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charge distribution are listed in Table III for both
molecules.

Discussion

It is interesting to compare several of the parameters
in Table III with the similar and recently available
results for other molecules. Several results of interest
are listed in Table IV. The experimentally deter-
mined anisotropies of the magnetic susceptibility in
the molecular plane (x,, — x,,) show that the sulfur-
containing rings present less asymmetry in their response
to the magnetic field than the corresponding oxygen-con-
taining rings. It is also evident that the values of x,, —
Yo(X:z + xyv) decrease in magnitude progressively from
benzene to ethylene oxide in Table IV. The values of
Xzz =~ YYo(x:z + xyy) may be considered a criterion for
aromaticity or delocalization of the perpendicular =
electrons in these ring systems. In other words,® ring
currents can be excited by magnetic fields perpendicular

(8) L. Pauling, J. Chem, Phys., 4, 673 (1936); F. London, J. Phys.
Radium, 8, 397 (1937).

to the ring with increasing ease in the series from
ethylene oxide to benzene in Table IV,

It is also interesting to compare the molecular
quadrupole moments in these ring compounds. The
out-of-plane (x) molecular quadrupole moments are
negative in all molecules in Table IV except ethylene
oxide. This indicates the presence of the electrons
above and below the molecular plane. Furthermore,
the in-plane moments perpendicular to the symmetry
axes (y) are all positive. These positive moments are due
to the parctially shielded protons in the outer regions of
the molecule along the y axes. These simple cor-
relations may be of help in estimating molecular
quadrupole moments along the principal inertial axes in
other molecules.

The out-of-plane values for the second moment of the
charge distribution in these molecules are also listed in
Table IV. These values seem to correlate as expected
with the number and type of heavy atoms in the plane
and the number of out-of-plane protons.
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Abstract;
clohexene (C¢H,,) and cyclohexane (C¢Hyo).
duction proceeds.
with H, at 1500 psi pressure.

ince the hydrated electron (e,,~) was identified in

1962 its rate of reaction with some 400 organic
compounds has been measured. However, only in com-
paratively few cases were the products identified. The
hydrated electrons, H atoms, and OH radicals formed
by ionizing radiations in aqueous solutions react with
benzene to form complex combinations of partially
reduced and oxidized compounds including biphenyl
and phenol.>~¢ In a recent pulse radiolysis study of
aqueous benzene at pH 3 with methanol as the OH
radical scavenger, the cyclohexadienyl radical, resulting
from H-atom addition, was identified. This radical
disappears in a second-order diffusion-controlled
reaction.” Product analysis of the aqueous solutions

(1) Based on work performed under the auspices of the U. S. Atomic
Energy Commission.

(2) M. Daniels, G. Scholes, and J. Weiss, J, Chem. Soc., 8§32 (1956).

(3) P.V.Phungand M, Burton, Radiation Res., 7,199 (1957).

(4) L. 1. Kartasheva and A. K. Pikaev, Zh. Fiz. Khim., 41, 2855
(1967).

(5) T. C. Hung, Bull. Inst. Chem. Acad. Sinica, No. 14, 1 (1967);
Nucl, Sci, Abstr.,22,23072 (1968).

(6) V. 8. Zhikharev and N, A. Vysolskaya, Zh. Fiz, Khim., 42, 360
(1968).

(7) M. C. Sauer, Jr., and B. Ward, J. Phys, Chem., 71,3971 (1967).
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Hydrated electrons convert benzene into 1,4-cyclohexadiene (1,4-CsHz) which is further reduced to cy-
In addition dimeric products progress from C,;H,s to C;-H;. as re-
The hydrated electrons were produced by the y-ray irradiation of pH 13 solutions saturated

was not attempted. In the radiolytic reduction of
gaseous benzene in hydrogen and argon mixtures the H
atom produces the cyclohexadienyl radical inter-
mediate and 1,4-CsH; and 1,3-C¢Hj; as the final products.
When the hydroxyl radical reacts with aqueous CsHs
it too adds to the ring and forms the hydroxycyclo-
hexadienyl radical, C¢HsOH.* In the present work,
complications introduced by the H atoms and OH
radicals were avoided by irradiating CsH, solutions at
100 atm of H, pressure at pH 13. Under these con-
ditions H and OH change into e,,~ by the reactions

OH + H, = HO + H
H +0H_ = €aq 4+ H;O

At pH 13 the equilibrium ratio [(€aq™)/(H)lequu = 2300
[calculated from k(e,,~ + H,O) = 16 M~ sec™! and
k(H 4+ OH) = 2 X 107" M~!sec!]. Because the rate
constant ratio k(e,,~ + CsHe)/k(H + CeHe) = 0.01,
the e,,~ reaction dominates H-atom addition to benzene
by a factor of 23.° Consequently with less than 40

(8) L. M. Dorfman, I. A, Taub, and R. E. Buhler, J. Chem. Phys., 36,
3051 (1962).
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Figure 1. Effect of time of irradiation on volatile product forma-
tion in 25 uM CeHg, 0.13 M H; in 0.1 N NaOH: O, CHs; X,
CeHs; O, CeHig; A, CeHyz. Doserate = 7.7 X 10 eV/1. min.

uM Ce¢Hs and 0.08 M H, at pH 13, the amount of
reaction of benzene with OH is less than 297 of that
with e.,~. Our objective was to determine the
usefulness of e,,~ in studying organic reduction mech-
anisms under these conditions.

Results

Measurements by a combination gas chromatograph-
mass spectrometer’® showed that aqueous benzene
solutions are stable in 0.08 M H, at pH 13 for periods
up to 68 hr at room temperature. On irradiation with
Co% ~ rays the benzene was reduced after a brief but
variable induction period caused by trace impurities.
The reduction proceeded to 1,4-cyclohexadiene, cyclo-
hexene, and finally cyclohexane, After short ir-
radiations only benzene and cyclohexadiene were
detected.

The effect of dose on the loss of CsHe and the for-
mation of 1,4-C¢Hs, CeHyo, and C¢H;, are given in
Figure 1. Inthis 25 uM CsH; run we show the expected
early appearance of 1,4-C¢Hz and its conversion into
CsHio, and finally after 60 min irradiation, CsHj, is the
only volatile product left. We assume that 759, of the
C:Hs forms dimers and other high molecular weight
products.

When the irradiations were done in heavy water,
extensive deuteration of benzene and its reduction
products resulted. A 40 puM solution of benzene in
D,O at pD 13.4 and 0.08 M H, was given a radiation
dose 0f 23.7 X 10%eV/l. The chromatogram of the gas
is shown in Figure 2. Fractionation of each species
according to degree of deuteration was shown by a
series of fast-scan mass spectra across each peak. The
resulting data are summarized in Table I.

Less volatile products were also investigated by the
combination gas chromatograph-mass spectrometer
system. Ten milliliters of solution 30 uM in benzene,
0.08 M in H, at pH 13, was irradiated with a dose of
3.7 X 102! eV/l. and extracted with 0.2 ml of benzene.
After evaporation of benzene the residue was distilled
onto the open tube column and fractionated at 130--

(9) M. Anbar and P, Neta, Intern. J. Appl. Radiation Isotopes, 18, 453

(1967).
(10) M. H. Studier and R. Hayatsu, 4nal. Chem., 40, 1011 (1968).
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Figure 2. Separation of volatile fractions by a capillary column and
identification by mass spectrometry: 40 uM C¢Hg, 0.08 M Hzin 0.1
N NaOD irradiated 10 min at a dose rate of 2.37 X 10% eV/1, min;
open tube column 91.5 m long and 0.25 mm i.d. programmed over
the range 39-42°,
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Figure 3. Fractionation of dimers by a capillary column and
identification by mass spectrometry: 30 uM C¢H,, 0.08 M H:in 0.1
N NaOH; dose = 3.7 X 102! eV/l; programmed temperature
range = 130-140°,

140°. Figure 3 represents the chromatogram obtained.
Twenty components were identified by the combination
system. These represent dimeric species configurations
and degrees of hydrogenation. The data are sum-
marized in Table II. The fully saturated C;,H;. at mass
166 was not observed in this experiment, but it appeared
in samples given a high radiation dose.

Table I. Deuteration of Benzene and Its Reduction Productse
Compound Most Abundant Most D
Benzene Ce¢H, CeH:D,
Cyclohexadiene CeHeD: + CeH;D; CeHsDs
Cyclohexene C:H:D: 4+ C¢H¢D, CeH:Ds
Cyclohexane Ce¢HsDy + CeH:Ds C3;H¢Ds

2 40 uM C¢H¢; pD 13.4; 0.08 M H;; ~y-ray dose of 23,7 X 10%
eV/L

Studier, Hart | Reduction of Benzene by Hydrared Electrons
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Chromatographic Response

Time of Elution

Figure 4, Chromatographic separation of dimers at 110°, Effect
of time of irradiation on dimer formation and disappearance in
irradiated 40 uM C¢Hsg, 0.08 M H;, in 0.1 N NaOH. Dose rate =
2,37 X 10% eV/l. min: (a) 0 and 4 min, (b) 6 min, (¢) 10 min, (d) 20
min, and (e) 40 min. C;;Hy, elutes first; the highly unsaturated ones
last (C12H), elutes well beyond the last bands shown).

Dimers also form at early stages of the irradiation.
Figure 4 shows that after 20 min of irradiation all the
dimers from C;;Hjs to Ci;Hay are present. Many are
already present after 6 min. Except for C;;H,, these
products have not been positively identified, but from

Table II. Dimers Formed in Benzene Solutions at pH 13¢
Mass no. Dimer formula No. of isomers
154 Ci2Hio 3
156 CicHie 0
158 Ci:Hig 6
160 Ci:Hise 4
162 Ci2His 5
164 Ci:Hyo 2
166 Ci:Ho, 0

s 0.08 M H,; ~v-ray dose of 3.70 X 102! eV/L,

the mass spectral analysis discussed above, we know that
they fall into this range. Furthermore, we established
that biphenyl, C1.Hj,, elutes last at the far right beyond
the double peak. After 40 min the bands on the right
disappear leaving but one major band, that of dicyclo-
hexyl, on the extreme left.

Discussion

Benzene is reduced by solvated electrons in NH;! %12
and amines!®4 as well as electrochemically.!>!® The
principal primary product is 1,4-CsHs which forms to
the exclusion of its isomer, 1,3-C¢Hs. According to

(11) C. B. Wooster, U, S. Patent 2,182,242 (1938).

(12) H. Smith, “Organic Reactions in Liquid Ammonia,” Interscience
Publishers, New York, N, Y., 1963,

(13) L. Reggel, R. A. Friedel, and 1. Wender, J. Org. Chem., 22, 891
(1967).

(14) A, P. Krapcho and A. A. Bothner-By, J. Am. Chem. Soc., 81
3658 (1959).

(15) G. J. Hoijtink, J. VanSchooten, E, DeBoer, and W, I. J. Aalbers-
berg, Rec. Trav. Chim., 73,355 (1954).

(16) M. R. Steinberg and I. Wender, J. Electrochem. Soc., 110, 425
(1963).
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current theory the ey~ adds to benzene, forming a
negative ion which has been identified by ultraviolet
and esr spectroscopy.!21” This negative ion then
abstracts a proton from NH; or more readily from
proton donors such as alcohols added to NH;.'* The
resulting radical then adds an e~ and the protonation
is repeated forming Ce¢Hs. In recent pulse radiolysis
studies Sauer and Ward® report a transient cyclo-
hexadienyl radical, C¢H;, in aqueous solutions. Its
strong ultraviolet absorption band centered at 311 nm
has a molar extinction coefficient of 5.4 X 10° M~!
cm~!, This radical decays by a second-order process
in aqueous solutions with a rate constant of 1.8 X 10°
M~1sec™!,

In our work with low C¢Hs concentrations, 0.08 M
H, at pH 13, e,,~ reactions are dominant in the primary
and in some secondary reactions. We pointed out
above that under our conditions the (e.,7)/(H) ratio
equals 2300, and even though the relative rate con-
stant ratio, k(e,q~ + CeHe)/k(H 4 C¢H;) = 0.01, the
€aq~ reaction dominates H addition by a factor of 23.
But these are only for the initial conditions, and as
radicals and new products appear their relative
reactivities too must be considered. With our con-
ditions favoring e,,~ reactions in mind, and accepting
the facts regarding negative ion and C¢H;. formation,
we outline a mechanism that accounts for the main
features of our results.

Monomer Products. 1,4-CsHg, CeHj, and CeHje
successively form as the radiolysis proceeds, and in
D,0, C4Hs becomes deuterated (Figure 2 and Table I).
After electron attachment we postulate protonation as
follows.

HH
—- H,0 -
GG ORL.

Subsequent reactions of the CsH;- radical may be with
e.q~ or by disproportionation but not by reaction with
CeHe."1® And while the e,,~ rate constant is not
known we believe k(e,;~ + CeHi:) ~ 10 M~1sec™!,
possibly a factor of 10 higher than the rate constant for
bimolecular disappearance. Thus we have

HH

HH HH
+eaq'——>ﬂ>O+OH'

HH

HH HH

I~ Q-0

HH

We do not exclude 1,3-C¢H;s as a product since its
reaction rate with e,,~ is ~10° 100-fold greater than
with Ce¢Hs and over 1000-fold greater than with 1,4-
C¢H; or C¢Hyo.?* Consequently 1,3-C¢Hs once formed
would be rapidly transformed into CsHj, or into a dimer.
Because of the low reactivity of e,q~ toward 1,4-Ce¢Hs
and CsH,, relative to H atoms, their reduction to CeHuy,
the final product, is first by H-atom addition.

(17) R. G. Lawler and G. K. Frankel, J. Chem. Phys., 49, 1126
(1968).

(18) A. J. Birch, J. Chem. Soc., 430 (1944).

(19) B. Michael and E. J. Hart, unpublished results.,
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But because the ratio (e,q™)/(H) = 2300, the e.q~
reaction with this C¢H,- radical dominates the H

reaction
H
H@H toewn + HO — H@H
) H

However, disproportionation forming cyclohexene and
C+H; also occurs.

H H H H
H@H * H@H - H@H * H©
. . .

Through similar processes the inert CgH;; finally
forms.

In D,O extensive deuteration takes place. The re-
formation of CsHs in the disproportionation reaction
will, of course, produce deuterated benzene.

Dimerization of the radicals C¢H;-, Ce¢Hy:, and
C¢Hy- and their possible combinations account for
the products CysHjs: - - CioHs,, but Figure 4 shows that
the unsaturated dimers gradually hydrogenate forming
CizHy, as the final product (see discussion of Figure 4
under Results). Reduction of the dimeric compounds
will be by H atoms instead of by e,,~ unless conjugated
double bonds are present.'®* The biphenyl (mass 154)
shown in Figure 4 probably originates by dehydro-
genation of CyoHjs during analysis since it is not found
in the lower temperature (110°) chromatographic
separation of Figure 4. These dimeric reactions are

LI
/
D —
2 — H
\ H
Since only three dimers of the C¢H;~C¢H; type are
possible, we believe that of the six C;2H,4’s reported in
Table I1, three of the type CsH;~C¢H, form by dehydro-
genation of Ce¢H;-C¢H, during fractionation at 130-
140°.  Reduction of the two conjugated double bond
products would be rapid and dominated by €.,
Because of its highly selective reducing properties,
€.~ is active only in the stages involving C¢Hs and
products such as 1,3-C¢H; and the conjugated dimers.
We believe that e,,~ has considerable potential as an

interesting new reducing agent especially in alkaline
solutions.

Experimental Section

Aqueous solutions pressurized to 1500 or to 2400 psi of H; were
irradiated at Co® v-ray dose rates of 1,71 X 10% eV/l. min, corre-
sponding to 17.6 uM e,,~/min unless otherwise specified. Dose
rates were determined by the Fricke dosimeter using G(Fe®*) =
15.6. After irradiation benzene and the volatile products were ex-
tracted from the solution with air or hydrogen or by fractional distil-
lation in a vacuum system; the nonvolatile products were ex-
tracted with zone-refined benzene and the extracts analyzed by gas
chromatography, by time-of-flight mass spectrometry,’® or by a
combination of the two.

{a) (b}

Figure 5. Pressure cell illustrating technique of extracting volatile
products: (a) assembled cell, (b) cell-syringe assembly used in
extracting volatile products for gas chromatography, (c) cell-sample
storage assembly used for time-of-flight mass spectrometer analysis.

Materials and Solutions. The materials used were as follows:
triply distilled D,O (99.7% D) and H.O saturated with hydrogen
and containing less than 10-7 M O,; C¢Hg, Litton, zone-refined
99.999 %7 pure; H,, Matheson, 3500 psi prepurified 99.95 9] passed
through a palladium catalyst (Engelhard deoxo purifier, Model
D10-2500); NaOH, 20 M stock solution prepared from Baker re-
agent grade NaOH; NaOD, 5 M stock solution prepared by dis-
solving 99.999 % pure metallic sodium in H-saturated D.O; 1,3-
cyclohexadiene, Aldrich Chemical Co.; 1,4-cyclohexadiene, Far-
chan Research Laboratory.

Saturated aqueous benzene solutions of about 20 mAMf were ob-
tained by adding 0.2 ml of CsH¢ to 50 ml of Hy-saturated triply
distilled water in a 100-ml syringe. The solution was saturated
with C¢Hs by shaking with 20 cc of H; for a few minutes. The
excess benzene and H, were then discharged. Our benzene con-
centrations are based on a molar extinction coefficient of 185 AM~!
cm~! at the main 240-nm absorption band. This extinction co-
efficient was obtained for a standard solution made by dissolving
C¢H¢ in ethanol in syringes and then diluting with water under
conditions in which there was no gas phase.

High-Pressure Cell. Our pressure cell assembly is shown in
Figure 5. The outer jacket consists of a stainless-steel cylinder 6 in.
in height and 1 in. in diameter. Its side arm has a valve which is
connected to a high-vacuum line, vented with an external bubble
tube to indicate flow rate. The Pyrex irradiation cell shown in
Figure 5b is inserted through the %/,in. hole in the top. The top
consists of two parts, one having a 3/,in. entry, the other a 3/s-in.
one. Their caps are sealed with O rings. Before filling the ir-
radiation cell with solution, we pump it down to about 1 mm pres-
sure, pressurize it to 500 psi He, and then vent the gas to atmospheric
pressure, letting a slow steady stream of hydrogen flow through the
bubble tube to indicate a positive H; pressure inside the system.
When the small 3/s-in. cap is taken off the pressure cell, the hydrogen
flows through it, thereby preventing entry of air. The cell is then
filled with the test solution. Next the vessel is capped and pres-
surized to 1500 psi, then shaken for 10 min. The irradiation cell
itself consists of a 12-ml Pyrex body with a stem with an enlarged
section to keep the solution from bubbling out when the pressure
is released. Its top also has a 5/20 female joint,

Product Analysis. The volatile hydrocarbons consist of C¢He,
1,4-C¢H,, CeHyo, and C¢Hi2. There was no evidence of any other
low molecular weight hydrocarbons. We separated these com-
pounds on an 8-ft column at room temperature,” and also on a 300-
ft, 0.01-in. capillary column.!’® Each product including the 1,3-
CeH; and 1,4-C¢H; could be satisfactorily separated. From calibra-
tion curves run for each product on solutions of known concentra-
tion under conditions identical with those used for the irradiation,
we attempted a quantitative analysis. We found that the peak
height vs. concentration was linear for all the compounds. They
were also identified by mass spectrometry.
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For mass spectrometric measurements the samples were intro-
duced into the evacuated tube, shown in Figure 5c, by dipping the
capillary tip into the sample and opening the Teflon stopcock.
Aliquots of the gas phase above the aqueous solution were taken
through the metal valve at the top. After condensation in a liquid
nitrogen trap, the H, was pumped away and the sample was warmed
and examined with the mass spectrometer. For detailed analyses,
samples were distilled into an open tube column (91.5 m long and
0.25 mm i.d., coated with Apiezon L). The column was developed
in a stream of He and detected and analyzed by the time-of-flight
mass spectrometer. ¢

The nonvolatile but benzene-extractable dimers consisting of the
group of compounds C;;H,;- - - Ci;H,, were separated on a Perkin-

Elmer 900 gas chromatograph programmed 10 min at 80°, then
2°/min to 110° on a 1.5% OV-17 on Chromosorb W column.
They were also separated at 130-140° on a stainless steel open tube
column 91.5 m long and 0.25 mm i.d., coated with Apiezon L. The
dimers were then detected and identified by mass spectrometry.1¢
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Abstract: The crystal structure of (+)-trans-1,2-cyclohexanedicarboxylic acid has been determined. The unit

cell is monoclinic with ¢ = 5.65, 5 = 1334, ¢ = 11.04 A; B = 113° 16’.
The crystal structure was determined by the application of close-packing criteria in the

molecules per unit cell.

The space group is C2/c with four

hypothesis that the molecules are assembled in hydrogen-bonded rows and that the C, symmetry of the molecule

is retained as a crystallographic symmetry element.
oxyl groups is diequatorial.

Each molecule of the (=)-trans-1,2-cyclohexanedi-
carboxylic acid possesses two asymmetric centers
having the same chirality. As far as the conformation
is concerned, two conformers are possible; i.e., either
both carboxyls are in axial positions, or both are equa-
torial. Studies of rate of acid-catalyzed esterification
led Smith and Byrne! to describe that the diaxial form
would predominate in the trans acid since the carboxyl
groups are more widely separated. Other authors??
confirmed that the srans acid should exist as diaxial
from considerations of the dissociation constants as
compared with those of the ¢/s isomer and from the fact
that the intermolecular polymeric anhydride tends to be
formed from the trans acid. On the other hand, it has
been suggested* that the trans acid exists as diequatorial
on the basis of acidity constants of a series of analogous
alicyclic compounds. In order to establish the confor-
mation in the solid state for the trans-1,2-cyclohexane-
dicarboxylic acid, we have examined single crystals of
this compound by means of X-ray diffraction.

Experimental Section

Crystals suitable for X-ray analysis were obtained by slow evap-
oration of aqueous solution (mp 232-233°). On the basis of
Weissenberg’s photograph taken with Cu K« radiation, the crystals

(1) H. A. Smith and F. P. Byrne, J. Am. Chem. Soc., 72, 4406 (1950).

(2) H. Christol and M. Gaignon, J. Chem. Phys., 57, 707 (1960).

(3) Y. Nishimura, Dissertation Thesis, Polytechnic Institute of
Brooklyn, 1965.

(4) J. Sicher, F. Sipos, and J. Jonas, Collect. Czech. Chem, Commun.,
26, 262 (1961); E. L. Eliel, N. L. Allinger, S. L. Angyal, and G. A.
Morrison, "Conformational Analysis,” Interscience Publishers, New
York, N, Y., 1966, p 187.
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In the crystalline state the preferred conformation of carb-
The mode of packing of rows is discussed.

were found to belong to the monoclinic system, The extinctions
of hkl reflections for # + k = 2n 4+ 1 and K0! for A = 2n + 1, and
! = 2n + 1 indicate two possible space groups: the centrosym-
metric C2/c, or the acentric Cc. A small crystal was carefully cen-
tered on a Picker automatical four-circle diffractometer equipped
with a PDP-8 digital computer. The determination of the lattice
constants was carried out by a least-squares refinement of the setting
angles of 12 reflections using Cu K« radiation (A 1.5418 A). The
parameters obtained are reported in Table I. The density calcu-
lated, d = 1.43 g/cm?, on the basis of the molecular weight (mol
wt = 172.18) with assuming four molecules per unit cell agreed
reasonably with the experimental value of d = 1.41 g/cm3 ob-
tained by flotation method. The intensity data were collected us-
ing the 28 scan mode of the diffractometer with Ni-filtered Cu Ka
radiation. The take-off angle of the tube was 3.0° and a counter
aperture, 40 X 4.0 mm, was placed 30 cm from the crystal. A
scan angle of 1.50° was found to be sufficient for all reflections over
the range (0-130°) of 26 examined. The scan speed was 1°/min.
Two stationary-crystal-stationary-counter background counts of
10 sec were taken at each end of each scan.

Table I. Unit Cell Dimensions

(%)-trans-1,2-Cyclohexanedicarboxylic acid: CyO.H.

Mol wt = 172.18 F(000) = 368
Monoclinic, space group C2/c

a=565+001A

b=13.34 £ 0.03A 8 = 11316’ = 10’

¢ =11.04 = 0.03 A

Dx-g = 1.43 g/cm3 Z =4

Structure Determination and Refinement

The structure of the (= )-frans-1,2-cyclohexanedicar-
boxylic acid was determined by a relatively straight-
forward application of close-packing criteria.® At the



