalpies are almost the sAig; radical from substituted benzyl bromide (eq 7) were thus
(t-BuX) = —30.7 and—29.7 kcaimol~1, for X = Cl and Br,
respectively, buk[t-BuBr]/k[t-BuCl] = 4.4 x 1(? and 3.0x (31) (@) Michalczyk, M. J.; West, R.; Michl, Drganometallics1985
10? for Et;Si* and (MeSi)sSi*, respectively. The reason for the ‘11'92568 g’geih?ghg;etghgl-e??sPX"_"‘ET'QU'%-U';;/Q’V?F'gr%‘;’;%mg?'"Dcasvis
rate difference is usually ascribed to the stabilization of the \y M. Masamune, SJ. Am. Chem. Sod99Q 112 9394. See also ref 1
transition states by polar effects, which is larger for bromine g

log ka/(M ™)

(32) Kira, M.; Ohya, S.; lwamoto, T.; Ichinohe, M.; Kabuto, C.
(30) Thexr bond energies of disilenes may be estimated roughly from Organometallics200Q 19, 1817.

the rotational barrier around the=S8i bonds, which are reported to be ca. (33) Hammond, G. SJ. Am. Chem. So0d.955 77, 334.
25 and 15 kcamol™* for several 1,2-diaryldisilenésand a tetrasilyldi- (34) Chatgilialoglu, C.; Ingold, K. U.; Scaiano, J. £.0rg. Chem1987,
silene3? respectively. Since the barrier for a tetrasilyldisilene is lowered 52, 928.
by the effectiveo—smr conjugation at the transition state, the barrier of 15 (35) (a) Jiang, X. K.; Ji, G. Z.; Xie, J. R. Yetrahedronl997, 53, 8479.
kcalmol~! for tetrasilyldisilenes should be taken as the lower limit of the (b) Jiang, X. K.Acc. Chem. Re<4997, 30, 283. (c) Jiang, X. K.; Ji, G. Z.
m bond energy. J. Org. Chem1992 57, 6051.




Reactions of Stable Disilenes with Haloalkanes

Table 5. Second-Order Rate Constants for the Reaction of
Disilene 1c with Substituted Benzyl Chlorides and Substituent
Constants at 303 K in Hexane

J. Am. Chem. Soc., Vol. 123, No. 8,18%11

disilene was calculated to be 13% for the CASSCF/6-31G**
structure®” This biradical character may be related to thieond
energy, because the smaller the energy required to break the

X 10%x (M~1-s7%) op? 0. bond is, the more favorable the biradical formation. Since the
t-Bu 1.7 —0.20 0.26 7 bond energies for disilenes (25 kaabl~1) are much smaller
Me 1.2 -0.17 0.15 than for the usual alkenes (65 kaeabl™1), disilenes should have
H 14 0 0 larger biradical character. The reason for the smalbond
EI %? 8'22 _0(')0222 energies of disilenes would be attributed to the large positive
CFR: 41 0.54 —0.01 singlet-triplet energy differences of the component silylenes
CN 13.0 0.66 0.42 [> AEsT; AEst = E(triplet) — E(singlet)] on the basis of CGMT

theory38:3° The extension of the above discussion to alkenes
suggests that those alkenes that are composed of singlet carbenes
may work as biradicals in their reactions. Actually, tetrafluo-
roethylene, whoser bond energy is significantly smaller than
those of the normal alkenes in relation to the largest of
difluorocarbené®4®has been known to work as a biradical in

its reactions with 1,3-dienes.

aReference 36° Reference 35.

expressed by eq ,typically, usingo, for polar substituent
constants and; for spin delocalization constants.

. kx
(MesSi)sSi- + X—O‘CHgBr
(Me3Si)sSiBr + x-< >~CH2-

log(kx/ky) = 0.316,, + 0.270y, (r=0.977)

O]
®

Experimental Section

General Methods. ESR spectra were recorded on a Bruker ESP-
300E spectrometer (9.5-GHz frequency, 3300-G magnetic field, and

To elucidate further in detail the electronic nature of the field modulation at 100 kHz) and were calibrated with perylene anion
transition state for the reactions of disilenes with haloalkanes, "adical in DME.*H NMR (300 MHz) spectra were obtained on a Bruker
we investigated the substituent effects on the reaction rate of “C-300 FT spectrometef:C and*Si NMR spectra were collected on
disileneLcwith benzyl chiorides (eq 9). The rate constants for the machine at 75.5 and 59.6 MHz, respectively. Chemical shifts are

. b | chlorid h ‘N Table 5 h ith based on the resonances of the deuterated solvents. Mass spectra and
various benzyl chlorides are shown in Table 5 together wit high-resolution mass spectra were obtained on a JEOL JMS 600W mass

pertinent substituent constants. A dual parameter correlation spectrometer. Electronic spectra were recorded on a Milton-Roy SP3000
usingop ando,$ constants (eq 10) was clearly better than the spectrometer. All solvents were dried and degassed over a potassium

single parameter correlation.

1c + X—@—CHECI

log{kx/kn) = 0.890,, + 1.126,, (r =0.947)

kx

4c + X—@—CHZ- )]

10

- O .
hexane, in the dark

mirror in vacuo prior to use.

Electrochemistry. Voltammetric experiments were performed with
a Hokuto Denko Model HA-501 Potentiostat with a HA-104 Function
Generator in a glovebox (VAC MO-40-M). A conventional three-
electrode cell design was used, the experimental reference electrode
being an AgCl-coated silver wire. Potentials in this paper are referenced,
however, to the ferrocene/ferrocenium couple whose potential was fixed
to +0.61 V in THF%aThe working electrode was a Pt wire polished

Substituent effects on these two reactions are parallel, while by a standard method.

the p values for the reaction of eq 9 are-8 times larger than
those for the reaction of eq 8, in accord with the reactivity
selectivity principle. The ratio of polar and spin effegig/o,;
for the reactions ofc (eq 9) was 0.79, which was a little smaller
than the 1.09 ratio for the reactions of (A);Si* (eq 7)3° As
shown in Chart 2, the resonance structuresCAwill contribute

Chart 2
AN / \, / AN / *
Si—87 «——» Si—8{ - . | Si—8f
VAN / (AN /I @\
X X X
R ‘R ORr
A B c

to the transition states for both two-halogen-abstraction reactions.

The comparison of thgy/py; values suggests that the relative
importance of spin structure A to the polar structure C in the
reaction oflcis a little larger than that in the reactions of (Me
Sl)gSl'

D. Concluding Remarks. The origin of the biradical

Materials. Tetrakis(2,4,6-triisopropylphenyl)disileneld),*? tet-
ramesityldisilené? and three tetrakis(trialkylsilyl)disilened ¢—c)**
were prepared accoring to the literature.

Reactions of Disilenes with HaloalkanesAll the yields of products
2 and 3 were determined NMR spectroscopically after the complete
consumption of the disilenes.

The reactions oflta—d with carbon tetrachloride gave the corre-
sponding 1,2-dichlorodisilane®a—d. In a typical procedure, to a
Schlenk tube (50 mL) containingd (30 mg, 3.45x 10°° mol) was
introduced a mixture of C@l(2.0 mL) and hexane (2.0 mL) through
a vacuum line at—50 °C. With increasing temperatures to room
temperature, the mixture turned from yellow to colorless rapidly. After
completion of the reaction, a constant amount of 1,3,5-trimethylbenzene
was added to the reaction mixture as an internal standardHTR&R
analysis showed formation of the corresponding 1,2-dichlorodisilane
2d in 84% vyield. Pure2d was obtained after removal of solvent and
recrystallization2d: colorless crystals; mp 24%; *H NMR (CDClg)

6 —0.07 (d,J = 6.7 Hz, 6 H),—0.06 (d,J = 6.7 Hz, 6 H), 0.11 (dJ

(37) (a) Teramae, Hl. Am. Chem. S0d.987 109, 4140. (b) Teramae,
H.; Maxika, J. Private communication. Whereas the author has proposed
the biradical character as the origin of the trans-bent geometry of disilene,
the biradical nature may be taken as a consequence of the CGMT #ébdry.

(38) Carter, E. A.; Goddard, W. A., Il. Phys Chem.1986 90, 998.
Carter, E. A.; Goddard, W. A., II0. Am. Chem. S0d.988 110, 4077.

(39) (a) Trinquier, G.; Malrieu, J.-B. Am. Chem. So04987, 109, 5303.

character of disilenes can be discussed based on several ground§) Malrieu, J.-P.; Trinquier, GJ. Am. Chem. S0d.989 111, 5916. (c)

Teramae has shown theoretically that disilene has weak but
significant singlet biradical character as a result of the existence

of the UHF instability; the percent biradical character of parent

(36) Hansch, C.; Leo, A.; Taft, R. WChem. Re. 1991 91, 165.

Trinquir, G.J. Am. Chem. S0d.99Q 112, 2130.

(40) Wang, S. Y.; Borden, W. T0. Am. Chem. Sod.989 111, 7282.

(41) (a) Bartlett, P. DSciencel968 159 833. (b) Bartlett, P. D.; Mallet,
J. J.-B.J. Am. Chem. S0d.976 98, 143.

(42) Fink, M. J.; Michalczyk, M. J.; Haller, K. J.; West, R.; Michl, J.
Organometallics1984 3, 793.
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= 6.7 Hz, 6 H), 1.07#1.20 (m, 42H), 1.31 (dJ = 6.7 Hz, 6 H), 1.36
(d,J=6.7 Hz, 6 H), 2.68 (sept] = 6.7 Hz, 2 H), 2.78 (septl = 6.7
Hz, 2 H), 2.92 (sept) = 6.7 Hz, 2 H), 3.21 (sept] = 6.7 Hz, 2 H),
3.29 (septJ = 6.7 Hz, 2 H), 3.55 (sept] = 6.7 Hz, 2 H), 6.74 (s, 4
H), 6.80 (s, 2 H), 7.06 (s, 2 H}3C NMR (CDCk) ¢ 22.5, 23.0, 23.1,

Kira et al.

15.48, 15.7, 15.8 (8H(CHs)2), 20.1, 20.3, 20.5, 20.65, 20.69, 20.8
(SICH(CHa)), 31.4 (CHCI); 2°Si NMR (CsDe) 6 —46.5 (SICHCI),
2.8 (SiMe(-Pr)), 4.1 (SiMe(-Pr)), 5.9 (SiCl); MS (El, 14 eV) 656
(1.8, M"), 623 (100), 613 (59, M — 43).

Adduct of 1a with benzyl chloride 8a"): 51%; a colorless oil*H

23.7,23.96, 23.99, 24.1, 25.0, 25.4, 25.5, 26.8, 29.5, 33.7, 33.9, 34.2,NMR (CsDs) 0 0.36 (s, 6 H), 0.43 (s, 6 H), 1.671.40 (m, 52 H), 1.52
34.4,36.5,37.5,122.7,123.5, 124.3, 124.4, 130.1, 136.9, 150.2, 150.9(sept,d = 6.7 Hz, 4 H), 3.13 (s, 2 H), 7.00 (m, 2 H), 7.12 (m, 1 H),

152.8, 154.7, 155.8, 155.9°Si NMR (CDCk) 6 —4.45; MS (El, 14
eV) m/'z (%) 938 (0.5, M), 903 (0.3, M — 35), 735 (1.8, M — 203),
469 (100). Anal. Calcd for §Ho:SiCl,: C, 76.63; H, 9.86. Found:
C, 76.13; H, 9.95.

2a 83%; colorless oiltH NMR (CsDg) 6 0.42 (s, 12 H), 1.19 (d,
J=7.2Hz, 24 H),1.23 (d) = 7.2 Hz, 24 H), 1.52 (sepd = 7.5 Hz,
8 H); 13C NMR (CsDg) 0 —6.0 (SiCH), 15.2, 15.4 (STH(CHs),), 19.8,
20.1, 20.3, 20.5 (SiCHIH3),); 2°Si NMR (CsDg) 6 3.9 (SiCl), 9.4
(SiMe(i-Pr)); MS (El, 14 eV)m/z (%) 642 (1.7, M), 627 (47, M —
15), 607 (100, M — 35), 599 (52, M — 43), 513 (9.9, M — 119).

2¢. 70%; colorless crystals; mp 17C; *H NMR (CgDs) 6 1.35 (d,
J=6.7 Hz, 36 H), 1.37 (d) = 6.7 Hz, 36 H), 1.77 (sepd, = 6.7 Hz,
12 H); 3C NMR (CsDg) 6 16.4 (SCH(CHs),), 22.0, 22.2 (SICHCHa)o);
295i NMR (CsDs) 0 11.9 (Si{-Pr)), 21.3 (SiCl); MS (El, 14 eV)1/z
(%) 711 (16, M — 43 (-Pr)), 562 (100, M — 192), 377 (53). Anal.
Calcd for GeHssSisCl: C, 57.15; H, 11.19. Found: C, 57.11;, H, 11.06.

2¢: 81%; a colorless oillH NMR (CsDg) 6 1.37 (d,J = 7.5 Hz,
36 H), 1.38 (dJ = 7.5 Hz, 36 H), 1.84 (sepfl = 7.5 Hz, 12 H);**C
NMR (CeDs) 6 16.8 (SCH(CHs),), 22.2, 22.4 (SICHTH3),); 2°Si NMR
(CsDe) 6 5.2 (SiBr), 12.2 (SitPr)).

Typical procedures for the reactions of disiledésvith chloroform
and dichloromethane are presented in ref 6. A similar reactidhaof
with chloroform gave an addu8g (70%) in addition ta2a (26%). 3a
colorless oil;'H NMR (C¢Dg) 6 0.42 (s, 6 H), 0.48 (s, 6 H), 1.13
1.28 (m, 48 H), 1.54 (sepd, = 6.8 Hz, 4 H), 1.56 (sept] = 6.8 Hz,
4 H), 6.18 (s, 1 H)}3C NMR (CsDg) 0 —5.0, —3.8 (SiCHy), 15.2,
15.4, 15.5, 15.6 (§IH(CHs)), 20.0, 20.2, 20.57, 20.62, 20.70, 20.77
(SICH(CHs)y), 65.1 (SICHC)); 2°Si NMR (CsD¢) 0 18.8 (SiCHCY),
2.9, 3.8 (SiMei-Pr),), 5.4 (SiCl); MS (El, 14 eV) 675 (22, M— 15),
655 (74, M- — 35), 647 (16, M — 57), 607 (10, M — 83), 73 (100).

Product of reaction ofla with dichloromethane3a: 93%; a
colorless oil;*H NMR (CgsDs) 6 0.39 (s, 6 H), 0.42 (s, 6 H), 1.15
1.28 (m, 48 H), 1.47 (sepf,= 6.8 Hz, 4 H), 1.48 (sept] = 6.8 Hz,
4 H), 3.68 (s, 2 H);*3C NMR (C¢Dg) 6 —5.5, —4.3 (SiCh), 15.42,

7.40 (d,J = 7.4 Hz, 2 H);33C NMR (CsDe) 6 —5.2, —4.4 (SiCHy),
15.1, 15.3, 15.6, 15.7 (SH(CHs),), 20.03, 20.09, 20.26, 20.29, 20.53,
20.60, 20.64, 20.68 (SiCl8Hs),), 22.5 (SCH,Ph), 125.0, 128.3, 129.8,
142.3;?°Si NMR (GsDg) 6 49.0 (SiCHPh), 2.3, 3.3 (SiMé{Pr),), 10.1
(SiCl); MS (El, 14 eV) 683 (4, M — Me), 663 (13, M — Cl), 656 (6,
M* — (i-Pr)), 607 (6, M — (CH,Ph)), 59 (100).

Reaction of 1c withtert-Butyl Chloride Monitored by ESR. In a
glass tube (5 mmp) containinglc (10 mg, 1.46x 10°° mol) were
introduced degassedrt-butyl chloride (1.5L, 1.38 x 10~ mol) and
benzeneds (0.5 mL) by distillation through a vaccum line. The tube
was sealed and left to react at room temperature in the dark and then
the ESR spectra were measured. The NMR spectroscopy revealed that
only 10% oflcwas consumed after reaction for 1 month. In addition
to a small amount ofc, equal amounts of isobutene and isobutane
were detected by the NMR. Signal intensities of the ESR spectra
increased slowly for 6 months.

Acknowledgment. This work was supported by the Ministry
of Education, Science, Sports, and Culture of Japan (Grant-in-
Aids for Scientific Research (A) No. 08404042, Scientific
Research (B) N0.11440185, and Scientific Research on Priority
Areas (A), “The Chemistry of Inter-element Linkage” (No.
09239101)).

Supporting Information Available: Cyclic voltagrams of
la—d and tetramesityldisilene in THF and plots ofArvst for
the reaction ofLd with chloroform in hexane and the dependence
of the pseudo-first-order rates for the reaction laf with
chloroform in hexane on concentrations of chloroform and
temperatures (PDF). This material is available free of charge
via the Internet at http://pubs.acs.org.

JA002798S



