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Abstract: Five 1,2-disubstituted, R;C=CHMR,, and fifteen trisubstituted, R;C==C(R3)MR,, vinyl radicals were prepared
at room temperature in solution by addition of a variety of radicals, MR, to a number of mono- and disubstituted acety-
lenes. For steric reasons many of these vinyls are relatively long lived. Some decay with first-order and some with second-
order kinetics. Their EPR spectra are discussed in terms of “linear” and “bent” structures. It is concluded that only MesSi-
C==C(SiMe3); is truly “linear”. In certain systems prolonged reaction leads to the formation of various highly persistent
alkyl radicals. The EPR spectra of these alkyls and some of their decay kinetics are also reported. Ten “perpendicular” al-
lyls, (Me3C)2CC(MR,)==CR|R;, of great persistence were prepared by addition of MR, to two di-tert-butylvinylidenecy-
clopropanes. The EPR spectra of these allyls are compared with those of the corresponding (Me3C),CCH,;MR, radicals,
since the two types of radicals have similar structures. It is pointed out that in gaining persistence the allyl radicals lose their

stabilization,

Much of our recent work has been concerned with studies
of carbon centered radicals that have exceptionally long
lifetimes in solution.*> Choosing an appropriate adjective to
describe these radicals was not easy.® Stable is unsatisfacto-
ry because this word is generally used to describe a radical
such as benzyl which forms a weaker bond to hydrogen than
does methyl or some other arbitrarily defined alkyl radical.é
Despite its greater “stability”, benzyl is normally no longer
lived in solution than methyl because both radicals can un-
dergo their bimolecular self-reactions (combinations) at
rates approaching the diffusion-controlled limit. Both ben-
zyl and methyl are therefore transient radicals. As a further
illustration of the fact that “stability” and longevity are not
necessarily related is our observation® that even the desta-
bilized® phenyl can have a considerable lifetime in solution
if the radical center is sterically protected. We have there-
fore proposed’ that PERSISTENT be used to describe a
radical that has a lifetime significantly greater than meth-
yl under the same conditions and that STABILIZED be
used to describe the bond-strength aspect of a radical’s
properties. .

The vinyl radical, CH;=CH, is destabilized and the allyl
radical, CH,=CHCH,, is stabilized. Both radicals are
transient. In this paper we describe the EPR spectra and
the kinetic properties of vinyl and allyl radicals which have
been made persistent by the presence of bulky substituents
adjacent to the radical center. While unhindered allyl radi-
cals have a planar structure!® and are stabilized by reso-
nance!! (CHy>==CHCH; < CH>,CH=CH5), the persistent
allyls are twisted so that the principal axis of the = orbital
of the double bond is orthogonal to that of the p orbital con-
taining the unpaired electron.!2 There is, therefore, no reso-
nance stabilization of these radicals. That is, in becoming
persistent these radicals lose stabilization.

The vinyl radicals were less persistent than the allyls. In
some vinyl systems prolonged reaction led to the formation
of persistent alkyl radicals which are also described.

Experimental Section

Our general technique has been adequately described in previ-
ous papers from this laboratory.!.15

Materials. Bis(trimethylsilylacetylene) was prepared by the
method of Merker and Scott.!6 1,1,2 2-Tetra(trimethylsilyl)ethane
was prepared by reaction of bis(trimethylsilylmethyl chloride) with
lithium metal.!” The di-tert-butylvinylidenecyclopropanes!® 1 and
2 were the generous gift of Dr. H. D. Hartzler. All other com-

pounds were commercial materials that were generally purified be-
fore use.
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Radical Generation. Vinyl and allyl radicals were generated by
addition of a reagent radical, ‘MR, to the acetylenes and to the
di-tert-butylvinylidenecyclopropanes, respectively. The -MR,, were
generated by the photolytic routes previously described.'® “Blank”
experiments were always carried out to ensure that the observed
radicals did indeed arise by addition of MR, to the acetylene or °
allene. Persistent alkyl radicals were occasionally formed via mul-
tiple additions of MR, to the acetylenes. In general attempts were
made to react ‘MR, (MR, = Mae3Si,, ClsSi, (EtO),PO,

OCH,CH,OPOCH;CH,0, Me;COP(OEt);, CeHs, CoFse
Me;C, CF3, CC13, Me;CO-, CF30-, CF3S', MegSn-, and MezN-),
with each of the following acetylenes: Me;CC==CH, Me;Si-
C==CH, Me;CC==CCMe;, Me3SiC==CSiMe;, CF3C==CH,
CF3C==CCF;, PhC==CH, and PhC=CPh. Often no EPR signal
or only very weak unidentifiable EPR signals were obtained; such
was the case with PhC==CH and PhC==CPh. Only those radicals
that were unequivocally identified are discussed below.

Results

Radical Additions to Acetylenes. (i) EPR Spectra of Vinyl
Radicals. The EPR parameters for the vinyl radicals20
formed by addition of \MR,, to the acetylenes are given in
Table 1.2! All of the vinyl radicals were present as soon as
photolysis was begun. Because of their persistence, high
concentrations of the vinyl radicals could often be obtained
and as a consequence, hyperfine couplings to isotopes of low
natural abundance (e.g., 2°Si) could be detected. In many
instances the major lines of the spectra showed smail but re-
solvable hyperfine splittings due to the large numbers of
atoms on groups attached to both C, and Cg. No attempt
was made to identify these splittings by computer simula-
tion since this procedure is not only very expensive but can
lead to multiple “solutions™.?? The information so obtained
is therefore of little value. In some systems persistent alkyl
radicals were formed by prolonged photolysis (see below).

CMe.
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Table I. EPR Parameters for Some Vinyl Radicals in Solution at 25° (Hyperfine Splittings in Gauss)
Radical gt JHya 2°Sip 2**Siya oH6é.eb gothera
Me,CC==C(H)SiMe, 2.0020 67.6 (22.8)¢ 0.34
Me,SiC==C(H)SiMe, 2.0023 72.4 d d e
Me,CC=C(CMe,)SiMe, 2.0025 d 0.26
Me,SiC=C(SiMe,), 2.0022 8.5 49.7f 0.25 @'*Ca=128.1
Me,CC=C(CMe,)SiCl, 2.0030 83.4 0.52
Me S|C=C(SlMe3)S|C1 2.0033 e 113.48 0.25
39.1

Me,CC==C(CMe,)[P(O)(OE1),] 2.0021 0.57 2'Ca=65.1,2""7 = 1327
Me,SiC==C(SiMe,) [P(O)(OEY),] 2.0023 13.7 34.8 e 2P = 164.1
Me,CC=C(CMe,) [F(OCH,CH,0),] 2.0024 e 2P =176.5
Me,SiC==C(SiMe, ) [F(OCH, CHZE)) ] 2.0023 7.2 36.6 0.23 ' =201.0
Me,CC==C(CMe, ){R(OE) ,0CMe, 2.0023 0.55 2P =1332
Me,SIC=C(SiMe,) [P(OE®) ,0CMe, ] 2.0022 7.5 34.6 e 2”'P = 164.8
Me,CC==C(H)(C,H,) 2.0021 53.3 e
Me SlC—C(H)(C H,) 2.0018 54.7 d e
Me ,CC=C(CMe,)CF, 2.0024 0.67 aF 4.6 (3F)
Me,SiC=C(SiMe,)CF, 1 2.0025 10.0 28.2 0.42 *Ca=47.70
Me,SiC==C(H)CCl, 2.0037 47.6 d d e
Me,SiC=C(SiMe,)CCl, 2.0038 e 24.5 0.19 2'’Ca=69.2
Me,CC==C(CMe,)OCF, 2.0024 0.70 aF=680GF)
Me,SiC=C(SiMe,)OCF, 2.0021 12.1 19.0 0.37 aF=1243F
HC=CH,/ 2.0022 68.0 eHa = 16.0,

34.0 2'Ca=107.5

a Corrected as necessary using the Breit—Rabi equation. b Data quoted are line spacings in the hyperfine splitting patterns that are produced
by both & and e hydrogens (see text). ¢ Tentative assignment (weak signal). d Too weak for detection. € Not resolved. /Due to two equivalent
silicons. £ Assigned to Si of the SiCl, group. # Fluorine splittings not identified; they are presumably a multiple of gHé.e. I Assigned to C,,.

J From ref 31.

(i) Kinetic Studies on Vinyl Radicals. Although kinetic
studies could not be made on many vinyls because of the
relatively rapid generation of persistent alkyl radicals, it
was clear that our vinyls fell into two classes. Those con-
taining a v hydrogen, such as Me;CC=C(H)SiMej3, were
not persistent but the vinyls that had three bulky substitu-
ents were quite persistent, having half-lives at 25° ranging
from ca. 0.1 sec to hours.

The vinyls derived from Me3;CC=CCMe; were consider-
ably less persistent than those obtained from MesSi-
C=CSiMej;. For example, a solution of Me;CC=C(C-
Me3)CF3 (ca. 107 M) decays at 25° by a first-order pro-
cess. The half-life for the reaction, 7}/, is 0.092 sec which
corresponds to a first-order rate constant of 7.5 sec™!. In
contrast, a solution of Me3SiC=C(SiMe;)CF; (5.7 X 10 5
M) decays at the same temperature by a second-order pro-
cess with a rate constant of 2.9 X 103 M~} sec™!. Under
t'hese conditions its half-life is 5.3 sec. Similarly, Me;C-

C=C(CMe;3)OCF; (ca. 107 M) decays by a first-order
process with 7,2 = 2.3 sec at —60°, while its counterpart
Me3SiC=C(SiMe;)OCF; decays by a second-order pro-
cess at the same temperature. A 1.2 X 1073 M solution of
the latter radical has a half-life of 530 sec at —60°. Over
the temperature range +25 to —60° the decay of MesSi-
C=C(SiMe3)OCF; can be represented by

k
2Me,;SiC=C(SiMe;)JOCF; — nonradical products

with
log (2k/31 ! sec™!) (7.8 =1.3) — (5.5 = 1.4)/¢

where 8§ = 2.3RT kcal /mol.

(iii) Formation of Persistent Alkyl Radicals. During the
course of our investigations of vinyl radicals, spectra due to
a variety of highly persistent alkyl radicals were also detect-
ed. Some of these spectra were not interpretable. Those we
could interpret have their EPR parameter listed in Table 11.

(a) From MesSi». The reaction of MesSi-  with
Me;CC=CH has been reported in less detail elsewhere.?

The following radicals were detected sequentially on contin-
uous irradiation: Me3CC=CHSiMe; (see Table I), MesSi-
(Me3C)CHCHSiMe;,  and finally MesSi(Me;C)C-

CH(SiMej3)a. At 50° the half-life of a 3 X 1076 M solution
of the last named radical was 23 hr. Storage in the dark for
many hours at 50° of a much more concentrated solution of
this radical left a “residue” of (Me;Si)ZCCH(SiMe3)2
(about 3% based on the initial concentration of Me;Si-
(Me;C)CCH(SiMes),):

—Me3Ce 3Me3Sit
Me;Si(Me;C)C= CH —— Me3SiC=CH —

. \ (Me,Si),CCH(SiMe,),

Me;Si*+ + Me;CC=CH
~97~,;/
N Mc3SiH
Me,CC=C(H)SiMe; ~—— > Me,CCH—CHSiMe, +
) . (=H")
Me;Si* —> Me;Si(Me,;C)CHC(H)SiMe; ———
Me3Si®

—_—

Me,Si(Me,;C)CCH(SiMe;),

Reaction of MesSi. with Me;SiC=CH gave Me;SiC=
CH(SiMe3) (Table I) followed by (Me3Si)2CCH(SiMes)s,
presumably by a similar reaction sequence.

Although no vinyls were detected in the reaction of
Me;Si- with CF3C=CH or CF;C=CCF; both acetylenes
gave persistent alkyls. Thus, CF3C=CH gave CF3(Me;-
Si)CCH(SiMe;), on prolonged photolysis

MesSis .
CF,C=CH — [CF,C=C(H)SiMe,)

CF,(SiMe,)CCH(SiMe;),

2MeqSie
—_—

and CF;C=CCF; gave an intense EPR signal due to
CF3(MesSi)CCH(SiMe3)CF; even without photolysis
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Table II. EPR Parameters for Some Persistent Alkyl Radicals in Solution at 25° (Hyperfine Splittings in Gauss)

Radical g a™Sip a*Siy aHy qHs ea gother
Me,SiCHCH(SiMe,)CMe, 2.0026 b <l1.5¢ 0.17 a}l‘[sf; 20.0
Me,Si(Me,C)CCH(SiMe,), 2.0023 14.8 29.1d <2.0¢ 0.30 a o <29¢
(Me,Si),CCH(SiMe,), 2.0024 13.74 27.69 <£0.2¢ 0.14 a”(:‘y =4.9(60C),

) a”(foz <29¢

CF,(Me,Si)CCH(SiMe 2.0023 13.1 27.2d <1.7 ¢ a Ca~ 357,
AMe,SHCCHINE), 2F =309 (3 F)
CF,(Me,S{)CCH(SiMe,)CF,& 2.0023 b b 6.1 0.30 aF=281¢3 E)
CF,(Me,Si)CCH(SiMe,)CF, 8 2.0023 b b 1.54 0.26 aF=268(3F)
Me,CCHCH(SICl,), 2.0037 ~53d.h <2.9 0.72 ag=209
CF,(C1,S)CCH(SICL,), 2.0031 ¢ ~42d,h <5.5 ¢ aF=22103F
CF,(C1,Si))CCH(SICl,)CF, 2.0032 ¢ ¢ <35.6 0.60 aF=21.13F)

@ Minimum hyperfine spacing; see text. & Signal too weak to allow detection. ¢ Not resolved. Where preceded by < hyperfine splitting
listed is the maximum possible value; for zH7 the figure listed is AHpyp of the major EPR lines. 4 Due to two equivalent silicon atoms. € See

ref 22. S Partially resolved. & 3 or 4. # Weak signal.

Me3SiH Me3Sis
CFiC=CCF; ~— CF,(Me,Si)C—C(H)CF, ———

CF;(Me;Si)CCH(SiMe,)CF,

The EPR spectrum of the last named radical showed that it
exists in two conformers, 3 and 4, that are present in ap-

SiMe,

CF, CF,
3 4

SiMe,

SiMe;

proximately equal concentration.
Addition of Me;Si- to MesCC=CCMe; and to MesSi-
==CSiMe; gave first the expected vinyls, viz., MesC-
C=C(CMe3)SiMe; and Me;SiC=C(SiMe3),, respective-
ly. However, after prolonged photolysis both systems
showed the EPR spectrum of (Me3Si)2CCH(SiMes),.

Me3zSie . e
Me;CC=CCMe; —> Me,CC=C(CMe;)SiMe; —>
MoSie . -Mes&
Me;CC=CSiMe; ——> Me;Si(Me;C)C=CSiMe; —
Me3Sie . Me3SiH
Me;S8iC=CSiMe; ——— Me;SiC=C(SiMey); —>

Me;Si(H)C=C(SiMe;); + Me;Si+ — (Me;Si),CHC(SiMe,),

As we have noted previously,?? (Me;Si),CHC(SiMe3); is
extremely persistent though its lifetime does depend on the
reaction medium or method of formation. In general, alkyl
radical persistence appears to be greatest in reaction media
that do not contain readily abstractable hydrogen atoms.2
The identification of (Me;Si);CHC(SiMes), was con-
firmed by its preparation from the parent ethane!” by hy-
drogen atom abstraction with ter-butoxy radicals.

(Me;Si)»CHCH (SiMe;); + Me;CO» —
(MesSi),CHC(SiMes), + Me3sCOH

(b) From Cl3Si*. No radical was produced from Me-
SiC=CH and no vinyl was observed with Me;CC=CH.
However, after several minute’s photolysis of the
Me;CC=CH system the spectrum of Me3CCHCH(SiCl3),
was obtained. The half-life of this radical at room tempera-
ture is ca. | sec. Prolonged photolysis gave a single line
spectrum with a g value of 2.00371 and AHp, ~ 8 G. The

radical did not decay significantly after three days at room
temperature which suggests that it is Cl3Si(Me;C)C-
CH(SiCl3)s.

Both CF3C=CH and CF;C==CCF; reacted with Cl3Si.
in the same manner as they reacted with Me3Si- except that
with CF3C=CCF; there was no signal prior to photolysis
and there was no evidence that CF3(Cl3Si)CCH(SiCl;)CF;
existed as more than one conformer.

Radical Additions to Vinylidenecyclopropanes. (i) EPR
Spectra of Persistent Allyl Radicals. Addition of a variety of
‘MR, to the two di-tert-butylvinylidenecyclopropanes, 1
and 2, yielded a number of persistent allyls, the EPR pa-
rameters for which are listed in Table III. While most of
the “blank’ experiments gave no EPR spectra, photolysis of
1 and 2 in di-tert-butyl peroxide gave weak single-line EPR
spectra (g = 2.0026), which are probably due to radicals
formed by addition of Me;CO-:. These signals were too
weak for hyperfine couplings to be detected.

(ii) Kinetic Studies on Allyl Radicals. The persistent allyls
in Table III had half-lives of at least an hour at room tem-
perature. One of the least persistent was radical 8 which de-
cays by a first-order process at low concentrations but by a
second-order process at high concentration. At 25° the rate
constant for the second-order decay

P(OXOE),

k .
2 — nonradical products

8

is given by 2k = 1.2 M~! sec™!. which at typical concentra-
tions (ca. 3 X 10~* M) corresponds to a half-life of about 1
hr. The corresponding radical formed by addition of Cl;3Si-
(i.e., 6) was one of the most persistent allyls. A 2 X 1074 M
solution showed no sign of decay after | month at 25°.

Discussion

Vinyl Radicals. (i) Structure from EPR Spectra. Informa-
tion regarding the structure of vinyl radicals can be ob-
tained more easily by EPR spectroscopy than by any other
method.?4 By this technique it has been shown that vinyls
can be classified as either “bent” 15 or “linear” 16. Struc-

R, R
\Cp= C/ I /Rg
/4 \R R—C=C
[ 3 O \R3
15 16
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Table III.  EPR Parameters for Some Persistent Allyl Radicals in Solution at 25° (Hyperfine Splittings in Gauss)

Radical g 2"Ca 2'Cya 2" ’Cyb aHsé €€ gOther
SiMe
7{—&( 2.0026 42.8 10.6 d d a*’Si=23.9 (18i)
5
W]
§_§( 2.0028 d d d 0.31 a™Si=55.2(1Si)
6
CF
i_& 2.0025 43.9 10.2 d d dF=413F)
7
PO OEL)
%( 2.0025¢ 44.0 10.4 21.0 0.28 2”'P =75.9¢ (1 P)
8
/N
P(OCH.CH.O1,
7{—&( 2.0027 f ! f d 2P =179.38(1P)
9
OCF
§_§( 2.0025 39.0 9.0¢ d 0.31 aF=323F
10
SCF
%‘&( 2.0024 43.8 10.08 d 0.12 F=41@3F)
1
CF
2.0026 f f d 0.17 aF=28Q2F)
12
POk,
% 2.0025¢ 42.7 10.3 21.2 d 2P =714 (1P)
13
o
2.0027 43.0 10.7 d 0.35 aF=38(3F)

14

2 Due to six equivalent carbon atoms of the two terr-butyl groups. b Due to a single carbon atom in the olefinic part of the structure. € See
footnote 5. Table 1. € Not resolved. € Corrected using the Breit—Rabi equation. /Signal too weak for detection. & Partially resolved.

ture 15, in which the unpaired electron is in an orbital with
substantial s character, is adopted by vinyl and |-methyl-
“inyl, with 8 ~ 140-150°.28-33 Structure 16 has previously
uily been identified for vinyls having o substituents (R,)
capable of delocalizing the unpaired electron, e.g.,
C¢Hs,33-36 C=N,37 and COOH 3538

Both Me3sCC=C(H)SiMe3; and Me;SiC=C(H)SiMe;
have values of aH~ close to that reported for the v-H of
vinyl that is trans to the unpaired electron (viz., 68 G).2% It
would appear, therefore, that these radicals adopt structure
15 with Ry = H. As one would expect, the two bulky sub-
stituents take up a trans conformation with respect to one
another. )

The radicals Me3;CC=C(H)C¢Hs, Me;Si-
C=C(H)C¢Hs, and Me;SiC=C(H)CCIl; have values of
atv which are close to the average value for the two H,, hy-
perfine splittings in vinyl itself, viz., 51 G.2%2% If taken at
face value, these data would suggest “linear”, 16, or close to
“linear” structures for these three vinyls. However, this
seems improbable for steric reasons and, for the reasons

outlined below, we believe that these radicals are indeed
“bent”.

In a study of persistent ethyl radicals of the type
(Me;C),CCH3MR,, 17, it was found that the hyperfine
splittings due to the two methylene hydrogens, H, (and to
M), were strongly dependent on the electronegativity of
MR.,..!? However, for reasons that were discussed in de-
tail,'® it was concluded that these hyperfine splittings did
not reflect the ability of MR, to bond (via the unpaired
electron) with the o carbon, nor did they accurately reflect
the geometry at the 8 carbon. These persistent ethyls have
the MR, group eclipsed by the C, 2p, orbital, i.e.,

Me;,C\\W /MR"

v C—C\“H
Me,C 0 \H
17

The MR, group therefore has the same geometry (relative
to the orbital containing the unpaired electron) in 17 as in
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Table IV. Hyperfine Splitting Ratios for Vinyl- and 1,1-Di-tert-butyl-2-Substituted Ethyl Radicals

Radical aHy a*Siya gHethy1”® aHyjgH ethyl” ;*Siv/gH"ethyl”
Me,CC=C(H)SiMe, 67.6 15.8 4.3
Me,SiC=C(H)SiMe, 72.4 15.8 4.6
Me,SiC=C(SiMe,), 49.7 15.8 3.2
Me,SiC==C(SiMe,)SiCl, 39.1 15.8 2.7
Me,SiC=C(SiMe,) {P(O)(OEY),] 34.8 14.0 2.5
Me,SiC==C(SiMe, ) [P(OCH,CH,0),] 36.6 13.1 2.8
Me,CC=C(H)(C H,) 53.3 13.0 4.1
Me,SiC=C(H)(C H,) 54.7 13.0 4.2
Me,SiC=C(SiMe,)CF, 28.2 12.2 2.3
Me,SiC==C(H)CCl, 47.6 10.7 4.5
Me,SiC=C(SiMe, )CCl, 24.5 10.7 2.3
Me,SiC=C(SiMe,)OCF, 19.0 7.2 2.6

a 29§ hyperfine splitting due to SiMe, groups. # Taken from ref 19.

“bent” 15, and “linear” 16, vinyls. The steric and electronic
effects of MR,, should therefore be rather similar in both
the ethyl and the vinyl radicals.

A simple way to correct for the electronic effect of MR,
on gHy in vinyls of the type RC=C(H)MR,, is to divide aH~
by the 4-hydrogen splitting, aH"«t1", for the appropriately
substituted 17. If the resulting ratios are similar for all 1,2-
disubstituted vinyls it must be concluded that these vinyls
are all isostructural. From the data listed in Table IV it can
be seen that atly/gM ey = 4.35 + 0.25, over a range of aHv
values from 48 to 72 G. Since Me3CC=C(H)SiMe; and
MesSiC=C(H)SiMe; are most probably “bent” (see
above) the other three 1,2-disubstituted vinyls must also be
“bent” and their “low” a¥r values must be a consequence
of the electronic influences of the various MR, groups.

A similar approach can be applied to those trisubstituted
vinyls that have an MesSi group attached to the 8 carbon.
Division of a®Siv by gH"«ny" should once again correct for
the electronic effects of the other group on the 8 carbon
(see Table IV). All but one of the vinyls yield a**Siv/gqHrenyr
values in the range 2.55 + 0.25 which imblies that they are
isostructural. However, with Me3SiC=C(SiMe;), this
ratio has the much larger value of 3.2. Since the two 7 sili-
cons in this radical are magnetically equivalent not only at
room temperature, but also at —130°, it seems certain that
this radical is a “linear” vinyl. A “linear” structure for
Me;SiC=C(SiMe;), is also implied by its a"*C« value of
28.1 G, which is typical of a planar alkyl radical (e.g., a'*Ca
= 38.3 G for CH33! and 26 % 3 for (Me3Si);C?9), whereas
for (“bent”) vinyl itself, a"C« = 107.6 G.3! If Me;Si-
C=C(SiMe3); is the “odd man out’” with a “linear” struc-
ture, it implies that a// of the remaining vinyls adopt a
“bent” structure, 15. Such a conclusion is also supported by
the values of a'’Ca obtained for Me;CC=C(CMe;)-
[P(O)(OEt),], 65 G; Me;SiC=C(SiMe3)CF3, 48 G; and
Me;SiC=C(SiMe3)CCl;, 69 G since these values are inter-
mediate between those found for methyl and for vinyls and
indicate that the unpaired electron is in an orbital with con-
siderable s character. Presumably the degree of bending de-
pends very much on the physical size of the three groups on
the vinyl. A truly “linear” form would seem to require ei-
ther delocalization of the unpaired electron into the a sub-
stituent34-38 or a high degree of symmetry and steric hin-
drance.

(ii) Persistence. Although almost all major types of car-
bon centered radicals have been extensively studied in solu-
tion by EPR spectroscopy, the observation of destabilized
radicals such as vinyl*® is always difficult. This is because
the destabilization of vinyls makes hydrogen abstraction by
them from other components of the solution very favorable
thermodynamically. Detectable concentrations of vinyls
are, therefore, seldom attained. Fessenden and Schuler?®
overcame this observational problem by generating the rad-

icals extremely rapidly at low temperatures. The EPR spec-
tra of vinyl and l-methylvinyl were obtained in this way
and were formerly the only neutral vinyls that had been de-
tected in solution.*> An alternative approach to the genera-
tion of a significant concentration of destabilized radicals is
to use bulky groups to sterically protect the radical cen-
ter.%* As the preceding results show, this method can be ap-
plied to vinyl radicals.

None of the 1,2-disubstituted vinyls listed in Table I were
really persistent but their Me3C and Me;Si groups did re-
duce vinyl reactivity sufficiently for them to be easily de-
tected.?> This was not the case with smaller groups, that is,
no vinyls were detected in the radical additions to
CF3C=CH (or even CF;C=CCF3;).

Trisubstituted vinyls are generally much more persistent.
Those derived from Me3SiC=CSiMe; decayed by second-
order processes and were considerably longer lived than the
vinyls obtained from Me;CC=CCMe;, which decayed by
first-order processes. Presumably the Me;CC=C(C-
Me3)MR,, decay by elimination of tert-butyl.4® The corre-
sponding elimination of trimethylsilyl must be unfavorable
and so a bimolecular self-reaction is preferred.

Me,CC=C(CMe; MR, — Me,CC==CMR, + MeC"
2Me;SiC=C(SiMe;)MR, —>

SiMe;
MR,,(MeESi)C=C<
C==C(SiMe,)MR,
/
Me,Si

. The Arrhenius parameters for self-reaction of Me;Si-
C==C(SiMe;3)OCF; indicate that this radical’s persistence
is due mainly to the existence of a significant activation en-
ergy for the dimerization reaction. Of course, the (pre-
sumed) butadiene product is likely to be nonplanar for ste-
ric reasons.

Persistent Alkyl Radicals. The EPR spectra and kinetic
behavior of persistent alkyl radicals have been discussed by
us in some detail previously.!®19.21.22.23.47 The observation
of MesSi(Me;C)CHCHSiMe; and Me3sCCHCH(SICl3),
(Table II) increases the number of known persistent secon-
dary_alkyl radicals to five.*® The highly persistent (Mes-
Si)»CCH(SiMe;), radical has now been identified as a
product of the reaction of Me3;CO- with (Me3Si),CH,,22
and of MesSi- with Me3CCH=CHCMe;,22 MeC=N,22
Me3sC=CH,*?> Me;SiC=CH, Me3;CC=CCMe;, and
Me3SiC=CSiMe;. Presumably the extraordinary persis-
tence of the radical ensures its detection (by the patient ob-
server)# even when it is formed with very low efficiency.
Since we have now also formed this radical by hydrogen ab-
straction from (Me3Si)CHCH(SiMe3); there can no long-

Griller, Cooper, Ingold | Kinetic Applications of EPR Spectroscopy



4274

er be any doubt about the validity of the EPR spectral as-
signment.

Persistent alkyl radicals adopt conformations Wthh min-
imize steric interactions. Values of aHv (and a S'v) for
1,1,2,2-tetrasubstituted ethyl radicals indicate that in the
optimum conformation the hydrogen attached to the g car-
bon lies in or near the nodal plane of the orbital containing
the unpaired electron,?? 18, i.e., 8 ~ 90°.

R| RQ

R,
18

With one exception (see below) all the radicals listed in
Table I1 have aH~ values that are less than the line width of
the principal EPR lines. That is, from the usual empirical
equation,’® gHy = 4 + B cos? 6, since § = 90°, atlv = 4,
and 4 must be quite small. In cases where R; and R; are
different the radical can, in principle, exist in two confor-
mers (though there should be a preference for 18 if R, is
much smaller than R»). Only CF3(Me;Si)CCH(Si-
Me;)CF; actually exists in two conformations (3 and 4)
and, interestingly, one of these shows an appreciable split-
ting (6.1 G) by H,, implying that this conformer has § <
90°.

It seems probable that a”*Siv will show a similar angular
dependence on 6, i.e., a”Siv = 4¥Si + B”Si cos? 4. The
(Me;C)ZCCHz&Me; radncal‘9 adopts conformation 17
with 65iMes = 0°. Since a”Siv for this radical is 35.0 G,"?

B¥SiMes wil] also be ca. 35 G provided 4°°SiMes s neglngnble.

There are three persistent alkyls listed in Table II that have
observable a”Siv due to y-Me;sSi groups. These splittings
are in the range 28 + 1 G which yields 5Me3 ~ 27 & 2° in
excellent agreement with the assigned conformation, 18. A
similar calculation for the two persistent alkyls having -
SiCl; groups (for which B! = 77 G)!? yields 6 = 34° for
Me;CCHCH(SICl3), and  42°  for CF3(C13Si)CCH-
(SiCl3),.5!

Hyperfine splittings from fluorine in the CF3 groups are
in agreement with the values found in related radicals. That
is, they are either unresolved or very small for a CF; at-
tached to the 8 carbon (cf.!® 0.90 G in (Me3C),CCH,CF;
and 0.33 G in CH>CH,CF;) and are ca. 25 G for CF; at-
tached to the a carbon (cf.52 29.9 G in CH,CF3).

The small magnitude of a'’Ce (detected, or estimated
maximum values, Table IT) implies that these persistent al-
kyls are, as we would expect,'® planar (or close to it) at the
a carbon,

Allyl Radicals. (i) Structure from EPR Spectra. The per-
sistent allyl radicals listed in Table III all have the “perpen-
dicular” structure first described by Ragenstein and
Berndt!3 for 1,1-di-tert-butyl-2-methylallyl, 19, in which
the principal axis of the = orbital of the double bond is at
right angles to the C, 2p; direction.

MeCO /
/O \ _

H
19

These radicals therefore have a structure that is similar to
that of (Me3C),CCH,;MR,, radicals, 17, and indeed the two

types of radicals have similar EPR parameters. Thus, values
of a"*C« (ca. 43 G, Table 111, and 46 G for 19'3) are similar
to those found for various 17 (ca. 46 G)!° and the values of
a"Cy (6 C, the Me groups of the two a-Me3C) are ca. 11 G
for both types of radical. In two cases (8, 13) hyperfine
splittings of 21 G from the ¥ carbon in the olefinic moiety
were resolved. A similar splitting (18 G) was reported for
1913 but was assigned to two equnvalent {8 carbons (which
seems rather unlikely since 4"’ is 11 G in (Me3C)>CH
and in (Me;C)1:C-19).

The magnitudes of the hyperfine splittings due to the M
of the MR,, group in 5§, 6, 8,9, and 13 are 67 £ 5% of the
magnitudes found for the corresponding splmmgs in
(Me;C)ZCCHzMR radicals. This reduction in M~ is pre-
sumably a consequence of the greater C,-M, distance and
greater C,CsM,, angle in the allyls compared with the eth-
yls Another consequence of the increased C,-M, distance
is apparent in 12 which shows splitting by two equnvalent
fluorines (presumable ortho), whereas (Me;C)2CCH2CFs
shows a very much larger (17.6 G)'? splitting by one ortho
fluorine. Clearly, in the allyl there is either rotation>? of the
C¢Fs group or it is locked at right angles to the C,CsM,
plane, but in the ethyl the C¢Fs group is unable to rotate
and it is locked in the C,C3M, plane.

(ii) Persistence. The structure of these allyls implies that
they will be at least as long lived as the corresponding 1,1-
di-tert-butylethyl radicals. In fact, the absence of v hydro-
gens suggests they will be even more persistent since a bi-
molecular disproportionation?? is not possible. The limited
kinetic data available support these conclusions.

Destabilized vinyl radicals can be made persistent by ste-
ric protection of the radical center. Although allyl radicals
can also be made persistent, the steric requirements are
such that they then lose their stabilization.

Acknowledgment. The authors would like to express their
gratitude to Dr. H. D. Hartzler for providing the precursors
from which the persistent allyl radicals were generated.

References and Notes

(1) issued as N.R.C.C. No. 14762. Part XVI:: D. Griller and K. U. ingold, J.
Am. Chem. Soc., 97, 1813 (1975).

(2) N.R.C.C. Postdoctoral Fellow, 1974-1975.

(3) N.R.C.C. Summer Student, 1974.

(4) G. D. Mendenhall, D. Griller, and K. U. Ingold, Chem. Br. 10, 248 (1974).

(5) D. Grlller and K. U. Ingold, Acc. Chem. Res., in press.

(6) For example, Benson and coworkers’ have defined a radical **stabiliza-
tion energy”, Es, as the dlifference between the strength of the appro-
priate (l.e., primary, secondary, or tertiary) alkane C-H bond and the
C-H bond in the radical precursor, e.g., £, for benzyl = D[CH3CH,-H]
— D[CgHsCH2-H].

(7) See, e.g., S. W. Benson "Thermochemical Kinetics”, Wiley, New York,
N.Y., 1968; D. M. Golden and S. W. Benson, Chem. Rev., 89, 125
(1969); H. E. O’'Neal and S. W. Benson in "’Free Radlcals”, Vol. II., J. K.
Kochi, Ed., Wiley, New York, N.Y. 1973.

(8) L. R. C. Barclay, D. Griller, and K. U. Ingold, J. Am. Chem. Soc., 96,
3011 (1974).

(9) The C-H bond strength in benzene is greater than that in any alkane.”

(10) See, e.g., J. K. Kochi and P. J. Krusic, J. Am. Chem. Soc., 90, 7157
(1968); D. J. Edge and J. K. Kochi, ibid., 94, 5485 (1972).

(11) For recent discussions of the magnitude of £, see: P. J. Krusic, P.
Meakin, and B. E. Smart, J. Am. Chem. Soc., 98, 6211 (1974); B. E.
(S1r3a2!), P. J. Krusic, P. Meakin, and R. C. Bingham, ibid., 96, 7382

74).

(12) The fIrst of these radicals to be discovered, 34 viz., 1,1-di-tert-butyl-2-
methylallyl, was described as a **perpendicular”’ allyl.

(13) H. Ragenstein and A. Berndt, Angew. Chem., Int. Ed. Engl., 13, 145
(1974).

(14) A “perpendicular” benzyl has also been reported: K. Schreiner and A.
Berndt, Angew. Chem,, Int. Ed. Engl., 13, 144 (1974).

(15) See, e.¢.: (a) G. B. Watts and K. U. Ingold, J. Am. Chem. Soc., 94, 491
(1972); (b) G. D. Mendenhall and K. U. Ingold, ibid., 95, 3422 (1973).

(16) R. L. Merker and M. J. Scott. J. Am. Chem. Soc., 85, 2243 (1963).

(17) S.IBrownsteIn, D. Griller, D. A. Lindsay, and K. U. Ingold, unpublished re-
sults.

(18) H. D. Hartzler, J. Am. Chem. Soc., 93, 4527 (1971).

(19) D. Griller and K. U. Ingold, J. Am. Chem. Soc., 96, 6715 (1974).

(20) Posltions in vinyls are designated as in the following example, HsC.-
Slgca——Cg(H,)SHC‘;H

Journal of the American Chemical Society | 97:15 [ July 23, 1975



(21)- A preliminary account of some of this work has been published: J. W.
Cooper, D. Griller, and K. U. Ingold, J. Am. Chem. Soc., 97, 630 (1975).

(22) D. Griller and K. U. Ingold, J. Am. Chem. Soc., 96, 6203 (1974).

(23) G. D. Mendenhall, D. Griller, D. Lindsay, T. T. Tidwell, and K. U. Ingold, J.
Am. Chem. Soc., 96, 2441 (1974).

(24) Product studies on vinyls generated by well-defined stereochemical
routes have shown that the maijority?5 are reduced to olefins in reac-
tions that are slow compared to the rate of inversion®6-?7 (if the radicals
are indeed “bent”’). Furthermore, product distributions often reflect the
stereochemical requirements of the reduction process.26:27

(25) For exceptions, see: H. G. Kulvila, Acc. Chem. Res., 1, 299 (1968); M.
S. Liu, S. Soloway, D. K. Wedegaertner, and J. A. Kampmeier, J. Am.
Chem. Soc., 93, 3809 (1871).

(26) W. G. Bentrude, Annu. Rev. Phys. Chem., 18, 283 (1967).

(27) A.L.J. Beckwith, Org. Chem., Ser. One, 1973, 1 (1973).

(28) R. W. Fessenden and R. H. Schuler, J. Chem. Phys., 39, 2147 (1983).

(29) E. L. Cochran, F. J. Adrian, and V. A. Bowers, J. Chem. Phys., 40, 213
(1964).

(30) F.J. Adrian and M. Karplus, J. Chem. Phys., 41, 56 (1964).

(31) R. W. Fessenden, J. Phys. Chem., 71, 74 (1967).

(32) P. Mlliig, B. Lévy, and G. Berthier, Int. J. Quantum Chem., 6, 155 (1972).

(33) R. M. Kochik and J. A. Kampmeir, J. Am. Chem. Soc., 90, 6733 (1968).

(34) J. E. Bennett and J. A. Howard, Chem. Phys. Lett., 9, 460 (1871).

(35) L. Bonazzola, S. Fenistein, and R. Marx, Mol. Phys., 22, 688 (1971).

(36) See also: L. A. Singer and J. Chen, Tetrahedron Lett., 4849 (1968).

(37) S. Fenistein, R. Marx, C. Moreau, and J. Serre, Theor. Chim. Acta, 14,
339 (1969).

(38) G. W. Neilson and M. C. R. Symons, J. Chem. Soc., Perkin Trans. 2,
1405 (1973).

(39) A.R. Bassindale, A. J. Bowles, M. A. Cook, C. Eaborn, A. Hudson, R. A.

4275

Jackson, and A. E. Jukes, Chem. Commun., 559 (1870).

(40) A number of vinyls have been trapped in solids at low tempera-
tures,29-30.34.35,87.36.41.42 Thjg technique may be satisfactory for EPR
spectra, but it is not suitable for studies of chemical reactivity or of radi-
cal lifetimes.

(41) P. H. Kasai and E. B. Whipple, J. Am. Chem. Soc., 89, 1033 (1967).

(42) M. Iwasaki and B. Eda, J. Chem. Phys., 52, 3837 (1970). |

(43) The same technique was recently used to generate ~0,CC=C(H)CO,™
in aqueous solution.*4

(44) -P. Neta and R. W. Fessenden, J. Phys. Chem., 76, 1967 (1972).

(45) That steric protection is far from complete is evidenced by the subse-
quent formation of persistent ethyls (see text). .

(46) This is also indicated by the formation of (MesSi)2CCH(SiMe3); in the
(prolonged) reaction of Me;Si- with MegCC==CH, Me3CCH=CHCMeg,
and MesCC==CCMej; (see text).

(47) D. Griller, E. C. Horswill, and K. U. Ingbold, Mol. Phys., 27, 1117 (1874).

(48) The osr_;er three di-tert-butylmethyl'®® and penta- and hexamethylcyclo-
hexyl.

(49) It (or a very similar radical) is even formed by very prolonged photolysis
of Me3SiH in Me3sCOOCMes.

(50) See, e.qg., H. Fischer in “Free Radicals™, Vol. Il, J. K. Kochi, Ed., Wiley.
New York, N.Y., 1873, Chapter 19,

(51) Unlike ail the other v silicon containing radicals, this one has two elec-
tron withdrawing substituents on the « carbon which probably inval-
idates this simple calculation of 8.

(52) A. J. Bowles, A. Hudson, and R. A. Jackson, Chem. Phys. Lett, 5, 552
(1970); |. Biddles, J. Cooper. A. Hudson, R. A. Jackson, and J. T. Wiffen,
Mol. Phys., 25, 225 (1973).

(53) Rotation is probably hindered since the central line of the triplet is very
broad and its line width shows a very strong temperature dependence.

Carbon-13 Fourier Transform CIDNP. Kinetics and
Mechanism of the Photochemical Decomposition of
Benzoyl Peroxide in Chloroform!

C. F. Poranski, Jr.,* W. B. Moniz, and S. A. Sojka?

Contribution from the Chemistry Division, Naval Research Laboratory,
Washington, D.C. 20375. Received July 13, 1974

Abstract: Pulsed Fourier transform NMR was used to study !3C CIDNP arising from the photolysis of benzoyl peroxide in
chloroform. The most intense !3C CIDNP signals were those of benzene (emission) and of the phenoxy carbon of phenyl
benzoate (enhanced absorption). Weak CIDNP signals were observed from CO; and hexachloroethane. CKO radical-pair
theory was applied to explain the signs of the polarizations and provide mechanistic insight. Analysis of the time dependence
of the CIDNP signals to yield rate constants and enhancement factors required incorporation of the effects of the pulse tech-
nique into the CIDNP kinetic expressions. Good agreement was obtained between rate constants derived from CIDNP data

and those from chemical analysis.

The phenomenon of chemically induced dynamic nuclear
polarization (CIDNP) has great potential for the mechanis-
tic and kinetic elucidation of liquid phase radical reactions.?
A majority of the CIDNP work has centered around the use
of proton NMR spectroscopy although '*C NMR offers
several distinct advantages. For example, since the '3C
chemical shift range is quite large and since carbon nuclei
are very sensitive to substituent and subtle conformational
effects, it is often possible to unambiguously identify indi-
vidual '3C signals without the complication of overlapping
lines as usually occurs in proton spectra. In addition, the
spectrum can be simplified by eliminating carbon-hydrogen
spin-spin splitting through the use of proton noise decou-
pling. Polarizations of carbons which do not bear protons
can, of course, be studied directly. Finally, the utilization of
pulse Fourier transform (FT) NMR methods enables the
entire spectrum to be recorded in a matter of seconds, a
highly desirable feature in studying the time dependence of
polarized NMR signals. Carbon-13 FT CIDNP does not
suffer from the disadvantage of proton FT CIDNP in which
line intensities depend on the pulse flip angle because of ho-
monuclear spin-spin couplings.? To judge the practicality of

13C FT CIDNP as a tool for in situ material degradation
studies, we have embarked on an examination of polarized
13C nuclei produced during photolytic and thermal decom-
position of organic compounds.

This report concerns the use of 13C FT CIDNP and ana-
lytical techniques to study the photolytic decomposition of
benzoyl peroxide (BPO) in chloroform. The mechanistic
and kinetic conclusions obtained from the CIDNP data are
compared with those obtained from product analyses. The
CIDNP kinetic analysis scheme for the pulsed NMR exper-
iment is presented for the case of a 90° flip angle, which
was used in this study; the generalized treatment will ap-
pear elsewhere.> The thermal chemistry of BPO has been
extensively studied® but its photochemistry has received rel-
atively little attention.” CIDNP during the thermal reaction
has been examined by proton® and 13C%® CW NMR and
13C FT NMR %

Results

A typical 3C FT CIDNP spectrum obtained during the
photolysis of 0.82 M BPO in chloroform is shown in Figure
1. Although the CIDNP signal enhancements are large, it
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