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ESR spectra of five metal-substituted methyl radicals of.the type 

HRlR'M-eR"R4 are recorded and analyzed. The magnitudes of a(@-SiH) 

were in a range of 14-15G, while a(B-GeH) of -CH2GeMeZH was 10.2OG. 

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. 2 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 have been limited to those on relatively stable radicals until the 

method of generation of free. radicals in solution by coutinuous photoly- 

sis was advanced [l]. 

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

of hyperfine splitting constants due to the B-hydrogen of an appropri- 



Recently, rather unstablk and.reactiv.e..free r&Jical&tiere .found -. 

to be generated geadily.in high cqnc_entrations- by:conteuous phdtolysisi 

of a &i&ert-butyi Peroxide (@TZPj solution of a substrate f2,31.. Thij 

has-facilitated &R studies on various types of radicals; Fessenden 

[43 -anh Kochi and K&sic [5,6 3 reported the ESR spectral parameters 

of substituted ethyl radicals and discussed the conformations and the 

rotational barriers about Ca-CB bonds of these radicals- More recentl' 

hindered rotation about the Si-* Si bond of a disilanyl radical h&s 

been exanined in detail by%%?ns Of ESR-speczr0scqJy by Saktrral, Xl=,; 

and Sat0 [?I_ On the other hand, 5nternal rotation around the c,-si 
B 

bond has been studied in v&ions kinds of silylmethyl radicals derived: 

from hexatiethyldisiloxane., hexamethyldisilane, and halomethyldimethyl- 

chlorosilane by examinaticn of the temperature dependent hyperfine 

.aplit+ing constants of the eoTr&spOnd-ing radicals irz the ESR spectra 
. 

13,93. 

In this paper ESR spectral parameters of the dimethylgermylmethyl 

radical and of several kinds of silylnethyl radicals are described and' 

the conformatio& around Co-Geg and Co,-Sig 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 to date. 

Results and Discussion 

Hydrogermylmethyl and hydrtisilylmethyl~ radicals have been generat 

ed in high concentrations by the abstraction-of halogen-from the cor- 

responding halomethylgermane and halomethylsil5ne with ~the triethyl- 

germyl radical, -which is formed by abstraction.of hydrogen -f&m 

triethylgermane:by.photochemicall$ gerieiatkd t-butoe radi&+. 



_. 

,. : _-. : :(&j} ~co-o-c(c_H3.~ 3. ,-i 

Et3Ge- i 
-fT 

X-C-M-H 
f 1 
R R" 

X = Ci,.Br 

R = H, Me; R';R" = Me, Ph 

M = Si, Ge 

In the absence of triethylgermane, 

2(CH3)3CO= 

Et3Ge= + (CH3j3COH 

I r 
Et 3Gei + -C-M-H 

J J 
R R" 

3 R=H, R'=R"=Me, M=Ge 

2 R=H, R'=R"=Me, M=Si 

355 

(1) 

(21 

(3) 

1 R=H, R'=Me, R"=Ph, M=Si 

$_ R=H, R'=R"=Ph, M=Si 

5 
R=Rv=R"=Me , M=Si 

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 Me 

+ X-:-;-H + 
I I 

CCH31 3C0 - 
I I x-v 

+ (CH3j3COH (4) 

H Me H Me 

(X = Cl, 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 abstracting a halogen atom from an alkyl halide with a silyl radical 

IIU,lIJ. 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 

cou1.d not be obtained by the abstraction of chlorine from chloromethyl- 



C&l , 

dimothylsilylmethyl radical, HMe2S+C-I2- .(z) j methylphenylsilylmethyl 
: : : 

radical,-HMePhSgCH2- _(A), diphenylsilylme&$radical, HPh2SiCH2- _(z)! 

and 2:,dimethylsilyl-2-propyl radical, HMe2SiWe2C- (z), weie thus ob- 

&ined as shoq -in Figures 1,2,3,4, and 5: These ESR signals are 

analysed as a doublet of triplets for the radicals, (A), (z), (2)) ant 

($);respectlvely, and a doublet of septets for the radical (2). 
. . 

These doublets are~assignable to the splitting due to the Ge-H (2) ant 

the.Si-Ii (g-z)"protons, respectively. The hyperfine coupling constan; 

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

‘ I 

Fig. 1. ESR spectrum of the dimethylgermylmethyl radical. 

due to.&-hydrogen, B-hydrogen coupling constants of these.radicals 

-are found to show a.marlced temperature. dependence. Thus.~ the,hjper- 

fine coupling constants due' to the-S.-SiH group become-larger at. lower 

:tkmperature:as shoti.in- Table 2 -.-. Y The _tenqerature.-dependence .of. the 

: 



Fig. 2. ESR spectrum of the dimethylsilylmethyl radical. 
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Fig. 3. ESR spectrum of the methylphenylsilylmethyl raidcal. 

hyperfine coupling constants of the Q- and B-protons of radicals, (2), 

(A), and (2) are also shown graphically in Figures 6, 7, and 8. The 

ESR spectra of the radicals (A) and (2) 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 8 between the principal 

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



FLg. 4. ESR spectrum of the di$henylsilylmethyl radical. -. 

5 G 
H 

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

bond -on the B-carbon atom, and can be' represented by the empirical.re- 

lationship is), where A and B are constants. 

at3H 
=A + B cos2, (5) 

From considerations of the symmetry of substituted ethyl radicals such 

as :.*Ck2Ch2X and- l CH2CHX2_, they may be -considered'to‘oxist as -equilibrii 
. . . -- 

mixtures of limited..conformations,..a, b;: c,'and 'd; 



0 = 60° 0 

H 
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= 3o" 

a b 

C a 

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

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

TABLE 1. HYPERFINE COUPLING CONSTANTS OF SUBSTITUTED METHYL R4DICALS 

Radical Temp./"C 

h.f.c.c/G 

a(a-H) a(B-HI 

l CH2CMe2H* -120 22.0 35.1 

l CMe2CMe2H* -140 9.4,.22-g 

-CH2SiMe2H -120 20.50 15.24 

l CH,SiMePti -140 21.15 15.075 

l CH2SiPh2H -80 21.05 14.65 

-CMe2SiMepH -140 14.25, 22.90 

-CH2Gebk2H -40 21.10 10.20 

*Krusic and Kochi (1971j 



4
0
 

_
I 

‘3
 

I,’
 

‘,,
 

: 
’ 

2
0
 

,
,
'
.
 ,
,
 I.

 

0 

I, 
,‘:

 
,, 

‘/ 
-
2
0
 

,
,
 

,’ 
)’ 

-
4
0
 

-
6
0
 

-
8
0
 

,
'
 ‘I 

: 
:/:

 
-1

00
 

II 
.‘,

 

-
1
2
0
 

; 
-
1
4
0
 

2
0
.
0
1
 

iO
.0

’9
 

2
0
.
1
9
 

2
0
 .
4
,
5
 

2
0
.
2
7
 

i
0
.
3
8
 

1
4
.
6
9
 

2
0
9
4
5
 

l
P
.
9
5
'
 

2
1
,
1
5
 

1
4
.
5
1
 

2
0
.
5
0
 

1
5
.
2
4
 

2
1
8
0
8
 

1
4
.
9
9
 

1
3
.
7
8
 

1
4
.
1
1
 

1
4
0
2
1
 

.
 .
 .
 . 

1
4
.
p
3
 

1
4
.
5
4
 

2
1
*
0
5
 

1
5
.
7
5
 

2
0
0
5
0
 

1
3
.
7
5
 

0 

2
1
,
0
3
 

1
4
 .
,
2
'
;
1
 

‘I .
, 

2
1
.
1
3
 

1
4
.
2
5
 

2
1
,
1
5
 

1
5
.
0
8
 

,(
 

., 

‘i/
,,

 
,I>

‘, 

2
!
,
8
1
,
 :

 ,
1
1
,
,
$
6
 

1 
I’ 

., 
/’ 

‘, 

2
2
.
8
0
,
 
x
l
,
7
5
 

,‘:
 

22
.9

8 
1
2
;
0
9
 G
 

,’ 
,, 

’ 
,‘,

, 

2
2
.
9
3
.
.
 ,
1
2
.
1
3
 ; 

; 

2
2
.
9
3
,
 ,
"
"
"
:
+
3
8
 

a.
.”

 
‘,:

 
/. 

(.
.. 

2
2
.
9
3
 

'
i
k
.
6
3
 

/’ 

2
2
.
8
8
'
 
1
3
.
1
5
 
:
'
 
,
'
 

., 

2
2
.
8
4
 

,
1
3
,
6
0
,
'
 

"
I
,
'
 ,,

, 

2
2
;
9
0
 

i
&
2
5
 

t. 
‘. 

,, 

._
 

. 
_.

 
._

 
- 

-.
- 

_ 
. 

- 



20 

18 

16 

14 

90 0 -40 -60 -120 

temp/OC 

361 

Fig. 6. Temperature dependence of h.f .c.c of HMe2SiCHZ- (2) 
w 

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

a(B-H) approaches &he value A + l/2 B. Therefore, for radicals with 

preferred conformations (b) and (d) in the equilibrium, a(8-H) is 

expected to decrease with increasing temperature, whereas for radicals 

with equilibrium conformations (a) and (c), the corresponding value is 

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 the-behavior of a(B-H) on 

temperature change as shown in Figures 6,.7 and:S, conformations b and 

d with the 8-silicon-hydrogen bond nearly eclipsed with the-p orbital 

on the radical center appear to favored. For radicals (l) and ($), 

intensities of the ESR spectra are not sufficient to examine the tem- 



-_ 
Fig. 7. Temperature dependence of h.f.c.c of HMePhSiCH2= (3) 

Iv 

perature'dependence of a(@-H), but the magnitude of a(B-H) of radicals 

(2) and (2) are seimilar to those of radicals (z), {2), and C,s, - There 

fore, 

adept 

shown 

from comparison of a(B-H) values, radicals (l) and (2) should 

the similar preferred conformation to those of (q) and (2) as 

in I. 

H 

.-.& H : H 

_.. 
-R R 

I 

: 

The-magnitude of a(B--CH3). -(22.9 G).for: the radical <5$ 2s quite close 
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1-4 

12 

/ 
I I I * 

40 0 -40 -80 -120 
temp /OC 

Fig. 8. Temperature dependence of h.f.c.c of HMe2SiCMe2- (21 

to that of the tert-butyl radical (22.72 G), and this value should 

correspond to the high-temperture limit of a(f3-H) value in the tertiary 

radical. 

Incidentally, -alkyl radicals are known to be planar from many 

aspects of ESR studies [12,13]. The absence of any.selective line 

broadening and the lacks of splitting by y-protons in the spectra of 

-($ ,&L (21, and (2, are also consistent with the symmetric equilib- 

rium conformations. For radical (z), a selective line broadening effect 

-may occur due to equilibration between II and III. 
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II III 

l-iowever; such an effect could not be analyzed sufficiently because 

other signals appeared and masked the oiiginal'signal at higher tem- 

perature. The y-proton coupling constaqt.:of.!freely rotating y-methyl 

groups -is 0.43 G in the trimethylsilylmethyl radical [143. 

It is interesting to compare the present findings with those re- 

ported for other radicals.such as trimethylsiloxydimethylsilylmethyl 

radical;-CHZSiMe20SiMe3 [S] 'and dimethylchlorosilylmethyl radical; 

-CH2SiXe2Cl [9]_. From the trend of-temperature dependence of the 

a(y-H)-and a(B-Cl), the equilibrium conformations for these radicals 

have been ass.ig& to IV and-V, respectively. The equilibrium confor- _.~.~ . _ 

mation of the pentamet~yldisila~~lmethy~~~adical;-C~H~SiM~~SiMe3 [S] 

is not clear. 

Me 

I-I 

Me 

IV V 
. . . 

Similarly., _ from the temperature dependence of a(?-Hj in the _2,3- 

dimethyl-H-propyl_ radical;- (CH3)2&(~H3)_2H]and the isobutyl_radi.cal, 

I-IicC(_F_3)2H,the e_quilib:yium conformations a& _assign‘ed to V-I ana VI.1, 
._ 

--respectively. 



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(B-CH) for 

the isobutyl radical. These smaller values of a(B-H) might be ascribed 

to smaller resonance integrals both between silicon and carbon and 

between germanium and carbon. 

Equilibrium conformations in alkyl radicals are governed by a 

fine balance between steric repulsion and hyperconjugation effects. In 

the radicals, (2) through (I), preferred conformations in which the 

B-metal-hydrogenbond tends to eclipse with the p orbital on the-radical 

center are sterically unfavorable. However, the existence of such con- 

formations as preferred ones can be partly attributed to the reason 

that_bo.th the Si-C (1.94 A) and the Ge-C bonds (2.00 A) are much longer 

thanthe C-C bond (1.54 A). Nonbonded interactions between CL- and B- 

substituents in substituted methyl radicals such as the radicals (_&), 

(S), cg,, ($_), and (2) are not serious and this allows these radicals 

to take such an eclipsed conformation. However, this factor alone is 

not sufficient to explain the favored eclipsed conformation. Since 
i 

both (p-p) [lS] and (p-d) [16] homoconjugations suggested for hetero 

atom-substituted ethyl radicals are not operative in these radicals, 

the equilibrium conformation may be stabilized by hyperconjugation 

betweenthe g-metal-hydrogen bond and p-orbital on carbon radical center 

H H- 
I 

R2Si- ?R2 RZSi = CR2 
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.E.SR measurements 
: 

14 mikture-of di:&rt-butylperoxide (&BP),-_triethylgermane and -. 

halomethyl~compound was -diluted-with cyclopiopane inan approximately 

1:1:2:4 -(v/v) ratio'& give .a solution. All~samples were thoroughly- 

degassed dy freeze-pump-thaw cycles. The solution was placed in a 

cavity of a Varian E-12 ESR spectrometer .and irradiated with a 5OOW 
: 

superhigh-pressure mercury arc lamp. 
. 

Xaterials 

IkIBP wasbbtained commercially as reagent grade and redistilled 

at reduced pressure prior to use.. (Chloromethyl)dimethylchIorosilane, 

b-p. IIS°C (lit., llS°C [18]), (chloromethyl)methyldichlorosilane, 

.b.p. 121°C .(lit., 121°C cl?]), (chloromethyl)trichlorosilane, b-p. 150d 

flit., 152"C/734mmHg [ZO]) and ~chloromethyldimethyl)chlorogermane, 

b-p. 74~S°C/i10mmHg (lit., 148OC [21]) were prepared by photochlorina- 

tion of the corresponding organometallic compounds. Isopropyldimethyla 

chlorosilane was prepared from dimethyldichlorosilane and isopropyl- 

magnesium chloride; b.p. 114OC [lit., 109.8-110°C/738mmHg [22]). 

~Chloromethyl)Phenylmethylchlor~silane b-p. 130°C/32mmHg (lit., 

125-136°C/16mmHg 1231) and (chloromethyl)diphekylchlorosilane, b.p. 

lOO*C/6mmHg (lit., 110-118"C/12mmHg [24]) were prepared by the reaction 

of the chlorosilanes and the corresponding Grignard reagent in 48 and 
L 

49% yield, respectively. 

~Chloromethyl)dimethylsilane, b.p. 78OC (lit.,.81°C [25]), 

(chloromethyl)phenylmethylsilane, b-p. 110°C/3kmHg (lit., $9-lOO"C/ 

14 mmHg 1241); and fchloromethyl)diphenylsilanei b.p. 143OC/4 mmHg_ 

(lit., 175-180'<: -[24_j) were prepared by the LiAlH4.reduction of the 

corresponding chlorosilanes in 75, 77, and 49% yield, rejpectively.-- 



36? 

Preparation of .2 ,~3-~diaie~thyl~-2--'chTdra'-~~-br‘omd-Z-Iilabutane, ClMe2SiCMe2Br 

In-a 50 ml-two-necked flask, S.Og (0.053 mol) of isopropyldimethy- 

:chlorosilane ras.placed and heated to about 60°C. Then, bromine ( 

5.8.-g,-36 mmol) was added. After the addition of bromine was complet- 

ed, the mixture was stirred for 12 hr. The extent of the reaction was 

monitored-by GLC (Apiezon L 30%) of small samples from ths reaction 

niixture. 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-Z-silabutane, HMe2SiCMe2Br 

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. 7O"C/llO mmHg; n 201. 4479 ; 

IR (neat, cm-') 2050 (vSiH), 1240 (SiMe); NMR (8 in CC14) 0.18 (6H, 

d, J=3.4 Hz), 1.71 (6H, s), 3.88 (lH, Sept., J=3.4 Hz). Anal. Calcd. 

for C15H13BrSi: C, 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. SO- 

90°C (lit., [25] 93.5-95OC). The sample for ESR measurement was puri- 

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