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and 2-chlorophenol are produced, respectively.16 The sub­
stantial percentage of 3-chlorophenol (>20%) produced in 
vivo,12 and by the perfused liver,17 appears to result from an 
enzyme which catalyzes the insertion of oxygen directly into 
the carbon-hydrogen bond without intervention of an arene 
oxide.18 

Prior induction of animals with 3-methylcholanthrene 
greatly enhances the extent of ortho hydroxylation of halo-
benzenes.17'19 To determine the effect of induction on the 
profile of metabolites, 13 male Sprague-Dawley rats (200 
g) were given two intraperitoneal injections of chloroben-
zene (1.1 g/kg in cotton seed oil) 1 day apart, and urine was 
collected for 2 days. In addition to the known 4-chlorodihy-
drodiol13 (1%), the unknown 3-chloro isomer, trans-1,2-
dihydroxy-l,2-dihydro-3-chlorobenzene (0.5%), was isolat­
ed from the urine of the induced animals,20 Separate incu­
bations of 1 and 2 with microsomal and solubilized epoxide 
hydrase16 resulted in the formation of the 4- and 3-chloro-
dihydrodiols, respectively, by the direct trans addition of 
water.21 Formation of 2-chlorophenol as the major phenolic 
isomer17 and the identification of the 3-chlorodihydrodiol 
strongly implicates 2 as a primary metabolite of chloroben-
zene when animals are induced by 3-methylcholanthrene. 

Results of trapping experiments in which [l4C]chloro-
benzene was incubated with liver microsomes from control 
and induced rats in presence of carrier chlorobenzene ox­
ides are shown in Table I. After incubation, the residual ox­
ides were extracted into ethyl acetate. In separate experi­
ments, the recoveries of 1 and 2 to this point were deter­
mined to be 47 and 29%, respectively, by titration of the ex­
tracts with the highly colored methyl triazolinedione9 used 
to stabilize the oxides as Diels-Alder adducts. The compa­
rable recoveries for the two arene oxides from the incuba­
tion medium suggests that their rates of isomerization are 
similar. Remarkably, the reisolated 2 was free of radioac­
tivity while as much as 15% of the. total metabolism was 
trapped as [14C]-I. 

The above trapping experiments are of profound impor­
tance in explaining the hepatotoxicity of halobenzenes as 
mediated by halobenzene oxides which covalently bind to 
tissue constituents.la'22 Prior induction of animals with 3-
methylcholanthrene has been noted to cause an increase in 
the rate of metabolism,17'19 yet unexpectedly results in 
markedly decreased toxicity. While induction by 3-methyl­
cholanthrene favors metabolic pathways originating from 3-
rather than 4-halobenzene oxides (e.g., 2 rather than 1), the 
basis for the protection against necrosis has remained un­
clear. Studies of the toxicity of 1 and 2 toward liver cells in 
suspension suggest these compounds have comparable activ­
ity.23 Failure to trap significant amounts of 2 in the present 
study (Table I) is indicative that little of the 2 formed in 
vivo enters the cytosol from the endoplasmic reticulum, and 
thus never has the opportunity to inactivate critical macro-
molecules in the cell through covalent interaction.24 

Acknowledgment. We thank Dr. H. J. C. Yeh at NIH for 
obtaining the 220-MHz 1H NMR spectra and Dr. J. W. 
Daly for helpful discussions. 

References and Notes 
(1) For reviews of the biochemistry and chemistry of arene oxides see (a) 

D. M. Jerina and J. W. Daly, Science, 185, 573 (1974); (b) D. M. Jerina, 
H. Yagi, and J. W. Daly, Heterocycles, 1, 267, (1973). 

(2) N. Kaubisch, D. M. Jerina, and J. W. Daly, Biochemistry, 11, 3080 
(1972), 

(3) D. M. Jerina, J. W. Daly, B. Wltkop, P. Zaltzman-Nlrenberg, and S. Ud-
enfriend, Arch. Blochem. Blophys., 128, 176 (1968). 

(4) G. J. Kasperek, T. C. Bruice, H. Yagl, and D. M. Jerina, J. Chem. Soc, 
Chem. Commun., 784 (1972), 

(5) E. Vogel, W. A. Boll, and H. Gunther, Tetrahedron Lett, 609 (1965). 
(6) Kindly provided by E. I. du Pont de Nemours and Company, 
(7) W, H. Carothers, I. Williams, A. M. Collins, and J. E. Klrby, J. Am. Chem. 

Soc, 53, 4203(1931). 

(8) Dlene 4 gave an acceptable mass spectrum and elemental analysis; 
NMR (60 MHz, CDCI3), H2 5.75, H3p3,6e 2.83, and H4|5 5.60. 

(9) The NMR spectra of 1 and 2 were measured In CS2; 1 (220 MHz), H1 
5.37, H2 5.39, H3 5.57, H6 6.11, and H6 5.52; 2 (100 MHz), H1p2 4.17 
and H4i5ie 6.24. The chemical shifts of the a-hydrogens (Hi and H2) es­
tablished that 1 exists mainly as the oxepln isomer while 2 Is mainly In 
the oxide form when compared to benzene oxide.5 Both 1 and 2 were 
further characterized as Dlels-Alder adducts with 4-methyl-1,2,4-trlazo-
llne-3,5-dione (prepared by the method of R. C. Cookson, S. S. Gupte, I. 
D. Stevens, and C. T. Watts, Org. Synth., 51, 121 (1971)): adduct from 
1, mp 164-166° from acetone, and adduct from 2, mp 136-137° from 
methanol. Both adducts gave acceptable NMR and mass spectra as 
well as elemental analyses, 

(10) C. Walling and W. Thaler, J. Am. Chem. Soc, 83, 3877 (1961). 
(11) G. J. Kasperek, P. Y. Bruice, T. C. Bruice, H. Yagi, and D. M. Jerina, J. 

Am. Chem. Soc, 95, 6041 (1973). 
(12) J. R. Lindsay Smith, B. A. Shaw, and D. M. Foulkes, Xenoblotlca, 2, 215 

(1972), and cited references, 
(13) D. M. Jerina, J. W. Daly, and B. Wltkop, J. Am. Chem. Soc, 89, 5488 

(1967), and references therein. 
(14) P. K. Ayengar, O. Hayalshi, M. NakaJIma, and I. Tomida, Blochem. Blo­

phys. Acta, 33, 111 (1959). 
(15) A. M. Jeffrey, H. J. C. Yeh, D. M. Jerina, R. M. De Marlnls, C. H. Foster, 

D. E. Piccolo, and G. A, Berchtold, J. Am. Chem. Soc, 96, 6929 (1974). 
(16) Incubations were conducted essentially as described by P. M. Dansette, 

H. Yagl, D. M. Jerina, J. W. Daly, W, Levin, A. Y. H. Lu, R. Kuntzman, 
and A. H. Conney, Arch. Blochem. Blophys., 184, 511 (1974), with the 
exception that microsomes from noninduced Sprague-Dawley rats were 
employed. Ratios of Isomeric chlorophenols were determined by high 
pressure liquid chromatography as described In ref 17, For Isomerlza-
tlons In the absence of protein (50% dloxane-water, j i • 0,1 In KCI, 
25°), phenol ratios were determined at pH's from 1-12 after allowing 
reactions to proceed for five to seven half-lives based on data in ref 4. 

(17) H. Selander, D, M. Jerina, and J. W. Daly, Arch. Blochem. Blophys., 
168,309(1975). 

(18) J. E. Tomaszewski, D, M. Jerina, and J. W. Daly, Biochemistry, 14, 
2024(1975). 

(19) N. Zampaglione, D. J. Jollow, J. R. Mitchell, B. Stripp, M. Hamrick, and 
J. R. Gillette, J. Pharmacol. Exp. Ther., 187, 218 (1973). 

(20) Preliminary isolation of a dihydrodiol fraction was as In ref 13. Separa­
tion of the isomeric 3- and 4-chlorodihydrodlols was achieved by multi­
ple development on alumina TLC plates on which the 3-chloro isomer 
migrated faster. The isomers also separate on high pressure liquid chro­
matography.17 The NMR spectra of the diols were measured CDCI3 at 
220 MHz. The spectrum of the trans 3-chloro isomer was not first order 
and showed H, 4.54 H2 4.42, H4 6.13, and H5,6 5.93 with J1>2 = 9.5 Hz, 
while the spectrum of the trans 4-chloro isomer showed H1 4.47, H2 
4.53, H3 6.00, H5 5.91, and H6 6.05 with J1 2 = 10.8, J 1 5 = 1.6, J1 6 = 
2.4, J 2 i 3 = 2.6, J3 i 5 = 2.9, J3r6 = 0.4, and J5,e = 10 Hz. For compari­
son, the cis 3-chloro isomer, a microbial product from chlorobenzene 
which was kindly provided by Dr. D. T. Gibson at the University of 
Texas, showed H1 4.52, H2 4.19, H4 6.11, and H5 6 5.87 with J1 2 = 6.6 
Hz. 

(21) Both 1 and 2 were poor substrates for epoxide hydrase. Adequately 
sensitive assays to determine kinetic parameters for the hydrations 
were not found. Large scale incubations provided sufficient product to 
establish structure by NMR. Much higher turnover numbers might be 
realized with fresh liver microsomes due to the fragile nature of "ben­
zene oxide hydrase" on freezing microsomes. 

(22) D. J. Jollow, J. R. Mitchell, N. Zampaglione, and J. R. Gillette, Pharma­
cology, 11, 151 (1974). 

(23) Unpublished results from Dr. G. Krishna at the NIH. 
(24) Formation of 2-chlorophenol from chlorobenzene by liver microsomes is 

linear17 for time periods greatly in excess of that used in the trapping 
experiments. For this reason, complete binding of all 2 which is formed 
to microsomal components cannot explain the failure to trap 2 as a 
Dlels-Alder adduct if 2 is indeed the precursor of 2-chlorophenol. 

Hans G. Selander, Donald M. Jerina* 
National Institute of Arthritis, 

Metabolism, and Digestive Diseases 
National Institutes of Health 

Bethesda, Maryland 20014 

Daniel E. Piccolo, Glenn A. Berchtold* 
Department of Chemistry, Massachusetts Institute of 

Technology, Cambridge, Massachusetts 02139 
Received March 17, 1975 

Photochemistry in the Electronic Ground State. III. 
Isotope Selective Decomposition of Methylene 
Chloride by Pulsed Carbon Dioxide Laser 

Sir: 

When a mixture of two compounds in the gas phase is ir­
radiated with monochromatic infrared (ir) light at a fre-
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Figure 1. Scheme of the irradiation cell equipped with two NaCl win­
dows and a focusing mirror. 

quency which is absorbed by one of the compounds, vibra­
tional excitation is selectively induced in the compound ab­
sorbing the ir light. However, because of collisional energy 
transfer, the vibrational energy is redistributed, and ther­
mal equilibrium is restored. The number of molecules excit­
ed by a laser pulse depends on the light intensity and the 
absorption coefficient. Very intense light pulses may lead to 
multiple photon absorption. Under conditions of slow relax­
ations, near saturation conditions are attained, and cascade 
excitation takes place. Collisions between like molecules 
usually lead to degradation of the excitation energy but, 
under near saturation conditions, collisions between excited 
molecules become probable, resulting in the generation of 
molecules possessing very high vibrational energy, accord­
ing to eq 1. 

A+ + A+ — A2+ + A0 (D 

A0 is a vibrational unexcited molecule, A+ is an excited 
molecule, and A2+ is a doubly excited molecule. 

Whenever the vibrational excitation exceeds the activa­
tion energy of a certain reaction, a chemical reaction may 
take place. This reaction may have an activation energy 
higher than the energy per Einstein in the laser light. Colli­
sions between unlike molecules will always lead to degrada­
tion of the excitation energy. If the pulse duration is shorter 
than the collisional relaxation time, a compound can selec­
tively undergo chemical reactions in the gas phase. Such 
reactions may occur in the presence of other components in 
the same mixture, which have comparable energies of acti­
vation but which do not absorb the laser light. 

In a previous experiment,1 we have shown that trans-2-
butene can be selectively decomposed by intense ir laser 
pulses in the presence of cis-2-butene which is practically 
transparent to the applied laser light. 

We report here on an observation where deuterated 
methylene chloride (CD2CI2) is selectively decomposed by 
10-MW ir pulses of 943 cm -1 and 1O-7 sec duration, in the 
presence of methylene chloride (CH2CI2). The absorption 
coefficient of CD2CI2 measured at low power is e943 (Torr-1 

cm - ' ) 1.6 X 10 -3 and is related to the CD2 rocking vibra­
tion. CH2CI2 is practically transparent at 943 cm -1 (the 
CH2 rocking vibration of CH2CI2 is at 1266 cm - ' ) . 

In a typical experiment at a gas pressure of 2 Torr, 3600 
pulses at a rate of 2 PPS were applied. Reaction of CD2CI2 
was obtained only with focused ir light. The reaction cell is 
shown in Figure 1. Under the same conditions, CH2CI2 was 
not reactive. When a mixture of CD2Cl2 and CH2Cl2 with a 
molar ratio of 1:1.2 (0.83) was irradiated under the same 
conditions, 20% of the total methylene chloride was decom­
posed (as determined gas chromatographically2). 

However, the ratio of CD2Cl2 to CH2Cl2 changed to 
0.74.3 According to this result the ratio of overall rates of 
decomposition OfCD2Cl2 and CH2Cl2 is VD/VH = 1.2. The 
thermal decomposition was reported in the literature.4"8 A 
kinetic study was carried out, and the reaction was found to 
be second order4'5 with respect to the methylene chloride. 

Figure 2. Plot of the isotope effect (kn/ko) vs. the temperature (T). 

The main products were identified as carbon and hydro­
chloric acid. The Arrhenius energy of activation was 65 
kcal/mol. 

It is assumed that our reaction may be compared with a 
thermal decomposition. In order to show the selectivity of 
our reaction, we must consider the isotope effect. A theoret­
ical study9 based on bond stretching constants indicated 
that the isotope effect of the rate of decomposition of both 
compounds is temperature dependent. The temperature de­
pendence is shown in Figure 2. According to Figure 2, the 
isotope effect decreases with the rise in the temperature. 

Since the system in our experiment is not under thermal 
equilibrium, it is difficult to treat it in terms of temperature 
and reaction rate constants. For simplicity let us assume 
that the CH2Cl2 and the CD2Cl2 are at different vibration­
al temperatures. The vibrational temperature is measured 
by the corresponding rate of decomposition of the com­
pound. The duration of the reaction initiated by each pulse 
must be shorter than the relaxation time since we obtain a 
selective reaction. The relaxation time is estimated to be 10 
sec Torr by comparison with the experimental data for 
methyl chloride.10 In order to use the kinetic data for the 
thermal decomposition, we have to estimate the change in 
the partial pressure AP occurring after each pulse. It is dif­
ficult to estimate AP because the reaction takes place in an 
unknown volume around the focal spot. For each estimate 
of AP the vibrational temperatures of CH2Cl2 and CD2Cl2 
are defined. (In order to calculate the vibrational tempera­
ture, we use the integrated form of rate equation from ref 5 
and the temperature dependence of the isotope effect from 
ref 9.) 

Considering now an analogous experiment where both 
compounds are decomposed separately each at a different 
temperature, the set of possible temperatures corresponding 
simultaneously to each compound are shown in Figure 3. 

In a test experiment, a mixture of the same composition 
at a pressure of 41 Torr was irradiated with a 50-W CW 
943 cm -1 beam (as was indicated in a previous publica­
tion,11 under these conditions it is impossible to get high 
conversion of material at lower pressure, and the reaction 
has all the features of a thermal reaction). The overall de­
composition was 9%, and the molar isotope ratio changed 
from 0.83 to 0.90. Assuming complete thermal equilibrium 
and very fast diffusion into the reaction zone in the cell, the 
isotope effect is ku/kn = 2.3. This value corresponds to 
700K. 
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Figure 3. Plot of vibrational temperatures of CD2CI2 (TcD2C]2) vs. vari­
ous predicted vibrational temperatures of CH2G2 (7"CH2CI2). 

It is clear from these results that selectivity was attained 
only when ir pulses with sufficient intensity and having du­
rations shorter than the overall relaxation time were ap­
plied. By increasing either the pressure or the light intensity 
of the ir pulsed laser, experiment breakdown occurs. Under 
these conditions, most of the methylene chloride was de­
composed after 100 pulses; the isotope ratio, however, re­
mained constant. 

As in our previous study,1 the energy of activation (65 
kcal/mol) was much higher than the energy per Einstein of 
the laser light. The detailed mechanism of energy accumu­
lation was not studied. However, the reaction could not 
occur by single photon absorption. Multiphoton absorption, 
cascade excitation, or combination of the two mechanisms 
may be responsible for the observed reaction. 
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The Stereochemical!) Correct Catalytic Site on 
Cyclodextrin Resulting in a Better Enzyme Model 

Sir: 

Cyclodextrin reactions show roughly the same rate en­
hancement with respect to hydroxide ion reactions as do 
chymotrypsin reactions.1-2 There is one proviso, however. 
The rate constant for the chymotrypsin reaction was deter­
mined at pH 7.9, its maximum, whereas the rate constant 
for the cyclodextrin reaction was determined at pH 13, its 
maximum. If one can reduce the pH at which cyclodextrin 
operates, for example by introduction of an imidazole group 
into the molecule, its rate enhancement might truly parallel 
the reaction with chymotrypsin.3 

The first such attempt by Cramer and Mackensen at in­
troducing an imidazole group as a catalytic site shows only 
a slight rate enhancement over a combination of cyclodex­
trin and imidazole.4 In their compounds, however, substitu­
tion occurs preferentially at carbon atom 6 of the glucose 
unit in the cyclodextrin. Namely the catalytic site (imidaz­
ole group) is attached to a primary alcohol group on the es­
sentially closed face of the toroidal cyclodextrin molecule 
where the substrate could not be catalyzed in the cavity. 
The specific stereochemical relationship between the cyclo­
dextrin and their substances in the cleavage of phenyl esters 
in alkaline solution is due to a nucleophilic reaction of an 
alkoxide ion derived from the secondary hydroxyl group at 
carbon atom 2 and 3, of the glucose unit in a cyclodextrin.2 

Another attempt by Breslow and Overman, who prepared 
cyclodextrin with a metal ion coordinated nucleophile, 
showed that the reaction occurred at pH 5, the same gener­
al magnitude as Cramer's compounds.5 

We wish to report here the preparation of an a-cyclodex-
trinhistamine compound (IV) in which the histamine group 
is attached to a secondary alcohol group on the more open 
face of the toroidal a-cyclodextrin. We wish also to demon­
strate that this compound will accelerate the hydrolysis of 
p-nitrophenyl acetate by attack of the imidazole group on a 
substrate molecule bound in the cavity because of the ap­
propriate position of the catalytic functionality (imidazole 
group) on the cyclodextrin. 

The a-cyclodextrinhistamine compound (IV) was synthe­
sized through the p-tosyl ester (I) and then the iodide (II) 
of a-cyclodextrin (a-CD). a-CD was tosylated with 10 
equiv of p-toluenesulfonyl chloride in buffer solution of pH 
11 at 25° for 1 hr, followed by ion-exchange chromatogra­
phy using Amberlite MB-3, giving a-CD monotosylate (I), 
whose structure was confirmed by uv absorption (Xmax 263 
nm, log e 2.78, referred to ethyl tosylate, Xmax 262, log t 
2.75) together with proton, NMR spectra in D2O which 
showed an absorption at 5 7.48 (ppm) due to the benzene 
ring hydrogens and 4.76 assigned to CiH of the glucose 
ring. The relative areas of these peaks were 2:3, demon­
strating monosubstitution on a-CD. Iodination of tosyl 
a-CD with NaI was carried out in water at 80° for 1 hr, 
then in situ free histamine was added and the mixture was 
kept at 80° for 48 hr. The product was purified by chroma­
tography using Amberlite IR-120 and Sephadex G-15 col­
umns, and gave IV in overall yield ca. 10%. The presence of 
an imidazole ring in IV was ascertained by the Pauly test. 
When histamine was replaced with ammonium hydroxide in 
the above treatment, the reaction was carried out in an au­
toclave (130° for 48 hr), followed by chromatography on 
Amberlite and Sephadex G-15, which then gave amino-a-
CD (III). The intermediate iodo-a-CD (II) was also puri­
fied on Amberlite and Sephadex and was identified. 

The products (I-IV) were found to be pure and free from 
cross-contamination as judged by paper chromatography 
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