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Figure 2. Chromatographic profile of lysozyme as a function of incu
bation time on the 35^L C4-RP column. Incubation time: (i) 0 min, 
(ii) 0.5 min, (iii) 1.0 min, (iv) 1.5 min, 5 Mg injected, 0.3 mL/min, 4 0C, 
EX wavelength, 295 nm; EM wavelength, 350 nm; solvent A: 10 mM 
phosphoric acid, pH 2.3; solvent B: 90% (v/v) methanol in 10 mM 
phosphoric acid, pH 2.3; gradient: 1-100% solvent B in 10 min. The 
arrow indicates the time of injection. 

over a 6-s period. Kinetic changes were followed from the emission 
intensity changes as a function of time at a fixed wavelength of 
347 nm and a flow rate of 0.3 mL/min. For chromatography, 
a 10-min linear solvent gradient was employed from solvent A 
(1% methanol in 10 mM H3PO4, pH 2.3) to 100% solvent B (90% 
methanol in solvent A), both solvents being sparged by helium. 

Figure IA shows the emission spectra (corrected for the blank) 
of lysozyme adsorbed on the C4-RP surface under solvent A 
conditions. Spectrum i was collected 15 s after the protein con
tacted the top of the column and spectrum ii after 90 s. Care was 
exercised to eliminate photooxidation of Trp. Environmental 
changes of one or more of the six Trp's (tryptophans) of lysozyme 
must have occurred upon adsorption, since a fast red shift (solution 
346-354 nm) followed by a slower blue shift of Xmax (354-349 
nm) with an emission intensity increase is observed. These changes 
clearly arise from the influence of the stationary phase. Figure 
1B shows a typical intensity versus time plot obtained at fixed 
wavelength (347 nm). A least-squares analysis of the plot of log(/ 
- /f) versus time (/, intensisty at 347 nm at time t, and I1, intensity 
at 347 nm after the blue shift has been completed) yielded a rate 
constant of 2.7 X 10~2 s"1 for the slower step. Figure 2 shows the 
gradient chromatographic profile as a function of the incubation 
time of lysozyme on the small C4-RP cell column. Two peaks 
are observed, the second peak growing at the expense of the first 
one. The rate constant was determined by the chromatographic 
method previously described8 with a value of 1.9 X 10"2 s"1, in 
close agreement with the fluorescence result. 

The emission Xma, of the lysozyme solution in solvent A (1% 
methanol) at 4 0 C was 346 nm, in agreement with the data 
reported in the literature for a pure aqueous phase.14'15 As soon 

(14) Imoto, T.; Forster, L. S.; Rupley, J. A.; Tanaka, F. Proc. Natl. Acad. 
Sci. U.S.A. 1971,(59, 1151-1155. 

(15) Teichberg, V. I.; Sharon, N. FEBS Lett. 1970, 7, 171-174. 

as the protein adsorbed onto the surface, an 8-nm red shift oc
curred, indicating that some Trp's of the lysozyme became rapidly 
exposed to solvent. This result suggests that one or more Trp's 
in the native protein had become exposed to a more hydrophilic 
microenvironment. After the first contact of the protein with the 
surface, the exposed Trp's moved toward a more hydrophobic 
environment, causing a blue shift in the peak maximum and an 
increase in the intensity of the fluorescence spectrum.14"17 

The solvent exposure of Trp residues after the initial contact 
of lysozyme with the hydrophobic surface is undoubtedly related 
to a conformational change of the protein. The subsequent 
conversion, during a period of 2 min, of exposed residues to a more 
hydrophobic region (most likely contact with the hydrophobic 
surface) may be due to a further conformational change and 
reorientation (rearrangement) of the molecule. The agreement 
between the first-order rate of conversion of lysozyme as measured 
chromatographically with that measured by surface fluorescence 
suggests that the two processes have a similar origin. The weaker 
binding state (i.e., earlier eluting species) can be associated with 
\mix of 354 nm and the stronger binding state with that of 349 
nm. This assignment is reasonable if it is accepted that exposed 
Trp's contact the «-alkyl surface for the later eluting species. 

In conclusion, the combination of surface intrinsic fluorescence 
and chromatography has been shown to provide an effective means 
of probing the surface dynamics of a protein in contact with an 
adsorbent. Work is continuing in this area, and full details will 
be reported subsequently. 
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Pennyroyal oil is a volatile plant oil which has been used as an 
abortifacient.1,2 However, the high doses required can cause 
hepatic necrosis and death.3 Toxicity studies in mice have revealed 
that (7?)-(+)-pulegone (5-methyl-2-(l-methylethylidene)cyclo-
hexanone), la, the major constituent terpene of the oil, is re-

Ia R1 = R 2 = C H , 

1b Ri = R 2 = C D 3 

Ic R, = C D , R2 = CH1 

Id R 1 = R 2 = CD1H 

(1) Anon, The Lawrence Review of Natural Products; 1981; Vol. 2, p 4. 
(2) Gleason, M. N., Gosselin, R. E., Hodge, H. C; Smith, R. P. Clinical 

Toxicology of Commerical Products, 3rd ed.; Williams and Wilkins: Bal
timore, 1969; p 109. 

(3) Sullivan, J. B., Jr.; Rumack, B. H.; Thomas, H„ Jr.; Peterson, R. G.; 
Bryson, P. / . Am. Med. Assoc. 1979, 242, 2873-2874. 
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Table I. Deuterium Incorporation in Pulegone-</3 and in 
Menthofuran" 

m/z deuteriated form % of total 

153 
154 
155 
156 
157 

150 
151 
152 
153 
154 

Pulegone-rf/ 
D, 
D2 

D3 

D4 

D5 

Menthofuran' 
D0 

D, 
D2 

D3 

D4 

1.70 
18.30 
60.19 
18.25 

1.57 

5.68 ± 0.43 
15.42 ± 2.32 
20.68 ± 4.93 
46.70 ± 4.98 
11.52 ± 1.62 

"Formed by microsomal cytochrome P-450 catalyzed oxidation of 
pulegone-rf3 as determined by MS and GCMS. 'Deuterium incorpo
ration was determined by MS on a VG7070H instrument. The sample 
was introduced via the reference inlet. "Deuterium incorporation was 
determined by GCMS on a VG7070H instrument operating in the se
lected ion recording mode, by using a 30 m X 0.32 mm DB V capillary 
GC column. The values are means ± standard deviations for three 
determinations. 

sponsible for the toxicity.4 Menthofuran (4,5,6,7-tetrahydro-
3,6-dimethylbenzofuran) 2 has been identified as a proximate toxic 
metabolite of (/?)-(+)-pulegone, and investigations with (R)-
(+)-pulegone-a'6, lb, suggest that it is formed by initial cytochrome 
P-450-catalyzed oxidation of an allylic methyl group.5 Metabolic 
studies with (/?)-(+)-pulegone-</3, Ic, were undertaken to probe 
further the mechanism of menthofuran formation. 

Pulegone-rf3 was synthesized by base-catalyzed deuterium ex
change on (/?)-(+)-pulegone, by using Na2CO3 and D2O in THF. 
The 300 MHz 1H NMR spectrum of Ic in CDCl3 showed the 
absence of a signal for the (Z)-methyl group (5 1.97 for la) and 
no detectable decrease in signal intensity for the is-methyl group 
(5 1.77 for la and Ic). The 46 MHz 2H NMR spectrum of Ic 
showed only a major signal for the (Z)-CD3 group. 

As shown in Table I, menthofuran containing three deuterium 
atoms was the major metabolic product of Ic. If oxidation of the 
(Z)-methyl group had occurred, then menthofuran containing one 
deuterium atom would be expected as the major product. The 
fact that menthofuran-rf3 is the major product implies that to
pomerization of the isopropylidene moiety has occurred during 
the process of furan formation. 

A mechanism consistent with thse observations is shown in 
Scheme I. Cytochrome P-450-catalyzed hydrogen atom removal 
would occur preferentially from the (.E)-methyl group because 
of a deuterium isotope effect. The resulting radical is reso
nance-stabilized, and rotation about the bond joining the iso
propylidene moiety to the cyclohexane ring can occur. The radical 
may then recombine with the equivalent of hydroxyl radical from 
the P-450 enzyme, and the primary alcohol could then cyclize and 
dehydrate to form menthofuran. We have previously shown that 
the furanyl oxygen is derived from atmospheric oxygen.5 A 
minimal value of 72.8 ± 6.6% was calculated for the percentage 
of menthofuran arising via double bond topomerization by this 
mechanism. 

Additional support for this mechanism was obtained as follows. 
First, when a 1:1 mixture of E:Z isotopomers of Ic (prepared by 
treating Ic with CF3CO2H in CDCl3) was incubated with mouse 
liver microsomes, the deuterium content of the resulting men
thofuran was the same as that of menthofuran produced from Ic 
only. Analysis of the 1H NMR of pulegone recovered from this 
incubation showed no detectable change in the isotopomeric ratios 
of the Z and E methyl groups. Secondly, a presumed f-allylic 
alcohol was detected by GCMS as another metabolite of (R)-

(4) Gordon, W. P.; Forte, A. J.; McMurtry, R. J.; Gal, J.; Nelson, S. D. 
Toxicol. Appl. Pharmacol. 1982, 65, 413-424. 

(5) Gordon, W. P.; Huitric, A. C; Seth, C. L., McClanahan, R. H.; 
Nelson, S. D. Drug. Metab. Dispos. 1987, 15, 589-594. 
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Scheme I. Proposed Mechanism of Cytochrome P-450-Catalyzed 
Formation of Menthofuran-</3 from Pulegone-</3" 

X ) " .F1OI- IF.OH,- X T' X X " 

It 

Cf- ̂  &* - &-
CH, CH, CH, 

Jr - jr 
"The brackets indicate proposed oxidation states for the heme iron 

of cytochrome P-450. 

(+)-pulegone formed in microsomal incubations.6 The ratio of 
the formation rate of this metabolite to menthofuran remained 
constant at 0.5 in incubations of pulegone and deuteriated ana
logues thereof. Furthermore, this metabolite did not convert to 
menthofuran either during the incubations or during the workup 
procedures. 

Thirdly, support is derived from mechanisms proposed for 
aliphatic carbon hydroxylation by cytochrome P-450.7,8 Seminal 
evidence for the radical abstraction-recombination mechanism 
has come from studies which show large kinetic deuterium isotope 
effects and significant loss of stereochemistry at the hydroxylated 
carbon.9 Although the observed intermolecular isotope effect 
(kH/kD = 1.22 ± 0.10)10 for the formation of methofuran from 
pulegone-^ (Ic) was low, the observed intramolecular isotope 
effect (kH/kp = 7.72 ± 0.74)10 from pulegone-rf4 (Id) was sig
nificantly higher and consistent with a radical abstraction 
mechanism. Masking of the intermolecular isotope effect could 
be caused by the topomerization reaction, substrate binding and 
dissociation, and/or product release." 

Finally, allylic rearrangement of double bonds has been shown 
to occur during cytochrome P-450-catalyzed oxidation of 
3,3,6,6-tetradeuteriocyclohexene, methylenecyclohexene, and 
/8-pinene12 and the hydroxylation of 3,4,5,6-tetrachlorocyclohexene 
by rat and housefly microsomes.13 The novelty of the proposed 
rearrangement in the pulegone to menthofuran transformation 
lies in the change in molecular topography that occurs. 
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ning mode. GC and MS conditions were as described in ref 5. Retention times 
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Supplementary Material Available: Experimental and calcu-
lational details and 1H NMR and 2H NMR spectra for pulegone 
and pulegone-</3 (11 pages). Ordering information is given on 
any current masthead page. 
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The determination of aqueous p/fa values for aldehydes and 
ketones has become a subject of much recent interest.1 Since 
simple aldehydes and ketones generally have pK^ values of about 
15—19,lc_f their acidities must be determined indirectly. We now 
wish to report the direct observation of the enolate ions of two 
substituted cyclic benzyl ketones (2-indanone and 2-tetralone) in 
aqueous solution. These two compounds are over 106-fold more 
acidic than simple aliphatic ketones and about lO'-fold more acidic 
than an acyclic model benzyl methyl ketone. 

When 2-indanone (1) is dissolved in moderately concentrated 
(ca. 0.01-1.0 M) hydroxide ion solutions, an intense (« = 16400 
M"1 cm-1) peak appears in the ultraviolet spectrum at 288 nm.2 

The high extinction coefficient and relatively long wavelength are 
consistent with the formation of the anion I - (eq 1). Titration 

tionship between the observed rate constant and the hydroxide 
ion concentration (eq 2) allowed the determination of the rate 

OH (1) 
(CH 2)„ 

n * 1 
n-- 2 

of this absorbance as a function of hydroxide ion concentration 
(10-7-0.67 M, n = 1.0, 25.0 0C, 4% MeOH) gives a value for 
the equilibrium constant of 39.0 ± 2.1 M"1, which corresponds 
to a pKa of 12.21 ± 0.03.3 Similarly, 2-tetralone (2) exhibits a 
peak in basic solution at 300 nm (« = 17 300 M"1 cm"1), which 
can be assigned to its anion (2"). Spectral titration of 2-tetralone 
gives a p£a of 12.92 ± 0.02. 

The rate of approach to equilibrium was measured by rapidly 
mixing 2-indanone with aqueous sodium hydroxide solutions 
(0.0025-0.03 M, n = 0.1, 25.0 0C, 1% MeOH). A linear rela-

f University of Maryland. 
' Center for Advanced Research in Biotechnology. 
(1) (a) Novak, M.; Loudon, G. M. J. Org. Chem. 1977, 42, IMi. (b) 

Guthrie, J. P. Can. J. Chem. 1979, 57, 1177. (c) Chiang, Y.; Kresge, A. J.; 
Walsh, P. A. J. Am. Chem. Soc. 1982, 104, 6122. (d) Chiang, Y.; Kresge, 
A. J.; Tang, Y. S.; Wirz, J. J. Am. Chem. Soc. 1984,106, 460. (e) Chiang, 
Y.; Kresge, A. J.; Wirz, J. J. Am. Chem. Soc. 1984,106, 6392. (f) Pruszynski, 
P.; Chiang, Y.; Kresge, A. J.; Schepp, N. P.; Walsh, P. A. / . Phys. Chem. 
1986, 90, 3760. (g) Chiang, Y.; Kresge, A. J.; Walsh, P. A. J. Am. Chem. 
Soc. 1986, 108, 6314. (h) Chiang, Y.; Hojatti, M.; Keeffe, J. R.; Kresge, J.; 
Schepp, N. P. Wirz, J. J. Am. Chem. Soc. 1987, 109, 4000. (i) Pollack, R. 
M.; Mack, J. P. G.; Eldin, S. J. Am. Chem. Soc. 1987, 109, 5048. 

(2) In neutral solution the spectrum of 2-indanone shows peaks at 268 and 
275 nm (t ~ 1000 M"1 cm"1). 

(3) This pK, is a concentration equilibrium constant, based upon a value 
of 1.59 x 1014 M2 for the ion product of water in solutions of ionic strength 
0.1.Id Additional studies with 2-indanone in ionic strength = 0.1 show that 
the same value of K is obtained as in solutions of ionic strength = 1.0. Our 
pK, value for 2-indanone agrees well with an independent measurement (12.20 
± 0.08) by Keeffe et al. (Keeffe, J. R.; Kresge, A. J.; Yin, Y., following paper 
in this issue). 

= Jt1[OH-] + JL (2) 

constants for formation of the enolate ion (Ic1 - 219 ± 3 M"1 s_1) 
and reprotonation of the enolate ion by water (fc_, = 5.88 ± 0.05 
S-'). Division of kx by AL1 yields a value of K = 37.2 ± 0.7 M"1, 
corresponding to a pATa of 12.23 ±0.01, in excellent agreement 
with the value obtained from spectral titration. 

Both 1 and 2 are surprisingly acidic for simple ketones. Acetone 
(p£a 19.16)ld is 107-fold less acidic that 2-indanone and more than 
106-fold less acidic than 2-tetralone. However, benzyl methyl 
ketone (3, pAfa 15.9),lb-4 an acyclic model for 2-indanone and 
2-tetralone, is only about 103-fold more acidic than acetone. 

In order to interpret the acidity difference between the cyclic 
benzyl ketones and benzyl methyl ketone, it is instructive to ex
amine the steric interactions in both the starting ketones and the 
enolate ions. In the case of benzyl methyl ketone, there are several 
conformations with little steric interaction between the phenyl 
group and the rest of the molecule. Delocalization of the negative 
charge in the enolate requires that the anion be in either con
formation 4 or 5, both of which have significant steric interactions 
between an ortho hydrogen of the phenyl ring and either the 
methyl group or the alkoxide oxygen. 

We expect conformation 4 to be preferred due to inhibition of 
solvation of the negatively charged oxygen in 5 by the ortho 
hydrogen. An estimate of the magnitude of the steric interaction 
of the methyl group and the ortho hydrogen in 4 can be obtained 
by comparing the difference in Gibbs energies of formation of 
1-phenylpropane (6) and cz>-1-phenylpropene (7) with the dif
ference between indane (8) and indene (9) (eq 3 and 4).5 The 

AG,(g) 
(kcal / mol) 

A S 1 ( I l 
( k c a l / m o l ) 

IU) | -
6 

32.8 

®> 
8 

36 0 

vr-vA. (CH, 

7 
51 8 

"'• fOT^) 
9 

51 2 

A A G , 

19 0 

15.2 

(3) 

(4) 

energy cost of putting a double bond into 1 -phenylpropane is ca 
3.8 kcal/mol higher than putting a double bond into indane.7 

Thus, benzyl methyl ketone should be ca. 2.8 pK3 units less acidic 
than 2-indanone, just on the basis of steric factors alone. These 
unfavorable steric interactions in the enolate of benzyl methyl 

(4) Benzyl methyl ketone gives no observable spectral change between pure 
water and 1.0 N sodium hydroxide solutions, consistent with Guthrie'sIb 

previous estimate of pK, 15.9. 
(5) Stull, D. R.; Westrum, E. F., Jr.; Sinke, G. C. The Chemical Ther

modynamics of Organic Compounds; Wiley: New York, 1969. Although the 
Gibbs energies of formation for 6 and 7 are for the gas phase, while those for 
8 and 9 are for the pure liquid, no significant error should result. The findings 
of Chickos et al.6 suggest that the heat of vaporization should be nearly 
identical for indane and indene, since they have the same number of carbon 
atoms. Experimental values are 11.8 kcal/mol for indane and 12.6 kcal/mol 
for indene.8 

(6) Chickos, J. S.; Hyman, A. S.; Ladon, L. H.; Liebman, J. F. J. Org. 
Chem. 1981, 46, 4294. 

(7) This value is probably a lower limit since planarity in 4 or 5 is more 
important than in 7, due to a greater requirement for conjugation of the phenyl 
group with the negative charge in 4 and 5. 

(8) Pedley, J. B.; Naylor, R. D.; Kirby, S. P. Thermochemical Data of 
Organic Compounds, 2nd ed.; Chapman and Hall: London, 1986. 
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