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butyrolactone could be detected. The only product identified
was 1,3-diiodopropane which was formed in good yield. It was
further shown that y-butyrolactone was stable under the condi-
tions of the experiments.

Preparation and Pyrolysis of 4-Bromobutyryl Peroxide.—4-
Bromobutyryl chloride was prepared according to a general litera-
ture procedure? and was obtained as a colorless oil, b.p. 40°
(0.6 mm.).

Anal. Caled. for CHsBrCiO: C, 25.90; H, 3.26. Found:
C, 26.38; H, 3.49.

The chloride was converted to the peroxide by a procedure
similar to that described for the iodo derivative. 4-Bromobutyryl
peroxide was obtained as & colorless oil that could not be induced
to crystallize. Attempts at purification led to much decomposi-
tion; however, the infrared spectrum was very similar to that of
the iodo peroxide and revealed only small impurities. The
sample was used directly in pyrolysis experiments.

The vapor phase decomposition of the bromo peroxide was
carried out analogously to that of the iodo compound. No
cyclopropane was detected, and the only products that were
identified by v.p.c. were vy-butyrolactone and 1,3-dibromopro-
pane.

2-Bromomethylcyclohexanecarboxylic Acid Chloride.—Hexa-
hydrophthalide (12.0 g., 0.086 mole) and anhydrous hydrogen
bromide (27.0 g., 0.34 mole) were heated in a sealed tube for 1 hr.
at 100°. The tube was cooled, and the excess hydrogen bromide
was removed under reduced pressure. The residue was dissolved
in thionyl chloride (30 ml.) and the solution was heated for 1 hr.

Vor. 30

on a steam bath. Distillation gave 18.4 g. (90%,) of 2-bromo-
methylcyclohexanecarboxylic acid chloride, b.p. 90-100° (0.5
mm.).

Anal. Caled. for CsH;:BrClO: C, 40.12; H, 5.05.
C, 40.30; H, 4.87.

The infrared spectrum showed a carbonyl stretching vibration
at 5.60 u.

Preliminary experiments showed that the acid chloride reacted
very slowly with alkaline hydrogen peroxide. The acid chloride
(4.78 g., 0.020 mole) in ether (15 ml.) was treated with 309 hy-
drogen peroxide (1.44 ml.) and sodium hydroxide (1.2 g.) in
water (10 ml.). The mixture was stirred for 24 hr. at —5° and
was then worked up as previously described for 4-iodobutyryl
peroxide. 2-Bromomethylcyclohexanecarbonyl peroxide (0.50
g.) was obtained as a crystalline white solid at —70° from ether-
petroleum ether. The peroxide was very sensitive to losses dur-
ing purification, and acceptable analyses could not be obtained
although the products had a clean infrared spectrum. On heat-
ing it decomposed violently at 65°. The recrystallized product
was used in the pyrolysis experiments.

A solution of the peroxide (0.32 g., 0.00073 mole) in monoglyme
(1 ml.) was heated at 60-70° until gas evolution ceased. No nor-
carane was detected in the residue by a v.p.c. technique suffi-
ciently sensitive to detect 0.29,. Hexahydrophthalide (0.12 g.),
identical with an authentic sample, and a liquid believed to be
2-bromomethyleyclohexyl bromide (ca. 0.05 g.) were also iso-
lated. The former was determined by direct v.p.c. calibration,
but the small amount of the bromide was only estimated.
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The possibility of application of the Hammett equation to the acid-base equilibrium constants in excited states
of aromatic acids and bases was investigated. The excited state pK values are obtained by use of the Forster
cycle, and the assumptions and approximations involved in its use are reviewed and carefully examined. The
most important conclusion is that excited-state pK values conform, at least roughly to linear free-energy rela-

tions with ground-state parameters (o).
cause of the highly polar nature of excited states.

Universally, exalted substituent constants are required, probably be-
The data presented suggest that meta- and para-substituted
compounds may require different reaction constants (p).

An attempt is made to interpret magnitudes of reac-

tion constants for the pK values of different excited states in various reaction series.

The chemistry of excited states has recently become
a focal point of wide interest. On the one hand, a
large number of investigators are delving deeply into
the mechanisms of reactions occurring in excited states.
On the other hand, the pioneering work of Forster,?
Weller,® and Porter? has paved the way to the measure-
ment of chemical equilibria between molecules in their
excited states; in particular, of acid—base equilibria.

Since acid-base equilibria have been one of the origi-
nal and most fruitful areas for the application of linear
free-energy relations, the question arises naturally
whether such relations will be equally applicable to
electronically excited states. The only attempt to
provide an answer to this question is contained in the
investigations of Bartok and co-workers.? Before we
deal with these papers, we must briefly discuss the
experimental techniques used to obtain excited-state
equilibrium data.

(1) Procter and Gamble Fellow, 1963-1964.

(2) T. Forster, Z. Elektrochem., 54, 42 (1950).

(3) A. Weller in ‘'Progress in Reaction Kinetics,”” Vol. 1, G. Porter, Ed.,
Pergamon Press, New York, N. Y., p. 187, and references cited therein.

(4) G. Jackson and G. Porter, Proc. Roy. Soc. {London), A260, 13 (1961).

(5) (a) W. Bartok, P. J. Luechesi, and N. 8, Snider, J. Am. Chem. Soc.,
84, 1842 (1962); (b) W. Bartok, P. J. Lucchesi, and R. B. Hartman, <bid.,
in press.

The determination of the pK of a compound in the
electronic ground state is readily achieved if it is pos-
sible to estimate the ratio of the concentrations of a
conjugate acid-base pair as a function of pH. An
analogous procedure is, of course, applicable to excited
states. The entire field of excited-state equilibrium
measurements was therefore opened when Forster
showed that the fluorescence spectra of a few acids
depended on pH. When it was shown that this pH
dependence of fluorescence in the excited state was
vastly different from the pH dependence of the absorp-
tion of the ground-state species, it was demonstrated
that equilibrium had been established in the excited
state. Careful fluorescence measurements in buffered
solutions then permit determination of the pK in the
excited singlet state (pK*). This technique, however,
is extremely exacting, very time consuming, and appli-
cable only to compounds in which at least one of the
pair of conjugate acid—base fluoresces. The last factor
produces some extreme limitations.

The measurement of the pK values of the lowest
triplet state is achieved by a method of Porter.¢ It
involves excitation of the substrate in buffered solution
to the triplet state by flash photolysis, followed by
triplet—triplet absorption measurements, which are
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evaluated exactly as ground-state absorption data in
the spectrophotometric method of pK determination.

An alternate method of obtaining the pK values of
excited singlet states (but not of triplets) is also due to
Forster. It depends on the Forster cycle,®¢ which is
shown in Figure 1. In this cycle, which is applicable
either to absorption or fluorescence spectra, AEg
and AEgy are the energy differences between ground
and excited state for conjugate base (B) and acid (BH),
respectively, and AH and AH* are the heats of ioniza-
tion in the ground and excited state, respectively. To
use this cycle for the evaluation of pK*, a number of
rather drastic assumptions are necessary.

(1) It must be assumed that AS is the same in the
two electronic states. This seems to be a rather reason-
able assumption. It seems probable that the most im-
portant contribution to such a difference would come
from differences in solvation. Although solvation for
ground and excited state is likely to be rather different,
the difference may be expected to be very much alike
in the conjugate pair of compounds, provided the charge
distribution is similar in both. This will in general be
the case, if the excited states are similar in nature (c¢f.
the third assumption, below).

(2) The Forster cycle is a priori applicable only to
the O-0 vibrational bands of either absorption or emis-
sion spectra. Unfortunately, the position of the O-O
band is generally unknown. In order to overcome this
difficulty, some authors have used the average of ab-
sorption and fluorescence spectra as a measure of the
O-O band.® This still presupposes that the energy
distribution between vibrational subbands are the same
in absorption and fluorescence spectra, and that the
vibrational spacing is the same in ground and excited
states. Neither of these suppositions is necessarily
valid.

On the other hand, if we presume that the maximum
of the absorption bands of the acid and base occur an
equal amount above the O-0 level, absorption spectra
alone can be used in a Forster cycle. This last assump-
tion is valid if the vibrational spacings of the excited
states of the conjugate pair are alike, and if the energy
distribution between vibrational subbands is alike.
Although no proof for the validity of these assumptions
exists, they appear quite reasonable, particularly in
rigid aromatic systems where the vibrational structure
involves mostly ring deformations and in comparison
of absorption bands of similar electronic origin.

(3) Both the previous assumptions appeared reason-
able only if the nature of the absorption bands of the
conjugate acid-base pair were similar. This require-
ment is even more important for another reason.
A chemical reaction is not normally accompanied by an
electronic transition. Unless the excited states of the
conjugate acid-base pair belong the same electronic
configuration, the equilibrium reaction would have to
be accompanied by an electronic transition, a process
which is very unlikely. Similarly, even if the con-
figurations of the pair are the same, but if they belong
to different irreducible representations of the point
group to which they belong (or of the highest common
subgroup of their respective point groups), the process

(86) H. H. Jaffé, D. L. Beveridge, and H. L. Jones, J. Am. Chem. Soc., 86,
2032 (1964); see also R. E. Ballard and J. W. Edwards, Spectrochim.
Acta, 20, 1275 (1964).
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Figure 1.—The Férster cycle,

is again unlikely. This low probability most likely
may be expressed in terms of a large entropy effect,
and thus the first assumption requires that the transi-
tions be corresponding, ¢.e., that they belong to the
same configuration and to the same irreducible represen-
tation of the highest common subgroup.

Thus we have now available three methods for the

-determination of the pK* of a singlet excited states:

(1) measurement of fluorescence intensity as a function
of pH; (2) measurement of fluorescence frequency of
acid and base; and (3) measurement of absorption
frequency of both compounds; alternately, use of the
average of absorption and fluorescence frequency. Of
these methods, 1 and 2 are restricted to compounds
which show fluorescence and to reactions which attain
equilibrium during the lifetime of the fluorescing state;
for the application of method 2, actually both the acid
and base must fluoresce. Also, since almost all
fluorescence occurs only from lowest singlet states,
both methods 1 and 2 can be applied only to these
excited states. Method 3, on the other hand, is rather
general and can be applied to any higher excited states,
provided pairs of corresponding states can be found.®
This method, though in principle applicable, cannot
readily be applied to triplet excited states, since singlet—
triplet absorption in solution has never been observed.
In a critical examination of these methods, Mason’
has shown that all three methods give substantially
identical results. On the other hand, Bartok® has
used an average of fluorescence and absorption fre-
quencies. Separation into two determinations, one by
fluorescence, the other by absorption alone, leads to
substantially diverging results. It appears likely
that the divergence is fortuitous, since high accuracy
is difficult to attain with fluorescence measurements.
The first attempt to correlate excited-state pK values
of a series of substituted phenols® using only three com-
pounds failed. Subsequent work by the same authors,®
however, shows that this was mostly due to the most
common difficulty of work in luminescence spectra—
contamination—and that the pK* values of the phenols
actually show a reasonably good correlation with sub-

(7) J. C. Haylock, 8. F, Mason, and B. E. Smith, J. Chem. Soc., 4897
(1963).
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excited and charge-transfer states!! becomes more ap-
propriate. Consequently, it is not surprising that,
frequently, the nitro compounds deviate most seriously
from the correlation.

All series of reactions for which we have been able
to find data are summarized in Table I. It is readily
noted that few extremely good correlations are ob-
tained. This is undoubtedly due to the large uncer-
tainty in the pK* values, discussed above. On the
other hand, most of the series show moderately good
correlations. A single glance at the p-values obtained
shows that they are almost uniformly larger than
the corresponding ground-state values.

Data have been obtained for several transitions in
several series of compounds. Uniformly, where the
assignment can readily be made, the p-values for the
L, transitions are substantially larger than those for
Ly, or ground states., The p-values for L, range from
slightly smaller than ground state to about 2.5 times
this value. The 'B states, for which very little ex-
perimental material exists, are difficult to interpret;
in the benzoic acids they give a negative p, the first case
of a negative p for an acid dissociation on record. In
the phenol series, on the other hand, they give a very
large p (7.0).

Next, let us examine the type of substituent con-
stant which gives the best correlation. It must be
recognized, of course, that the separation into three
types of substituent constants (¢, ¢, and ¢*) is only
a gross approximation!!; however, the data available
at this time is insufficient to apply the more refined
breakdown of effects which have been proposed. In
several of the series reported, the number of com-
pounds is insufficient to make a clear distinction be-
tween the different constants; also, some of the cor-
relations are too inexact to draw valid conclusions.
Even in some of the best correlated and longest series,
the determination cannot unambiguously be made.
Thus, in the 'L, bands of the anilines, ¢ or ¢~ (there
are no electron-withdrawing substituents) gives p =
51, r = 097; ot gives p = 5.1, r = 0.97. In the
1L, band, o* gives p = 14.5, r = 0.95; ¢+ and o~ (for
electron-repelling and -withdrawing substituents, re-
spectively) give p = 10.7,r = 0.94. Similarly, for the
benzoic acids, for 1L, ¢~ gives p = 4.4,7 = 0.95; o*

and o~ give p = 2.9, r = 0.92. Thus, no definite con-"

clusions can yet be reached.

One thing, however, is striking: throughout Table I,
exalted o-values, either ¢+, ¢, or both, give the best
correlation; in only a few cases would normal o-values
have served equally well. This fact appears to empha-
size the tremendous importance of resonance effects in
excited ‘states, which are, of course, expected, since
ionic resonance structures make much larger contribu-
tions to the excited states than to ground states.

Based on the recognition of the much larger impor-
tance of resonance effects in excited states, one might
postulate that meta-substituted compounds alone
would give good correlations, and that the exalted
resonance effects of para substituents would show up
as deviations of the para-substituted compounds from
the meta-compound correlation.!? This is definitely
not the case. In a few series, sufficient data are

(11) J. N. Murrell, “The Theory of the Electronic Spectra of Organic
Molecules,”” Methuen and Co. Ltd., London, 1983.
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available to obtain separate correlations for meta
and pare compounds. In most cases, the correlation
of the para compounds alone is about equal or better
than that for the meta compounds alone. In some
cases, the meta compounds are almost completely un-
correlated (the 'L, bands of anilines give a p of 0.12
with an r of 0.02, although the pK* values have a range
of over 4 pK units); in other cases, both series are about
equally well correlated, but with vastly different
p-values ('L of phenols, para, p = 1.6, r = 0.86;
meta, p = 8.3, r = 0.89; pK values of the conjugate
acids of benzamides, para, p = 2.6, r = 0.88; meta,
p=48 1 =091).

This different behavior of the meta-substituted com-
pounds may be related to the completely different elec-
tron distribution in the excited state, as evidenced,
e.g., in the directive effects.!* Consequently one may
expect direct resonance effects to be transmitted from
a substituent to a side chain attached in a meta posi-
tion.

A few of the reaction series reported in Table I re-
quire special comment. In the ground state, it has
previously been noted that the conjugate acids of the
pyridine N-oxides behave very much like the phenols,
with which they are isoelectronic.!* No such corre-
spondence is observed in the excited states; although
the correlation for the heterocyclic series is poor,
there seems no doubt that p is very large; the pK*
values vary over 22 pK units! The reason for this
discrepancy probably lies in the high polarizability of
the pyridine oxides'® and the large amount of charge-
transfer character in the excited state.

In the pyridine series the observations largely parallel
those in the benzene series. The correlation for the
basicities of the first excited state (*Ly,) of a long series
of 3- and 4-substituted pyridines is poor; the 4-sub-
stituted compounds alone, however, give a much better
correlation with a very large p (18), reflecting a very
large range of pK* values (5-15). Interestingly enough,
a good correlation is encountered for a short series of
pK* values of the next higher state (1L,).

The pK, values of several series of aromatic carbonyl
compounds have recently been measured in aqueous
sulfuric acid. The excited-state pK values of these
compounds are more or less well correlated by o—-
values, in distinct contrast to the ground-state values,
which require, as expected, o*-values. The reason
for this discrepancy is not immediately obvious. That
these correlations are at all successful seems somewhat
surprising, since there seems little reason to believe
that the absorption bands of the conjugate acid-base
pair are corresponding.

It may be concluded, then, that excited-state pK
values may be correlated by the Hammett equation
with moderate precision. Such correlations appear
equally successful for different excited states of the
same series of compounds. The p-values for different
states, however, vary widely. Resonance effects are

(12) R. W. Taft, Jr., 8. Ehrenson, I. C. Lewis, and R. F. Glick, J. Am.
Chem. Soc., 81, 5352 (1859); H. von Bekkum, P. E. Verkade, and B. M.
Wepster, Rec. trav. chim., 18, 815 (1959).

(13) H. E. Zimmermann, Tetrahedron Suppl., 8, 393 (1963); cf. also R.
Crinter and E. Heibronner, Helv, Chim. Acta, 48, 2496 (1962).

(14) H. H. Jaffé and G. O. Doak, J. Am. Chem. Soc., TT, 4441 (1955);
H. H. Jaffé, J. Org. Chem., 38, 1790 (1958).

(15) H. H. Jaffé, J. Am. Chem. Soc., T8, 3527 (1954).



APRIL 1965

of substantial importance, such that exalted o-values
(¢, ¢, or both) are always required.

There is a strong suggestion, however, that meta
and para compounds do not fall on the same correla-
tion lines. It is suggested that, in excited states,
meta substituents enter into direct resonance inter-
action with a side chain and that consequently ground-
state o,~values do not apply.
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Tonization constants of C-substituted and of N-phenyl-C-substituted amidinium ions, of substituted guani-
dinium ‘ions, and of 1-substituted 3-nitroguanidines were correlated with the Hammett equation using the

o1, om, and op constants.
sets with o1,

ammonium, and diethylammonium ions were made, best results being obtained with .

The amidinium sets gave best results with oy, the guanidinium and nitroguanidine
Correlation of the ionization constants of substituted ammonium, methylammonium, dimethyl-

The results indicate

that in guanidinium ions and guanidines which bear electron-acceptor substituents, proton transfer involves

the nitrogen atom bearing the substituent,
to be due to a short-range localized effect.

The electrical effect in C-substituted amidinium ions is believed
The major component of the localized electrical effect in substituted

ammonium ions appears to be the inductive rather than the field effect.

In the course of a previous investigation! we have
studied the correlation of ionization constants of sub-
stituted carboxylic acids (I) with the Hammett equa-
tion.? As amides (II) are structural analogs of car-

Qx = pox + @n (1)

boxylic acids, and are in fact iselectronic with them, it
seemed of interest to study the correlation of their
ionization constants with the Hammett equation. No
previous correlation of simple amidines with the Ham-
mett equation is extant in the literature. Jaffé? has
correlated data of Lorz and Baltzly® on the ionization
constants of 3- or 4-substituted N,N-dibutylbenzami-
dines (I1I).

i i i
X—C—OH X—C~—NH: @—C—NBua
X
I 1I 111

We have correlated ionization constants (pK,
values), obtained from the literature, for C-substituted
amidinium ions (IV), C-substituted N-phenylamidin-
ium ions (V), and 1-substituted guanidinium ions (VI),
and for 1-substituted 3-nitroguanidines (VII), with the
Hammett equation using the ¢, om, and ¢, constants.
The correlations were made as described by Jaffé.?
The data used are given in Table I. The ¢, and o,
constants used were taken from the compilation of Mec-
Daniel and Brown,* and the ¢; constants used were from

(1) M. Charton, Abstracts, 140th National Meeting of the American
Chemical Society, Chicago, Ill., Sept. 1961, p. 91-Q.

(2) L. P. Hammett, *‘Physical Organic Chemistry,”” McGraw-Hill Book
Co., Inc., New York, N. Y., 1940; H. H. Jafié, Chem. Rev., 88, 191 (1953);
R. W. Taft, Jr., in “Steric Effects in Organic Chemistry,” M. 8. Newman,
Ed., John Wiley and Sons, Inc., New York, N. Y., 1956; P. R. Wells, Chem.
Rev., 68, 171 (1963).

(3) R. Baltzly and E. Lorz, J. Am. Chem. Soc., T1, 3992 (1949).

(4) D. H. McDaniel and H. C. Brown, J. Org. Chem., 38, 420 (1958).

those given by Lewis and Taft, whenever possible.
Constants obtained from other sources are given in

Table IT. The results of the correlations are presented
in Table III.
+ , + +
NH, NH, NH,
X—C==NH,| |X—C==NHPh{ |X—NH:=C=NH,
1v A% A2
e
X—NH—C=NNOQ,
VII

In some cases statistical factors were necessary to
provide a common basis for correlation. A statistical
factor of 2/; was used for X = NH, in the C-substituted
amidinium set as in the following reaction (i) and

[X—C(NH:)] * + H:0 = X—C(NH)NH, + H,0+ (i)

guanidinium (X = NH,) is ¥/, times as likely to react
as are the other members of the series. When X =
PhNH in the C-substituted N-phenylamidinium set, a
statistical factor of '/, was used, as the ionizable proton
is assumed to be that which is attached to the nitrogen
bearing the phenyl group,® and there are two such
ionizable protons in this member of the set. When
X = H in the 1-substituted guanidinium ions, a statis-
tical factor of !/¢ was used since the ionizable proton in
this set is assumed to be attached to the nitrogen atom
bearing the strongest electron-acceptor substituents;
and when X = H there are six equivalent protons. In
the 3-nitro-1-substituted guanidines when X = H, a
statistical factor of !/, was used since there are four
equivalent protons.

(5) R. W. Taft, Jr., and I. C. Lewis, J. Am. Chem. Soc., 80, 2436 (1958).
(8) See discussion below.



