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B-Chlorostyrenes. The (B-chlorostyrenes were prepared by a
decarboxylation-dehydrochlorination of. cinnamic acid dichloride
with aqueous sodium carbonate at 100°, Pure samples of the
cis and rrans olefins were obtained by preparative vpc on a 10-ft
X ¥g=in. 307 Ucon on Chromsorp P column coated with 2%
HMDS; column temperature, 165°; flow rate, 54 cc/min; re-
tention times: c¢is, 35 min; trans, 53 min, The nmr data uséd for
identification of the olefins is given in Table II.

Equilibration Studies on the 3-Chlorostyrenes. No equilibration
of the olefins was observed using a trace of iodine in cumene at 110°
for 24 hr. Equilibration was accomplished with the p-anisylthiyl
radical as follows. Degassed and sealed Pyrex ampoules containing
the starting olefins and trace amounts of azoisobutyrylnitrile and
p-thiocresol in cumene were allowed to react at 110° for times up to
24 hr. The cis olefin content was monitored by infrared measure-
ment of a band at 1350 cm™! found only in the cis isomer and with
reference to a calibration curve derived from standard solutions.
The analyses were carried out on a Beckman IR-7 spectrometer.

In this way, an apparent equilibrium position of 829 rrans- and
189 cis-B-chlorostyrene at 110° in cumene was found starting
from either 100%; zrans or a mixture of 35.2% trans and 64.8%
cis olefins.

Control Experiments. Degassed and sealed Pyrex ampoules con-
taining 0.10 M B-chlorostyrene (>99.5% trans by vpc analysis)
and 0.09 M rrans-r-butyl a-bromopercinnamate® in cumene were
held at 110° for 24 hr. The cooled reaction mixture was analyzed
directly by vpc and found to contain a g-chlorostyrene composition
of 96 7 trans and 4% cis olefin. In a similar experiment, a cumene
solution of 0.10 M g-chlorostyrene and 0.08 M trans-a-chlorocin-
namic acid was held at 110° for 24 hr. Vpc analysis indicated no
isomerization of the trans olefin.
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Abstract:
anhydride oxygen is replaced by S, NR, and CR ™.

The esr spectra of nine radical anions isoelectronic with phthalic anhydride ion are reported; the
Hiickel and McLachlan calculations predict that the nature of

the atom varied should not affect the phenyl ring splittings; this is experimentally verified for CH~ and NR sub-
stitution, but greater variations are observed if the atom changed formally bears two electron pairs. The Aand &
parameters necessary to fit the observed spectra and spin density at the group varied are discussed. Large spin
density variation at this position is observed, and the CCH;™~ anion has the spin density at this position six times
that at one ring position, and over half that at the other, even though px = 0 by symmetry considerations in

the Hiickel approximation.

Ithough quinone! and more recently nonaromatic
1,2-dione? radical anions have been extensively
studied by electron spin resonance (esr), unsaturated
anhydride, imide, and 1,4-diketone anions, which should
also be relatively stable, have been virtually ignored.
We have found that many such anions are stable enough
to be conveniently produced by electrolytic reduction
and studied at room temperature. Thus electrolytic
reduction of maleimide in DMSO gives a transient
spectrum consisting of nine main lines, which shows
splittings for one nitrogen (ax = 2.29 gauss) and two
hydrogens (ay = 6.31 gauss). Each line was an ill-
unresolved doublet; we did not obtain good enough
resolution to measure this NH splitting. We here re-
port esr studies on several radical anions having the
phthalic anhydride skeleton, with various substitution
at the O ring position (general structure I, Table I).
These anions are mostly conveniently stable for esr
measurements, and have the advantage for theoretical
interpretation of having two phenyl ring proton splitting
constants. Better spectra were obtained in DMSO
than in CH:Cl,, DMF, acetonitrile, or hexamethyl-
phosphoramide. DMSO with 0.1 M tetrabutylam-

(1) R. Dehl and G. K. Fraenkel, J. Chem. Phys., 39,1793 (1963), and
references therein.

(2) G. A, Russell, E. T. Strom, E. R. Talaty, and S. A, Weiner, J. Am.
Chem. Soc., 88, 1998 (1966), and references therein,

monium perchlorate as supporting electrolyte was used
for the measurements reported here. The esr spectra
of these compounds are of interest not only because they
extend the range of structures studied, but also because
of the electronic nature of the odd-electron MO. Since
a node passes through the X group in the odd-electron
MO, simple HMO theory predicts zero spin density at
X, and unless different Coulomb and resonance integrals
are employed for the carbonyls with different X groups,
spin distribution independent of X. Positions with low
or zero spin density by HMO theory are well known to
actually have negative spin densities.? For such com-
pounds the now well-known simple configuration inter-
action calculation of McLachlan? leads to much more
realistic spin distributions. Study of these compounds
should help to define the limitations of HMO and Mc-
Lachlan calculations for interpretation of esr spectra
and lead to values for the resonance and Coulomb
integrals for heteroatoms necessary to correlate MO
calculations with splitting constants.

Experimental Section

Phthalic anhydride, phthalimide, potassium phthalimide, and
2,3-indandione were suitably purified commercial samples.
N-Dimethylaminophthalimide was prepared by the method of Drew

(3) A. D. McLachlan, Mol. Phys., 3, 233 (1960).
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and Hatt,* 2-thiophthalic anhydride by that of Reissert and Holle,®
and 2-methylindandione by that of Wisliecenus and Kotzle.s
N-Methyl- and -ethylphthalimides were prepared by refluxing a ben-
zene solution of the phthalamic acid (prepared from phthalic an-
hydride and the aqueous amine in benzene, and dried by azeotropic
separation) with thionyl chloride. Purification was by sublimation.
DMSO was distilled under vacuum from calcium hydride, and tetra-
butylammonium perchlorate was dried over P;Os under vacuum.
A Varian V-4502-12 spectrometer system was employed. In situ
radical generation in the Varian flat electrolytic cell with applied
potential varied between 0 and ca. 15 v was used; the spectrum was
recorded at the point which gave the strongest stable signal. Sam-
ples were diluted until the best resolution possible was attained,
and were deoxygenated by bubbling of nitrogen. The splitting
constants determined were verified by calculation of the spectrum
employing these constants. A computer program similar to
Stone and Maki’s? but modified to read out on an X-Y plotter was
used. A Control Data 1604 computer was also used for MO
calculations.®

Results

Electrolytic reduction of phthalic anhydride, 2-thio-
phthalic anhydride, and the substituted phthalimides
gave esr spectra easily interpretable as the one-electron
reduction products. The methyl splitting of N-ethyl-
phthalimide and the dimethylamino splittings of N-di-
methylaminophthalimide were not resolved, although
noticeable line broadening was observed in the latter
case. The spectrum for phthalimide (Figure 1) con-
sisted of only five quintets. This is interpretable as the
anion radical (If) if a(l N) = a(2 H) and a(l H) =
2a(2 H’). The observed line widths (ca. 80 mgauss, as
narrow as any attained in this series) show that these
relations are close to being fulfilled, but deviations of
the middle three lines of each quintet from 1:1:1 in-
tensity ratios indicate that at least the second equation
is not exact. At high applied potentials the spectrum
of If was replaced by a broad nine-line spectrum having
proper intensity ratios to be caused by one nitrogen and
two equivalent hydrogens. The same nine-line spec-
trum was formed by reduction of potassium phthalimide;
we assign this spectrum to the deprotonated dianion
radical (Ic). This was the only case in this series in
which we were unable to resolve the small (a,) benzene
ring splitting: ca. 270-mgauss line widths were ob-
served, the largest in this series. If wet DMSO is used
as solvent, mixtures of Ic and If spectra arise when po-
tassium phthalimide is reduced, which is further evidence
that the spectra are related simply by protonation.

The only spectrum observed upon reduction of 1,3-
indandione showed splittings for two pairs and one
single hydrogen; we assign this spectrum to the depro-
tonated dianion radical Id. The fact that the simple
one-electron reduction product was not observed with
indandione (X = CH,), but was with phthalimide
(X = NH), is not simply caused by deprotonation of
the radical anion, since indandione is not a stronger
acid than phthalimide.® We believe that the depro-
tonated radical is formed because it possesses a p orbital
at “X” to complete the cyclic = system, and that the
enolate of indandione is preferentially reduced. Simi-
larly, only the deprotonated radical was observed upon
reduction of 2-methylindandione. We write the di-

(4) H. D. Drew and H. H. Hatt, J. Chem. Soc., 16 (1937).

(5) A. Reissert and H. Holle, Chem. Ber., 44, 3029 (1911).

(6) W. Wisliecenus and A, Kétzle, Ann., 252, 81 (1889).

(7) E. W. Stone and A, H. Maki, J, Chem. Phys., 38, 1999 (1963).
(8) We thank Professors Zimmerman and Holm for MO programs.
(9) E. Grens and G, Vanags, Zh. Organ. Khim., 1, 3 (1965).
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Figure 1. The esr spectrum of radical If obtained by electrolytic
reduction of phthalimide in DMSO which is 0.1 M in tetrabutyl-
ammonium perchlorate. The small broad lines are caused by Ic.

anion radical structure for the indandione reduction
product but have not proven that one oxygen is not
protonated. Proton exchange might well be rapid
enough to eliminate an OH splitting, but to obtain the
symmetry found, the oxygens would have to become
identical within 10~% sec. Since the enol is reasonably
acidic and electrolysis generates base, we feel the enolate
(dianion) is the more likely species to form under our
conditions. Splitting constants observed for these
radicals appear in Table I.

Table I. Splitting Constants (0.02 gauss) for I Anion Radicals
0
a }
b .
@
(o)
I
ap Aa
X (2H) (2H) Other splittings
Ia O 2.55 0.21
Ib S 2.15 0.31
Iee N- ~2.65 ? ay = 1.72
Id CH- 2.42 0.23 ggc®® = 0.85(1 H)
Ie CCH;~ 2.54 0.20 ag®Hs = 1.33(3 H)
If NH 2.40 0.205 ax = 2.40,ascE =041 (1H)
Ig NCH; 2.41 0.24 ayx = 2.54,as% = 0,90 (3 H)

Ih  NCH:CH; 2.41 0.22
Ii* NN(CHj;), ~2.42 0.22

ax = 2.52,agCH: = 0.56 (2 H)®
ax = 2.70, others not resolved

e Lines broadened by unresolved splittings.
not resolved.

b Methyl splitting

Discussion

Positional assignments of the large and small aro-
matic splittings were verified by obtaining the spectrum
of 4-methylphthalic anhydride. Splittings of 2.58 (1 H),
2.24 (3 H), and 0.53 (I H) gauss were observed. The
remaining hydrogen splitting was not resolved, and
must be small, for 90-mgauss peak-to-peak line widths
were observed. Since replacement of H by CH; re-
sults in only a fairly small perturbation of the spin dis-
tribution, this result requires that the b hydrogens show
the large splitting, as expected from MO calculations.
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The most notable aspect of the splittings recorded in
Table I is the small variation of ring splittings. This re-
sult essentially bears out (for the benzene ring) the
Hiickel prediction that the nature of X should not affect
the spin distribution. The compounds with formally
one electron pair at X (Id-j) have remarkable similar
benzene ring splittings; only the 2-methylindandione
deprotonated dianion radical (Ie) has splittings outside
of experimental error of being the same; its splitting
at “b”’ is about 6 97 higher than the others. The anion
radicals formally possessing two electron pairs at X
(Ia-c) show larger deviations.

Spin density at the X position s clearly not as constant,
however, as is obvious from those cases which have a
spin label attached to this position. The 0.85-gauss
splitting of Id (X = CH~) is converted to a spin density
with the most confidence, because extensive work has
been done to evaluate QuC™ in the McConnell relation-
ship, ag®® = QCHp.. For this situation the Qu* re-
quired is certainly in the range —23 to — 30 gauss. Qy°H
does, in many cases, decrease in magnitude with in-
creased charge density.’® QuC" has also been pre-
dicted to increase with decreasing C-CH-C angle.'!
For pyracylene radical anion, which also has a five-
membered ring with all carbons formally sp? hybridized,
a Q near (—)30 gauss is required'? to fit the esr spectrum
to McLachlan calculations. These two effects would
tend to cancel, and a “normal”’ Qx°™ of ca. —24 might
be expected for this system. This gives px = 0.03! for
Id (X = CHY). Qyx%C™ has also received much study
and values of ca. 18-20 gauss are observed for radical
anions.>!% This indicates that |px! = 0.067 for Ie
(X = “CCH,;). Since Qy°“™ definitely shows a de-
pendence on charge, decreasing in going from cation to
neutral to anion radicals, and the charge density at Cx in
Ie is unusually high, this calculated spin density should
be a minimum value.

It is impossible as yet to interpret a nitrogen splitting
constant in terms of spin distribution, for the proper Q
values (up to seven can be required) have eluded evalua-
tion.'* The slight variation of ax for If-Ij does show
that spin in the C-NR-C portion of the molecule does
vary, but the magnitude of the variation cannot be
estimated (since the various Q's required are of similar
magnitude but opposite sign, large variations in spin
density could be concealed in these splittings).

Although no work has been done on the dependence
of Q™" with charge, values of —33.7!3 and —38.8 =
216 have been suggested for cationic species. By
analogy with Qy“H, relatively small differences might be
expected for anionic species. Assuming Qg™ " = —35
for If gives px = 0.012(X = NH). Values for Qx°c™
for anion radicals have not been reported and the pro-
portionality might well depend on charge in a fashion
similar to Qx®“™. Since tetramethylhydrazine cat-
ion' requires a QuN°™ of about 27 gauss, a lower

(10) J. P. Colpa and J. R. Bolton, Mol. Phys., 6, 273 (1963).

(11) 1. Bernal, P. H. Rierger, and G. K. Fraenkel, J. Chem. Phys.,
37, 1489 (1962); 1. Higuchi, ibid., 39, 3455 (1963).

(12) B. M. Trost and S. F. Nelsen, to be published.

(13) B. L. Barton and G. V., Fraenkel, J. Chem. Phys., 41, 1455
(1964).

(14) E. T. Strom, G. M. Russell, and R. Konata, ibid., 42, 2033
(1965), and references therein; J. Q. Adams, S. W. Nicksic, and J. R.
Thomas, ibid., 45, 654 (1966).

(15) B. L. Barton and G. K. Fraenkel, ibid., 41, 1455 (1964).

(16) E. W. Stone and A, H. Maki, ibid., 39, 1635 (1963); V. R.
Bolton, A. Carrington, and J. Santos-Veiga, Mol. Phys., 5, 465 (1962).

value could be predicted for Ig. Then available esti-
mates indicate px > 0.033 for X = NCH;. These ad-
mittedly crude px estimations are summarized in Table
II.  We note that for carbon and nitrogen, substituting
CH; for H raises the spin density at the position of at-
tachment, but that X = —CR has significantly greater
spin density than X = NR.

Table II. Calculated Spin Densities at X in I Systemse®
XinI lox|
CH- ~0.031
CCHy~ >0.067
NH ~0.012
NCH; >0.033

e See text for derivation of the figures.

Clearly Hiickel theory, with its px = 0 prediction, is
very poor for system I. The spin density magnitude at
X is experimentally up to six times that at position a,
and over half that at b. Hiickel calculations also give
too low an ap/a, ratio (for the reason that p, is negative
by more accurate calculations). To see how successful
McLachlan’s treatment is for this system, calculations
were carried out on I. McLachlan’s value of 1.2 for
his N parameter was employed. To account for dif-
ferences in the coulomb and resonance integrals in this
heteroatomic system, o, = a, + hy8. and Bey = KoyBee
were used in the conventional manner, Fraenkel and
co-workers!® have done extensive McLachlan calcula-
tions on semiquinones and ketyls, and they find that the
parameters which fit esr spectra best vary somewhat
from compound to compound. Generally k, values in
the range 1.3-1.6 are necessary with kco/hy somewhat
greater than one. Best Kqc« values were near 1.2 for
planar radicals. Small auxilliary inductive parameters
(aip) of hc = 0.1hg or hcr = —0.1 were also employed.

McLachlan calculations on system I show that the
hx and kcsx values chosen do not affect the a and b
aromatic splittings significantly; the X atom is too far
away. Table III shows a comparison of experimental

Table III. Comparison of Experimental and Calculated Spin

Densities for Id
Position Exptl® Calcd? Caled®
a 0.010 —0.010 (—0.010) —0.009
b 0.101 0.101 (0.101) 0.100
X(CH") 0.031 —0.035 (—0.018) —0.038
(0} 0.121 (0.119) 0.102
C* e 0.127 (0.121) 0.148
C’ 0.179 (0.179) 0.178

e Using Q = 24.0. b hy = 1.30, kc*o = 1.74, kcrcx = 1.10, hx
= 0.30, kex = 1.10. In parentheses appear the values calculated
with the same parameters except ix = 1.5 (about that expected for
X = NH (If)). ch = 1.60, kc*o = 1.80, kccx = 1.04, hx =
0.30, kcxx = 1.04.

and calculated spin densities of Id (which has essentially
the same ring splittings as If-i). With so many ‘“‘ad-
justable” parameters much significance cannot be

(17) S. F. Nelsen, J. Am. Chem. Soc., 88, 5666 (1966).

(18) G. Vincow and G. K. Fraenkel, J. Chem. Phys., 34, 1333 (1961);
P. H. Rieger and G. K. Fraenkel, ibid.,, 37, 2811 (1962); R. Dehl and
G. K. Fraenkel, ibid., 39, 1793 (1963). We follow their nomenclature,
C’ for carbons attached to the carbonyl carbons, which are labeled C*;
our system is H,CH,CC’'C*OX.
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placed upon any set which happens to fit the limited data
available; we present two sets, for by = 1.3 and Ay =
1.6, which fit reasonably well; other combinations fit
as well. Use of aip’s Acs or Acs would change the
other parameters necessary for fit; even higher kc«o
values would be necessary. We do not feel our data
justify introducing more parameters.

Clearly, a negative hx is required to raise |px| to the
over 0.06 observed for Ie. The upward shift in |ox]|
seen upon methylation at X could be accounted for by
using a lower hx value to adjust for the C-H and C-alkyl
electronegativity difference, but a hyperconjugation
calculation might be more reasonable (and introduce
two more ‘“adjustable” parameters). The decrease of
lox| as the electronegativity of X is raised is expected;
use of Streitwieser’s suggested Ay valuel® of 1.5 gives a
calculated py for phthalimide anion not far from that
arrived at by arguing from Q values (compare Tables II
and 111). We are surprised at the near constancy in p,
and py, values in this group of compounds; certainly the
chemistry of enolate and amide carbonyls is so different
that we had expected different 4 and k values to be neces-
sary. Perhaps there are compensating changes in the
many parameters necessary to describe the spin density,
and the result is an artifact of this system.

To fit the two experimental splittings of the phthalic
anhydride spectrum (Ia, X = 0), using Q¢ = 24 again,

(19) A. Streitweiser, **Molecular Orbital Theory for Organic Chem-
ists,”” John Wiley and Sons, Inc., New York, N. Y., 1961, p 135,
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ho = 1.49, kcxo = 1.49, kcrox = 1.20 gives areasonable
fit. It may be simply accidental that the three spectra
which deviate the most are those which formally have
two unshared pairs of electrons at X. There is a signif-
icant shift of spin density into the benzene ring with
X = S (Ib) in comparison with all the other spectra,
however. Sulfur was the only third-row element
studied, and some special bonding effect of the sulfur
may well be involved. Liicken® has suggested that 3d
orbital interactions of the sulfur atoms of dithiins fit the
esr spectra better than just 2p interactions. The effect
here is not large, and we cannot assign a mechanism for
the effect of the sulfur.

McLachlan theory does not seem adequate to explain
the differences observed in the I spectra in detail, but in
general gives reasonable spin densities, !
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Abstract:

The first observation (nmr) of arylonium ion formation via aryl participation in strong acid solution

was achieved. The p-anisonium, 2,4,6-trimethylphenonium, and pentamethylphenonium ions were obtained in

SbF;-SO, solution at low temperature upon ionization of the corresponding 3-phenylethyl chlorides.

Conditions

permitting bridged phenonium (arylonium) ion formation over competing classical benzylic ion (styryl cation)
formation were established. The spirocyclopropylbenzenonium ion structure of phenonium ions is discussed.

onsiderable interest has been focused on phenonium
(arylonium) ions. In recent years it was spear-
headed by Cram’s*? studies of phenonium ion systems
and Brown’s* suggested reexamination of this concept.
These arguments have centered largely around the
nature of the cationic transition states in the rate studies
of solvolysis systems and the stereochemistry of the re-
sulting products.® Extensive radiolabeling studies of

(1) For a preliminary report see part XXX, G. A. Olah, E. Naman-
E&iorgh, M. B. Comisarow, and B. Ramsey, J. Am. Chem. Soc., 89, 711

967).

(2) D. 1. Cram, ibid., 71, 3863 (1949); 74, 2129 (1952).

(3) For a critical summary see D. J. Cram, ibid., 86, 3767 (1964).
(19(2)5)H' C. Brown, K. J. Morgan, and F. J. Chloupek, ibid., 87, 2137

phenylethyl solvolysis reactions have been carried out by
Collins and these have been recently reviewed.®

Results and Discussion

No direct observation of phenonium ion formation
via phenyl participation from phenylethyl™? or related

(5) A. Streitswieser, **Solvolytic Displacement Reactions” McGraw-
Hill Book Co., Inc.,, New York, N. Y., 1962,

(6) C. 1. Collins, Advan. Org. Chem., 2, 1 (1964).

(7) G. A. Olah, C. U. Pittman, Jr.,, E. Namanworth, and M. B.
Comisarow, J. Am, Chem. Soc., 88, 5571 (1966).

(8) M. Brookhart, F, A, L. Anet, and S. Winstein, ibid., 88, 5657
(1966).

(9) M. Brookhart, F. A. L. Anet, D. J. Cram, and S. Winstein, ibid.,
88, 5659 (1966).
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