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TaBLE VI
THE RATE ConsTANTS OoF COPOLYMERIZATION OF STYRENE
DERIVATIVES WITH DIANION OF a-METHYLSTYRENE TETRAMER
Na~, ~C(CH;)(Ph)CH,CH,C(CH;)(Ph)C(CH;)(Ph)CH,CH,C-
(CH)}Ph~), Na® + M — Na™, ~C(CH;)(Ph)CH,CH,C(CH;)-
(PI1)C(CH;)(Ph)CH ,CH,C(CH;)(Ph)M -, Na~
Solvent, THF; T, 25°
1Liv.

endsl, 1M1, kij,
X 108 X 1038 Conv,, 1. mole ™t
Monomer m./l. m./l. A sec, "1
Styrene 3.0 1.4 . 5007
Styrene 3.7 2.4 S 520"
p-Methylstyrene 3.3 2.1 6-15 105
p-Methylstyrene 5.9 4.9 12-20 82

p-Methoxystyrend 2.6 2.4 23-57 28°

@ These data, calculated from the V.P.C. analysis of the residual
styrene, are lower than those obtained previously (800-1000).
We feel that the spectrophotometric technique used in the earlier
investigations could be less reliable, since the tetramer solution
acquired a slightly vellow color on standing in air. » This sys-
tem was studied in a stirred-flow reactor.

in the ordinary anionic polymerization this step ap-
parently involves a negative center.

The low reactivities of a- and 8-methylstyrenes reflect
the effect of steric hindrance due to the presence of a
methyl group located close to the center of reaction.
This effect is superimposed upon the inductive effect
which also reduces the rate of copolymerization.

The higher reactivity of o-methylstyrene when com-
pared with its p-isomer is unexpected and the cause of
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this trend is not clear. The lower reactivity of 24-
dimethylstyrene could be anticipated in view of the
enhanced inductive effect of two methyl substituents.

The pattern observed in the rate constants of co-
polymerization of styrene derivatives with living poly-
styrene is reflected in the respective rate constants of
addition to the living a-methylstyrene tetramer (Nat,
~C(CHj;) (Ph)CH,CH,[C (CH;) (Ph) [.CH.CH,C (CHj)-
(Ph)—,Na*, The pertinent results are collected in
Table VI, and it is interesting to notice that all the
values given in this table are lower by approximately a
factor of 2 than the corresponding values related to the
addition to living polystyrene. On the other hand, the
addition of styrene to poly-p-methylstyrene— or poly-p-
methoxystyrene~ (see Table V) proceeds as fast as the
addition to the living polystyrene. It seems, therefore,
that the steric factor is mainly responsible for the lower
rate constants of addition to the tetramer of a-methyl-
styrene.

Finally, it should be pointed out that the results
collected in Table V indicate that the polar factors are
less important when they operate on the anion than
when they act on the inonomer (compare the rate con-
stants of copolymerization of the pairs: styrene—p-
methylstyrene and styrene—p-methoxystyrene). They
become, however, significant when the polarity of the
anion is changed considerably, e.g., in the addition of
styrene to the living polyvinylpyridine.
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F' Chemical Shifts of the Sulfur Pentafluoride, Trifluoromethoxy, Trifluoromethylthio and
Trifluoromethylsulfonyl Groups in Aromatic Compounds

By D. R. EATON AND WILLIAM A. SHEPPARD
RECEIVED OCTOBER 18, 1962

The F n.m.r. spectra have been measured for a series of arylsulfur pentafluorides and aryl trifluoromethyl

ethers, sulfides and sulfones substituted in the meta or para position.

The twenty-one line pattern for the

sulfur pentafluoride group was analyzed as an AB, system, and the chemical shift and spin-spin coupling con-
stants determined. The coupling constant of 146 c.p.s. between the base and apex fluorine is independent of

the substituent.
with Taft’s inductive and resonarnce parameters.

The F! chemical shifts of these groups have been correlated with Hammett o-factors and
The magnitudes of the changes in chemical shift with sub-

stituent and the correlations with reactivity parameters are discussed.

Introduction

A number of correlations between chemical reac-
tivity and physical properties, such as vibrational
band frequencies and intensities, polarographic half-
wave potentials and n.m.r. chemical shifts, have
been observed and explored in recent years. Of
these physical properties, the study of the F* n.m.r.
chemical shifts is particularly attractive because of the
high precision of the measurements and the relatively
direct relationship to chemical bonding. Gutowsky,
McCall, McGarvey and Meyer! first noted the correla-
tion of the fluorine chemical shifts with Hammett
o-constants for a series of substituted fluorobenzenes.
Taft'™?* has extended and elaborated this correlation
by interpreting the shifts in terms of inductive and
resonance effects. Theoretical treatments of the prob-
lem have been presented recently by several groups.?

(1) fa) H. S. Gutowsky, D. W. McCall, B. R. McGarvey and L. H.
Meyer, J. Am. Chem. Soc., T4, 4809 (1952); (b) J. A. Pople, W. G. Schneider
and H. J. Bernstein, High-Resolution Nuclear Magnetic Resonance,”
McGraw-Hill Book Co., Inc., New York, N. Y, 1959, p. 323.

(2) R, W. Taft, Jr., J. Awm. Chem. Suc., 79, 1043 (1957).

(8) R. W. Taft, Jr., J. Phas. Chem., 64, 1805 (1960).

There is, however, very little experimental data avail-
able on the chemical shifts of fluoroaromatics other than
the fluorobenzenes.® It is the purpose of the present
study to investigate the possible correlation of the F¥
chemnical shifts of the SF;, OCF; SCF; and SO3;CF;
groups and the spin-spin coupling constant of the SEs
group with substituent parameters. Such data should
provide a further test of the validity of current theories
of aromatic substitution effects and also should give
some information on the transmission of inductive and
mesomeric interactions through oxygen and sulfur
atoms.® A concurrent study has been made of the

(4) (a) M. Karplus and T, P. Das, J. Chemn. Phys., 84, 1683 (1961);
(b) T. Yonezawa, K. I'ukui, H. Kato, H. Kilano, S. Hattori and 3. Mat-
suoka, Bill. Chem. Soc, Japan, 84, 707 (1961); (¢) R. W. Taft, F. Prosser,
.. Goodman and (. 1. Davis, J. Chem. Phys., 88, 380 (1963).

{5) A limited amount of chemical shift data has been reported on benzo-
trifiuorides'® and on aryl triffluoromethyl ethers, sulfides and sulfones; L. M.
Yagupolsky, V. F. Bystrov and E. Z. Utyanskaya, Pioc. Acad. Sci. USSR,
Phys. and Chem. Sect. (Engl. Transl.), 185, 1059 (1960), and Optics and Spec-
troscopv, 10, 68 (1961).  Correlations of proton chemical shift with Hammett
o-parameters for the methyl group of m- and p-substituted anisoles were re-
cently reported by C. Heathcock, Can. J. Chem., 40, 1865 (1962).

(6) The substituent parameters for the groups along with the synthetic
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F!® contact interaction shifts of the same groups sub-
stituted on the ligands of paramagnetic Ni(II) amino-
troponeimines.” The chemical shift measurements are
indicative of the transmission of charge density, whereas
the contact shifts are determined by the transmission
of spin density through the conjugated system so that
the two studies are in many ways complementary.

Experimental

The compounds used in the present study have the structures
I-1V.

SF; OCF; SCF; SO;CF3
-
X X X X
I II II1 Iv

where X is a meta or para substituent (H, NOQ., NH,, OH,
CH; and halogen). The synthesis of these compounds is de-
scribed elsewhere.®® The spectra were obtained with a Varian
high resolution instrument operating at 40 and 56.4 Mc./sec.
Reagent grade carbon tetrachloride was used as a solvent and 1,2~
difluorotetrachloroethane (Freon 112) as an internal calibrant.
The triflucromethyl sulfones IV were also examined in methanol
solution to investigate the possible effects of hydrogen bonding.
Calibration was accomplished by superimposing an audiofre-
quency on the sweep field to produce side band peaks of the
reference. In most cases measurements were made at four dif-
ferent concentrations and chemical shifts were obtained by extrap-
olation to infinite dilution. The corrections involved were of
the order of 2-3 c.p.s. in most cases. The m- and p-hydroxy
derivatives of I and IV were only slightly soluble in carbon tetra-
chloride, and the chemical shifts were obtained directly for the
spectra of the saturated solutions. The precision of the measure-
ments is estimated to be %1 c.p.s. so that the chemical shift
measurements are meaningful for even the OCF; and SO,CF;
groups where the range in shifts is only 30 to 40 c.p.s.

Analysis of the Spectra.—Compounds 11, III and TV have only
a single F resonance, and the chemical shift is obtained di-
rectly. Compound I has a twenty-one line pattern typical of
an ABj system1 with the apex fluorine (A) appearing to low field
of the basal fluorines (B,). This pattern is consistent with a
tetragonal-pyramidal configuration for the sulfur pentafluoride
group as ascribed to alkylsulfur pentafluorides and other deriva-
tives of sulfur hexafluoride.® The present spectra were analyzed
using the perturbation theory of Anderson!® and satisfactory
agreement was obtained between calculated and observed
spectra measured both at 56.4 and 40 Mec./sec.

Results

The chemical shifts and spin-spin coupling con-
stants for compounds I are presented in Table I.
It is apparent that there is no significant change (less
than 2 c.p.s.) of Jrr with substituent. The mean value
of 146 c.p.s. for the spin—spin coupling constant is very
close to the value of 145 c.p.s. reported by Muller,
Lauterbur and Svatos® for perfluoroalkylsulfur penta-
fluoride derivatives.

Chemical shift data for compounds II, III and IV in
carbon tetrachloride and for compound IV in methanol
are given in Table II. There is a marked dependence
of the chemical shift on the substituent for all four series
of compounds. Furthermore, in each case there is good
correlation with substituent parameters. Gutowsky,
McCall, McGarvey and Meyer'® originally correlated
the chemical shifts of the fluorobenzenes with the
Hammetts-values. Taft??haspointed out that the rel-
ativeimportance of the inductive and resonance contribu-
tions may not be the same for F!® chemical shifts as it is
for acidity and reactivity functions, and for the fluoro-

chemistry have been described and discussed, W. A. Sheppard, J. Am. Chem.
Soc., 84, 3064, 3072 (1962); 88, 1860 (1961), and publications In preparation,

(7) Publication in preparation,

(8 L. M. Yagupolsky and M. S. Marenets, J. Gen. Chem. USSR (Engl.
Transl.), 24, 885 (1954), and 26, 99 (1956),

(9) (a) N. Multer, P. C. Lauterbur and G, F, Svatos, J. Am. Chem. Soc.,
79, 1043 (1957); see, ref. 1b, p. 339; (b) R. K. Harris and K. J. Packer,
J. Chem. Soc., 4736 (1961); (¢) C. 1. Merrill, S. M, Williamson, G. H, Cady
and D. F. Eggers, Jr., Inorg. Chem., 1, 215 (1962).

(10) W. A, Anderson, Phys. Rev., 102, 151 (1958); see also ref, 1b, p, 1532
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Fig. 1.—Correlation plot of § for apex fluorine vs. Hammett

parameter o for substituted arylsulfur pentafluorides (6 = —0.50
+ 4.330).

benzenes he obtained better correlations with chemical
shift data by utilizing separate inductive (¢1) and res-
onance (or) parameters. Krueger and Thompson!!

TasLE I

CHEMICAL SHIFTS AND SPIN-SPIN CoUPLING CONSTANTS FOR F19
IN ARVLSULFUR PENTAFLUORIDES (X C¢H,SF;) AT INFINITE
DiLuTioN IN CARBON TETRACHLORIDE

Sub- ~=Apex fluorine—  —=Basal fluorines=—
stituent vA, A, VB, 5B, JFF,

x c.p.s.? p.p.m.? c.ps.? p.p.m.? cycles/sec,
H —6035 0.00 —5163 0.00 +147
$-NO: —5921 +2.85 -~5179 — .40 +146
m-NOg — 5926 +2.73 —5193 - .7 +147
p-NH: —6161 —-3.15 —5253 —2.25 +146
m-NH, —6084 —1.23 —5182 —0.48 +147
p-Br —6023 +0.30 —5207 —1.10 4145
m-Br —5990 +1.13 —5193 —-0.75 4146
p-Cl —6017 4+0.45 —5204 —1.03 +146
p-OH —6109 —1.85 —5245 —2.05 (+149)
m-OH —6049 —0.35 —5188 —0.63 -+146

@ Recorded at 40 Mc./sec. relative to CFCl,CFCl, (internal).
b § relative to phenylsulfur pentafluoride as zero and positive for
shift to higher field.

have treated their results on infrared frequencies and
intensities in a similar way. The present results for
compounds 11 and IIT and the basal fluorines of com-
pounds I give satisfactory correlations by plotting
the meta shifts against o1 and the difference between the
para and meta shifts against or in the manner described
by Taft. (Values used for o, o1, or and or° are given
in Table II1.) Examples of these plots are shown in
Fig. 2 and 3. The chemical shifts for compounds IV
and the axial fluorine of compounds I plot equally satis-
factorily against Hammett ¢ directly as shown in Fig.
1 and 4. These results, together with those of Taft
on the fluorobenzenes, may be summarized by the
following equations. The equations (with the excep-
tion of eq. 1'*) were determined by least squares best
fits, 8 = by + byo1 + byor®!* For these equations
or® was found more appropriate than or (note, or/or’
22 1.5 to 2.0).* For comparison, all results have been
expressed in terms of o1 and or". The two cases which
correlate directly with Hammett o, namely, SFs axial
and SO:.CF;, have the coefficient of o1 of the same order
as or’. In the remaining cases the dominance of the

(11) P. J. Krueger and H. W. Thompson, Proc. Roy. Soc. (London),
A250, 22 (1959).

(12) W. A. Pavelick and R. W, Taft, J. Am. Chem. Soc., 79, 4935 (1957).

We are indebted to Professor Taft for advice and assistance in carrying out
these correlations.
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Fig. 2a,—Correlation plot of § for basal fluorines vs. inductive
parameter o1 for substituted arylsulfur pentafluorides (8m =
—0.50 — 0.45 o1).
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Fig. 2b.—Correlation plot of 8 — 0.45Z 01 for basal fluorine vs.
the resonance parameter or for p-substituted arylsulfur penta-
fluorides (8, = —0.28 — 0.4501 + 2.500r).

or” term in the p-substituted compounds destroys the
simple dependence on Hammett o.

F 8mf = 4+0.20 — 5.830;
8,F = 4+0.80 — 5.8301 — 18.800r (1)
SF5 apex dmf =  0.00 4+ 3.7901 + 3.470or®
8o = —0.09 4 3.5401 + 6.990R"
basal 8, = —0.01 — 1.38¢; 4+ 0.630R"
8,f = —0.10 — 0.9901 + 3.980R°
OCF; 8 = —0.04 4 0.560; + 0.100g°
8pF = 4+0.04 + 0.300y — 1.350R"
SCF, 8nf = —0.08 — 0.7901 + 0.000r°
8pF = 4+0.04 — 1.3201y — 3.760R?
SO;CF; (in CCly) 8,F = —0.01 — 1.810y — 0.450R°
8;F = 0.00 — 1.04¢f — 1.510R°
(in CH;0H) 8,F = —0.02 — 1.0901 — 0.820R?°
8,Ff = 4+0.01 — 0,870y — 1.820R°
Discussion

It seems clear from the analysis of Karplus and
Das® that fluorine chemical shifts are dominated
by the second-order paramagnetic term and hence
by the nature of the fluorine bonding. There are,
however, a variety of inductive, resonance and field
effects possible,!’ and an extensive accumulation of
various kinds of physical data will probably be neces-
sary before the contributions of the various factors can
be disentangled. Ring current effects in these aromatic
systems may also have to be considered, but it seems
unlikely that these would vary significantly with sub-
stituents. In the case of the sulfur pentafluoride com-
pounds in particular, small changes in the hybridization
of the sulfur from compound to compound and differ-
epaes, in the proportion of d-orbital contribution to the
apex and basal bonds may also be significant.

Several comments can, however, be made from the
results of the present study asembodied in eq. 2-6. The

(13) M. J. 8. Dewar and P. J. Grisdale, J. Am. Chewn. Soc., 84, 3310, 3548
(1962).
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observed correlations demonstrate that substituent
effects are indeed transmitted to atoms remote from
the ring. As might be anticipated, the magnitude of
the effects falls off with increasing number of intervening
bonds in the series: fluorobenzenes (one bond), SF; com-
pounds (two bonds), and OCF; SCF; and SO.CF;
compounds (three bonds). Conjugation through -O-,
—S—, and —SO,— has recently been demonstrated by the
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TaBLE II

CHEMICAL SHIFTS FOR F'* IN ArvL TRIFLUOROMETHYL ETHERS, SULFIDES AXD SULFONES AT INFINITE DiLuTioN 1N CARBON TETRA-
CHLORIDE AND METHANOL

~=XCsHsOCF3=—

~—————Substituent parameter®———— - -1n CClg=——

Substituent I'd o1 R oR? v, c.p.s.b 5, P
H 0 0 0 0 —377

NOs para 78 0.63 0.15 0.08 —376 +

meta 71 —366 +

NH; para® — .66 10 — .76 — .48 —351 +

meta - .16 —379 -

CH; para - .17 — .05 — .13 - .10 -370 +

meta - .07 —382 -

OH para — .36 .25 — .61 — .40 —350 +

mela — .02 —374 +

Br para .23 45 - .22 — .19 —363 +

mela .39 —-370 +

Cl  para .23 47 - .24 — .20 -—361 +

mela 37 —369 4+

F para .06 .50 — .44 - .35 —-350 +

mela .34 —-369 4+

OCF; para .35 .51 - .13 —360 +

mela .40 —366 +

% Values of ¢ from H. H. Jaffé, Chem. Rev., 53, 222 (19533);
Lewis and R. E. Glick, J. Am. Chem. Soc., 81, 5352 (1959).

—0.28 p.p.m.

transmission of spin density through these groups';
the non-zero values of the or® coefficients in eq. 4, 5
and 6 provide further evidence for this effect. The rela-
tive values of the coefficients also are reasonable with
—~80,— being the least effective conjugating group and
-S— being significantly more effective than -O—. It
is interesting that the signs of the or coefficients alter-
nate on transmission through one bond (negative),
two bonds (positive) and three bonds (negative).
Whether this is a general effect or a peculiarity of the
particular groups studied remains to be established.
The different signs of the o1 coefficients for the OCF;
and SCF; may also be of significance. Differences in
the substitutent constants for these groups have been
reported previously® and attributed to participation of
the d-orbitals in the sulfur compound. There is also
a reversal in the signs of these coefficients between the
basal and apex fluorines of the SFs group. It is pos-
sible that the basal fluorines may experience a large
direct interaction with the ring r-system, giving a nega-
tive contribution to the oi-coefficient (as in the fluoro-
benzenes) which opposes the intrinsic positive contri-
bution reflected in the apex fluorine dependence.

In the two cases where the chemical shifts correlate
directly with Hammett o-parameter (SO,CF; and apex
SFs) the fluorines are screened from the r-system of the
ring by the SO, and SF; groups, respectively. It is
possible that these groups may have an insulating
effect in preventing direct interaction of the fluorine
with the r-system of the ring, and the electronic effect
transmitted by field and ¢- and m-inductive mecha-
nisms!? is now the major factor influencing the chemical
shifts.

The results for the SO,;CF; compounds in carbon
tetrachloride and in methanol are very similar in their
substituent dependence. In each case there is a shift of
around 10-20 c.p.s. to high field in methanol compared
with carbon tetrachloride. It is deduced from this that
although hydrogen bonding with the -80:— group can

(1) D. R. Eaton, A. 1. Josey, W, D. Phillips and R. E. Benson, J. Chewm.
Phys., 8T, 347 (1962),

—=XCsHSCFs-— X CsHiS0:CF3

—=In CCly=—— ——=1n CCly=—— —-1n CHiOH-—
pmf v ppm? & ppmt yppmb 5 ppmt v ppm? s ppm’
0.00 — 984 0.00 +458 0.00 +465 0.00
.03 —1034 —1.25 +425 — .83 +437 - .71
.28 —1010 —0.55 +422 - .90 4434 - .78
.65 —917 +1.68 +482 + .60 4499 + .80
.05 —992 —0.20 +459 + .02 +473 + .20
.18 —966 + .45
.13 —985 + .03
.88 —937 +1.18 +-487 + .53
.08 —991 —0.18 +450 —0.20 4469 + .09
.35 —983 + .04 +450 - .21 +-459 — .16
18 +440 — .46 +-449 — 41
.40 —977 + .18
.20 —9099 - .38
.68
.20
.43
.28

o1 and oy from ref. 1b, 2, 3; ¢y’ from R. W, Taft, S. Ehrenson, I. C.
b Recorded at 40 Mc./sec. relative to CFCLCFCl, (internal).
to unsubstituted aryl compound as zero and positive for shift to higher field.

¢ Relative
4 grtho NH; for OCF; recorded as —388 c.p.s. with 8

occur, the extent of such solvation does not vary mark-
edly with phenyl substitution.

To summarize, it is concluded that the chemical
shift studies provide a sensitive probe for elucidation of
the mechanism of transmission of inductive and reso-
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Fig. 4.—Correlation plot of § vs. Hammett o parameter for
substituted aryl trifluoromethyl sulfones in methanol (¢
+0.08 — 1.124).

nance effects. However, a considerable amount of
experimental data will probably have to be accumulated
before interpretation of these effects is complete.



