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Summary
L Y g .

ESR spectra of five metal-substituted methyl radicals of. the type
HRIR?M-ERR? are recorded and analyzed. The magnitudes of a(R-SiH)
were in a range of 14-15G, while a(B8-GeH) of -CHZGeMeZH was 10.20G.
These coupling constants were markedly temperature dependent, suggest-
ing that the most stable conformation of these radicals at low temper-

ature is one in which the B-M-H bond eclipses the p orbital on the

metal radical site.

Introduction

Although hindered rotation of free radicals has been studied rath-
er extensively by means of electron spin resonance (ESR), these stud-
ies Havé been limited to those on relatively stable radicals until the
mefhod of'generation'of free radicals in solution by coutinuous photoly-
sis .was advanced [1].

The,ESR-method is based on the evaluation of angular dependence

of hype;fine splitting constants due to.the B-hydrogen of an appropri-
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ate rad1cal.- Prom measurements of

spllttlngs and 11ne broadenlng,ﬁlmportant 1nformat10n concernlng con-
tormat1ons and‘tﬁe rotatzonaf barrzers of tﬁe radlcaf are ootalnen.n/

Recently, rather unstable and reactlve free rad1cals Were found
to be generated readlly in h1gh concentratlons by conhnuous photoly51§
of a d1 tert butyl peIOX1de (DTBP) solutlon of a subst*ate [2 3].‘ Thi]
has fac111tated ESR studies on varlous types of radlcals. Fessenden
[4] .and Kochi and Krusic [5, 6 1 reported the ESR spectral parameter<
of snbstltuted ethyl radleals and dzscuseed the conformations and the
rotational barriers about C -Cg bonds ofrthese’radicais- MOrerreeentr
hindered rotation about the Si -"Si bond of a disilanyl radical has
been examined in getail by5mean$ of ESRveéeetroecopy by Sakurai, Kira,
and Sato -[?}. ©n the other hand, internal +ota£ien around tﬁe € o ~Sig
bond has been studled in various kinds of -silylmethyl rad icals derived:
from hexamethyldlslloxane, hexamethyldls11ane, and - halomethyldlmethyl-
chloros11ane by examinaticn of the *emperature dependent nyperf1ne
,aplzttzng constants of the carrespondzng radicals in the ESR spectra
[8,93. :

in this péper ESR spectral parameters of the dimethylgermylmethyl
rgdicel and of several kinds of silylmethyl radicals are described and!
the conformations around Ca-GeB and Ca-SiB bonds are discussed on the
basis of the temperature dependence of the corresponding hyperfine

coupling constants of B-protons. These radicals generally are not

easy to produce and hence no ESR study has been reported tordate;

Results and Discussion
WWW

Hydrogermylmethylrand hydrosilylmethyl radicals have been generat
ed in high concentrations by the abstraction of halogenrfrom'fhe cor-
respondlng nalomethylgermane and halomethylsllane with the trlethyl-
germyl radlcal, whlch is formed by abstractlon of hydrogen from

tr1etny1ge;mane>by,photo;hemlcally generetedfgfbupoxy radlcals;'
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—_— Z(CH3)3CO~ (1)

B (CHy) sco-oc.:.(c‘ﬁfs_) 3
Etsgeﬂ— + (‘CHS) Sgo- —>  Etgle- + (CH;) LCOH 2)
R R £ R
el A O R [ )
Et Ge- + x-g:-n;-ﬂ _— Bt Gex + o(lt-}i{-H (3)
: . , R R" R R"
X = Ci, Br 1 R=H, R'=R"=Me, M=Ge
R = H, Me; R'","R" = Me, Ph 2 R=H, R'=R"=Me, M=Si
= Si, Ge 3 R=H, R'=Me, R"=Ph, M=Si
' 4 R=H, R'=R"=Ph, M=Si
5 R=R'=R"=Me, M=Si

In the absence of triethylgermane, photolysis of halomethylhydrogermane
and halomethylhydrosilane in di-tert-butyl peroxide (DTBP) gave the
corresponding halomethylgermyl and halomethylsilyl radicals, respec-

tively, as identified by means of ESR spectroscopy.

H Me H ?e
1| |
(CH,) ,CO- + X-C-M-H -—>» X-C-M- + (CH.)_.COH (4)
373 L1 [ 373
H Me H Me

(X =C1, M = Si, Ge)

Thus abstraction with a germyl radical offers a very convenient route
to generate alkyl radicals in high concentration even for substrates
having active functional groups such as Si-H and Ge-H. Hudson and
Jackson reported the first generation of an alkyl radical for ESR study
by abstracfing a halogen stom from an alkyl halide with a silyl radical
{I0,1I]. The present method is based on the fact that abstraction of
halogen by the germyl radical proceeds with higher reactivity than by
the silyl radical and with higher selectivity than with the stannyl
radical. In fact,»the ESR spectrum of the dimethylgermylmethyl radical

could not bé obtainéd by the abstraction of chlorine from chloromethyl-
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dlmethylgermane

radlcal.:‘ti" 7

The ESRvspeetraﬁaf‘d hethylgermylmethyl radlcal HMe

tnl\)

radical, HMePhSiCH,- (3), diphenylsilylmethyl radical, HPh'SiCHZ- (8,
and 2 dlmethylsllyl 2 propyl radlcal HMe. SlMeZC- (5), yere thus ob-
tdlned as shown 1n Flgures 1 52,3, 4 and 5. These ESR s;gnals are-
analysed as a doublet of trlplets for the radlcals, (1),»(2), (a), anc
(4) respectlvely,'and a doublet of septets for the rad1ca1 (S)

These doublets are a551gnab1e to the sp11tt1na due to the Ge-H (}) anc
the Si-H (%sg)‘protons,vrespect1ve1yi The hyperfine coupllng constan:

of theSe radicals are given in Table 1. In contrast to the splitting

Fig. 1. ESR spectrum of the dimethyigermylmethyl radicai.

due td’d-hydfogen, 8-hydrogen coupling constants. of these radicals
-are. found to éhow a. marked temperature‘dependeﬁce; - Thus, " the h&pef-
-flne coupllng constants due to the g- SlH -group. become larger at-lower

}temperature as . shown 1n Table,Z The temperature dependence of. the
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Fig. 2. ESR spectrum of the dimethylsilylmethyl radical.

Fig. 3. ESR spectrum of the methylphenylsilylmethyl raidcal.

hyperfine coupling constants of the a- and B-protons of Tradicals, g%),
Qg), and (E) are also shown graphically in Figures 6, 7, and 8. The
ESR spectra 6f the radicals gl) and (i) were contaminated with those
due to other unidentified radicals and are not sufficiently resolved
to examine the temperature dependence of the hyperfine coupling con-
stants.
. The isotropic hyperfine coupling constant of the B-hydrogen in

an. alkyl radical depends strongly on the angle 6 between the principal

axis of the p orbital containing the unpaired electron-and the C-H



fig‘ 4. ESR spectruﬁ of tﬁe'diﬁhegylsilylmethyl radical.

Fig. 5. ESR spectrum of the 2-dimethylsilyi-2-propyl radical.

bond on the 8- carbon atom, and can be represented by the emp1r1ca1 re-

1at10nsh1p (5), where A and B are constanta.

‘aBH~=‘A, + B cosle R (s)
ﬂFrom con51ueratlons of the symmetry of substltuted ethyl radlcals such

-CH CHZX and CH CHX-, they may be con51dered ‘to exist as equ111br

mlxtures of llmlted.conformatlons, a, b,;c, and d.
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6 = 30°

jeorad
o]

jost

b

By using equation (5), the a(B-H) values can be calculated

for these conformations: a(B-H) = A + 1/4 B (a), A + 3/4 B (b), A (c),

TABLE 1. HYPERFINE COUPLING CONSTANTS OF SUBSTITUTED METHYL RADICALS

h.f.c.c/G
Radical Temp.[°C . a(a-H) a(B-H)

- CH, CMe , H* -120 22.0 35.1

-CMészeZH* -140 9.4,.22.9

- CH,SiMe,H -120 20.50 15.24
»fCHZSiMéPHH : -140 21.15 15.07

*CH,SiPh,H - -80 21.05 14.65
+CMe,SiMe,H -140 14.25, 22.90
- =CH,GeMe,H ‘ -40 21.10 10.20

*Krusic and Kochi (1971j
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Fig. 6. Temperature dependence of h.f.c.c of HMe,SiCH,- (2)
2 2

and A + B (d). As rotation approaches the free rotation limit,

a{8-H) approaches &he value A + 1/2 B. Therefore, for radicals with
preferred conform;tions (b) and (d) in the equilibrium, a(B8-H) is
expected to decrease with increasing temperature, whereas for radicals
with equilibrium conformations (a) and (c), the corresponding value 1is
expected to increase.

A similar angular dependence of a(8-H) should hold for silylmethyl
radicals, although the values of A and B in eq. 5 are different from
those in the case of ethyl radicals. From %ﬁé'hehavior of a(8-H) on
temperature change as shown in Figures 6, .7 and:S,_conformations b and
d with the B-silicoﬁ-hydrogen bond nearly eclipsed with the p orbital
on the radical centér appear to favored. For radicals Q%} and Qé),

intensities of the ESR spectra are not sufficient to examine the tem-
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Fig. 7. Temperature dependence of h.f.c.c of HMePhSiCHZ- (3)

pqrature‘dependence of 2(B-H), but the‘magnitude of a(B-H) of radicalg
(1) and (é)rére gimilar to those of radicals (E), (é)? and (5). There
fore,»fromicomparison of a(B-H) values, radicals Ql) and Qi) should
adcpt fhe similar preferred conformation to those of»(z) and (E) as

shown in I.

Thefﬁagpitude'of a(S-CHS):(ZZ;QAG)lforgfhefradicai'Q§) is QQité close
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Fig. 8. Temperature dependence of h.f.c.c of HMeéSiCMeZ- (E)'

to that of the tert-butyl radical (22.72 G), and this wvalue should
correspond to fhe high-temperture limit of a(B-H) value in the tertiary
radical.

Incidentally, alkyl radicals are known to be planar from many
‘aspects ofVESR studies [12,13]. The absence of anf'selective line
brbédening ahd the lack of splitting by y-protons in the spectra of
1 (lj, (£),'(£), ahd'(i) are also consistent with the symmetric equilib-
'fiﬁh>¢qnformations. For radical (3), a selective line broadening effect

-may occur due to equilibration between II and III.
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However, such an effect could not be analyzed sufficiently because
other signals appeared and masked the Orlglnal 51gnal at higher tem-
vperature. The Y-proton coupling constant;of;freely rotatlng y-methyl
groups'is-0.43 G in'the'trimethylsilylmethyl.radical [147.

rit is interesting to compare the present fihdings withithose Te-
ported for efhér:radiéaletsuch as trimethylsiloxydimethylsilylnethyl
zradicalj-CHZSiMeZOSiMes [sj"énd dimethylchloresilylmethyl radical;
.-CHZSiMe2C1-[9].1 From the trend of temperatare dependence of the
a(y-H) - and a(B-Cl), the equ111br1um conformations for these radicals
have been aSSIgnedrtp IV and V, reepeetlye}j.‘.?he_equrdlbrlum confor-
mafion of theVpentametﬂYldisilanyimethyl1radica1;-CHZSiMéZSiMe3 [8]

is not clear.

Me

v v
P Similarlv from the temperature dependence of a(B H) 1n the 2,3-
. dlmethvlrz propyl radlcal (CH3) CC(CH3) H and fhe 1sobuty1 radlca;,
] H CC(CHS) H the equ111br1um conformatlons are 3551gned to VI and VII,

mrespectlvely.
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Me

H H Me Me
.ﬁe' Me
Me

VI VII

The values of a (B-SiH) and a(B-GeH) for silyl- and germyl-substi-
tuted methyl radicals are small in comparison with that of a(8-CH) for
the isobutyl radical. These smaller values of a(B8-H) might be ascribed
to smaller resonance integrals both between silicon and carbon and
bgtwcen germanium and carbon.

Equilibrium conformations inralkyl radicals are governed by a
fine balance between steric repulsion and hyperconjugation effects. In
the rﬁdicals, Ql)rthrough (5), preferred conformations in which the
B-metal-hydrogen bond tends to eclipse with the p orbital on the radical
center are sterically unfavorable. However, the existence of such con-
formétions as preferféd ones can be partly attributed to the reason
fﬁat thh the Si-C (1.94 A) and the Ge-C bonds (2.00 A) are much longer
thﬁn>fhe”C-C bond (1.54 A). Nomnbonded interactions between a- and B-
substituents in substituted methyl radicals such as the radicals (l),
(gj,.(é), (i), and Qé) are not serious and this allows these radicals
to‘take such an eclipsed conformation. Hdwevér, this factor alone is
not sufficient to explain fhe favored aclipsed confdrmation. Since
both (p-p) {15] and (p:d) [16] homoconjugationsVsuggested for hetero
atoﬁ-substituted ethyl radicals are not operative in these radicals,
the_equiliﬁrium-conformation may be étabilized by hyperconjugation
betweenfhé B-metél-hydrogen bond and p-orbital on carbon radical center

[73.
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.ESR measuremente - L T I
. - A mlxture of d1 tert butyl perox1de (DTBP), tr1ethy1germane .and
:halomethyl compound was d11uted w1th cyclopropane 1n an aDprox1mate1y
71 $1:2: 4 (v/v) ratlo to glve ‘a solutlon. A11 samples were thoroughly.
.degassed by freeze pump thaw cycles. The solutlon was placed in a
cav1ty of .a Varlan E 12 ESR spectrometer and 1rrad13ted w1th a 500W

'superhlgh-pressure mercurx arc 1amp.

Mater1als o
7 DTBP was obtalred commerc1ally as reagent grade and redistilled

at»reduced pressure prlor to use..- (Chloromethyl)d1methy1chlor0511ane,
b. p. 115 Cc (11t., 115 Cc [18]), (chloromethyl)methyldlchloros1lane,
b. p. 121°Cc (2 1t.; 121°C [191), (chloromethyl)tr1chlor051lane, b. p. 150°
(11t., 152 C/734mmHg [20]) and (chloromethyldlmethyl)chlorOgermane,
b.p. 74—8 C/110mmHg (1it., 148 C [21]) were prepared by photochlorina-
tion of the correspoﬁding organometallic compounds . isopropyldimethyl~
ch10r0511ane was prepared from d1methy1d1ch10r0511ane and isopropyl-
magne51am chlorlde, b p- 114°C (11t., 109 8-110° C//38mmHg [221).

(Chloromethyl)phenylmethylchlor0511ane b.p. 130° C/32mmHg (1it.,
125-136°C/16mmHg [23])'and'(chioremethyljdipheayléhlordsilane, b.p-
100 C/6mmHg (1it., 110-118°C/12mmHg [24]) were prepared by the reactior
of the ch1or0511anes and the correspondlng Grlgnard reagent in 48 and
49% yleld, respect1ve1y. N '

(Chloromethyl)dlmethylsllane, b.p- 78°C '(11»’:;, 81°C. ['25]);'
(chloromethyl)phenylmethylsllane, b. P- 110° C/30mmHg (11t.; 99 -100° C/
14 mmHg [24]), and (chloromethyl)d1phenylsllane, b p. 143 C/4 mmHg
(1it., 175-180° °C [24]) were prepared by the L1A1H4 reduct1on ‘of ‘the

correspondlng chlor0511anes in 75, 77, and 49% y1e1d respectlvely.f
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Pféﬁardfibn*df”2;34dimetHYI4ZJCHIdfd¥3-bromd42JSilabutane, ClMeZSiCMeZBr

: ;  inia"SOAml‘twoéhééked:flask, 5.0g (0.053 mol) of isopropyldimethy-
3@&16rd$iiaﬁe'ﬁas'placed and heated to about 60°C. Then, bromine (
S:sig;:SG ﬁmdl)‘was added. After the addition of bromine was complet-
ed, the mixfure was stirred for 12 hr. The extent of the reaction was
ﬁonitqréd'by GLC (Apiezon L 30%) of small samples from the reaction
‘mixture. Removal of bromine by evaporation gave 3.0 g of the crude

product, which was used without further purification.

Preparation of 2,3-dimethyl-3-bromo-2-silabutane, HMeZSiCMeZBr

Reduction of 3.0 g of crude 2,3-dimethyl-2-chloro-3-bromo-2-
silabutane with 2.0 g (0.05 mol) of lithium aluminium hydride at 0°C
in ether stirring for 1 hr gave 0.8 g (4.4 mmol, total yield 12.2%).
of 2,3-dimethyl-3-bromo-2-silabutane, bp. 70°C/110 mmHg; n201.4479;
IR (neat, cm_l) 2050 (vSiH), 1240 (SiMe); NMR (8 in CC1,) 0.18 (6H,
d, J=3.4 Hz), 1.71 (6H, s), 3.88 (1H, sept., J=3.4 Hz). Anal. Calcd.
for C15H13Br5i: €, 33.15; H, 7.23%. Found: C, 33.40; H, 7.29%.

Preparation of chloromethyldimethylgermane

Reduction of 5.0 g (0.027 mol) of chloromethyldimethylchloro-
germane by stirring with 1.0 g (0.026 mol) of lithium aluminium hydride
in ether solution at 0°C for 1 hr gave 1.2 g of crude product, bp. 80-
90°C (1it., [25] 93.5-95°C). The sample for ESR measurement was puri-

fied by means of preparative GLC (30% Apiezon L 5m).
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