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Homolytic constants are found to give a better strnetire-activity eorrelation for chloramphenicol derivatives

than either the usnal Hammett constant or polarizability constants.

lividence is presented indicating that a

variety of aromatic methanol derivatives which are active as dirngs are involved in interference at the molecular

level with free-radical enzymes.

There has been considerable interest in structure-—ac-
tivity studies of chloramphenicol derivatives because of
the particular effectiveness of the parent compound in
fighting infections caused by gram-negative bacteria
which are resistant to many other antibiotics.? Except
for struetural variations in the aeylamino group, varia-
tion in the side chain of chloramphenicol results in a large
decrease in activity.®*=  On the other hand, variations
in the para position of the aryl ring seem to be possible
withont sneh great loss in aetivity.®  Tor this reason we
shall be primarily concerned with variations in Y of
strieture I, The first quantitative correlation® of vari-

OH NHCOCHCL

|
Y~©—CH—CHCH,0H
it
iations of I confirmed the qualitative observation of
Shemyakin that electron withdrawal by substituents
inereased activity. KEquatien 1 for Escherichia coli, al-
though not a very high correlation, showed® that ac-
tivity depended on both electronic and hydrophobic
properties of the substitnent. Ineq 1, o, represents the

H I 2
log BR = —0.747% +

0.36r 4+ 1.82¢, + 0.62 10 0.82% 0.555 (D

electronie effect of the substituent on the ortho position.
The e, constants were employed because they yielded a
slightly better correlation than ¢,. FYor eq 1, n rep-
resents the number of data points, r is the correlation
coeflicient, and s is the standard deviation.

Using a much more accurate method of assay, termed
microbial kinetic, Garrett, et al.. reinvestigated a set of
chloramphenicols using £. coli.” Garrett’s choice of
stibstituents gave a better spread of eleetronie values
althonugh not as great a range of hydrophobic character
as Shemyakin’s.  His data. as well as physicochemieal
constants of iuterest, are given in Table I. Garrett’s

1) Visitiag Scientist feroae Dr. Karl Thomae GmbH Co., Biberacl.
(lermauy.

{2) T. . Broek in “Experimental Cliemotlierapy.” Vol. 111, Sclinitzer
aril Hawking, 19d., Academic Press, lue., New York, N. Y., 1964, p 119.

(3) M. N. Slemyakin, M. N. Kolosov, M. M. Levitov, K. I. Germanova,
M. G, Karapetyan, Ya. B. Shvetsov, and E. 3. Bamdas, JJ. Gen. Chem.
URSTe, 26, 885 (1956).

(4) ¥. 12, Halin, J. I, Hayes, C. L. Wisseman, H. E. Hopps, and J. E.
Swadel, datthiot. Chemotherupy, 6, 531 (1956).

(3) R.J. Collins, 3. Ellis, 8, B. Hansen, H. 8. Mackenzie, R. J. Monalin,
V. Peteow, O, Steplienson, and B. Sturgeon. J. Phurm. Phurmacol.. 4, 693
£1952).

61 C. UHawsele, Re AL Mair, T, Fujita, ', Maloney, V. Geiger, and M.
Steeiel, J. Amer. Chem. Soe., 88, 2822 (10:3).

i73 16 R. Garrett, O. K. Wrigld, G0 1. Miller, aad K. [, Smid, J. Med.
Chene., 9, 203 (1966).

attempt to nse eq 1 to rationalize his results gave poor
correlations.

Cammarata® has analyzed Garrett’s results using
electronic polarizability (Pg) to explain the variance in
the data. Agin, et al., have shown this to be a sig-
nificant parameter in structure-activity studies.® Al-
though Cammarata showed a highly significant linear
relationship between activity and Pg, his results arc
compromised because of a variety of assumptions he
found necessary. Most significant, in order to obtain
good correlation, the most active compound, chlor-
amphenicol itself, was omitted. A special postulate
was necessary to include SCH;, and the Py values as-
sumed for SO,CH; and CH(CHj;), are quite different
from those normally employed. The values used by
Cammarata, along with those we have caleulated ac-
cording to Bauer and Lewin,'® are given in Table L.
Cammarata® assumed that the substituent portion of
the aromatic moiety of chloramphenicol wonld come in-
to contact with a flat surface. He further assumed that
only the portion of the substituent in contact with the
surface could contribute in a binding interaction unless
the possibility existed for free rotation about the C g-X
bond. He reasoned that the ¢-Pr group is less suscepti-
ble to sterie factors when it is perpendicular to the plane
of the aromatic ring. In this configuration only oue
methyl group would cone into contact with the flat sur-
face and Py, for a single methyl was employed.  He also
assumed that only one 8-0 bond would ecome into con-
tact with the sinface and therefore nsed Pg for a single
8-0 rather than that for a methyl group and two 8--0
bonds for CH;S0,. He considered it likely that the
CH;S0; cannot rotate freely becanse of resonance inter-
action with the aromatic ring. Using the normal
values for Py in a linear relation of the type employed
by Cammarata, we obtain eq 2. In eq 2, the methyl-

H s h

kr = 0.296Pg 4+ 10.960 7T 0.145 10.69  (2)

mercapto and 4-N( funections are not included. Tu-
cluding these gives an even poorer correlation (r =
0.088). Substituting log Ky in eq 2 gives no better re-
sult.

(8) (a) A. Cammarata. tdd., 10, 525 (1907 (L) A, Cammarata, private
communication.

(9) D. Agin. L. Hersh, and D. Holtzman, Froc. Nutl. Acad. Sei. U. 8., 88,
952 (1965).

(10) N. Bauer aud S. Y. Lewin in *“Teclimiques of Organiec Cliemistry."”
Vol. 1, Part 11, A. Weissherger, ¥.d.. luterscience Publisliers, Tue., New York.
N. Y., 1960, p 1139; see also R. L. Sliriner, R. (. FFason, and D). Y. Clurtin,
“The Systematic ldeutification of Organic Compounds,”” 4tlc ed, Jolin Wiley
awl Sons, Ine,, New York, N. Y., 1956, p 50.
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HoMoLyTic CoNsTANTS oOF CHLORAMPHENICOL ANALOGS

TapLr I

STRUCTURE-ACTIVITY PARAMETERS FOR CHLORAMPHENICOL

Function PE® Prb ER®
S0.CH; 4.90 17.54 0.12
I 14.55 13.90 0.12
CH(CH,;), 6.32 14.96 0.03
Cl 6.53 5.96 0.10
OCII, 7.83 7.36 0.11
Br 9.37 8.86 0.12
NO, 8.37 7.30 0.41
SCH, 11.72 13.69 0.24
NH, 3.66 5.41
3-NO; 8.37 7.30 0.35
s From ref 8 °From ref 10. °¢From ref 14 and 15.
system. /Fromref 7. 9 Calculated using eq 6.

Recent success!!—!3 with homolytic substituent con-
stants prompted us to consider these in the chloram-
phenicol problem. Two types of homolytic constants
have proved of use. Using the results of Hey and Wil-
liams on homolytic aryl phenylation, ¢, analogous to o,
was formulated.!! The parameter Er of Yamamoto
and Otsu'® has also been shown to be valid for biochem-
ical systems.!'—'* For the present work we have used
EyR since more values of this parameter are available.
Even so, two important values of Ky were lacking,
p-SCH; and p-SOCH;.  Otsu, ef al., have shown! that
there is a linear relation between Eg values and the @
parameter formulated by Price'® for radical reactions.
Using the @ values obtained for the copolymerization
characteristics of substituted vinyl derivatives and Eg
values of Table II, eq 3 was derived via the method of

n r s
Er = 0.428Q + 0.091 4 0.98 0.014 (3)

least squares. From eq 3 and the @ values of p-SCH;
(0.34) and SO.CH; (0.07) of Price and Oae! are cal-
culated the Eg values in Table I. Unfortunately, no
Ex or Q value is available for the NH, function.

TaBrLe 11
Ex axp Q VALUES UseED 1IN DrRIVING EQUATION 3
Function Qe Egd Eg° AER
OCH; 0.015 0.11 0.097 0.013
Cl 0.028 0.10 0.103 —0.003
Br 0.10 0.12 0.134 —0.014
CN 0.34 0.244 0.236 0.004

e See ref 16 and R. G. Fordyce, G. E. Ham, and E. C. Chapin,
J. Am. Chem. Soc., 70, 2483 (1948). ° See ref 14. ¢ Calculated
using eq 3. ¢ The value of 0.24 for CN has been employed rather
than the earlier reported value of 0.52 [T. Yamamoto, Bull. Chem.
Soc. Japan, 40, 642 (1967)]. The value of 0.24 is a corrected vahie
which has been found to give correlations in a variety of systems.!*

From the data in Table I are derived eq 4-8. Com-
paring the two single variable equations (4 and 5), one

n r S

log A = [2.744 (£1.9)]Fr +
0.931 (£0.37) 8 0.820 0.243

(11) C. Hansch, J. Med. Chem., 11, 920 (1968).

(12) C. Hansch and R. Kerley, Chem. Ind. (London). 294 (1969).

(13) E.J. Lien and C. Hansch, unpublished results,

(14) T. Yamamoto and T. Otsu, Chem. Ind. (London), 787 (1967).

(15) T. Otsu, T. Ito, Y. Fujii. and M. Imoto, Bull. Chem. Soc. Jap.. 41,
204 (1968).

(18) C. C. Price. J. Polymer Sct., 8, 772 (1948).

(17) C. C. Price and 8. Oae, "*Sulfur Bonding," The Ronald Press. New
York, N. Y.. 1962, p 27.

(4)

4 From H. Jaffé, Chem.
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Log 4

e Obsd/ Caled? 'Alog A°
73 —1.26 0.80 0.851 0.05
28 1.26 1.56 1.423 0.14
15 1.40 1.08 1.179 0.10
23 0.70 1.10 1.234 0.13
27 —0.04 1.26 1.097 0.16
23 1.02 1.32 1.368 0.05
78 0.24 2.00 2.081 0.08
.05 0.62 1.76 1.646 0.11
66 —1.63 0.55
71 0.11 1.32

Rev., 53, 191 (1953). ¢ From the phenoxyacetic acid

log A = [0.145 (£0.43)]r +
1.289 (£0.41)

log A = [3.069 (£1.2)]Ex +
[0.227 (£0.16)]= +
0.769 (£0.25)

log A = [3.419 (£1.3)]Ex —
[0.235 (£0.46)]s +
[0.187 (£0.18)]r +

0.786 (=£0.25)

log A = 2.865Er — 0.05372 4
0.2317 + 0.846 8 0.957 0.151 (8)

sees that the electronic parameter is much more impor-
tant than the hydrophobic. While neither correlation
is high, the linear combination of the two gives an excel-
lent result ineq 6. An F test indicates that eq 6 is sig-
nificant at the 0.995 level. Addition of a term in 72 to
eq 6 does not result in an improved correlation (eq 8).
From this it is concluded that only substituents of sub-
optimal lipophilic character were studied. In wvitro
studies!® on gram-negative bacteria have indicated that
ideal lipophilie character (log Py) for the in vitro test is
near4. The most lipophilic compound in Table I is the
iodo derivative having a calculated log P of 2.76 (based
on the experimental value of 1.74 for chloramphenicol).
It is of interest that although eq 8 is not statistically
significant, mp calculated from it, when added to log P
for the parent molecule, yields a log Py of 3.7 for the in
vitro situation with chloramphenicols. Thus it appears
that more n vitro activity could be achieved by more
lipophilic derivatives. It is unlikely that much more
lipophilic compounds would be of use in human ther-
apy'® because of the in vivo and in vitro difference in log
Py.

For structure-activity studies in homogeneous sys-
tems with simple organic molecules, Yamamoto and
Otsu recommended an equation of the form

oEg + bo + ¢ (9)

For the general analysis of substituent effects on homo-
lytic reactions, eq 9 gives better results than Eg alone.
For this reason we have derived eq 7. However, this
is not a significant improvement over eq 6. Since in
certain situations!? there is a correlation between ¢t and

8 0.317 0.403 (5)

8 0.954 0.140 (6)

8 0.970 0.127 (7)

log kx

(18) E. J. Lien, C. Hansch, and 8. M. Anderson, J, Med. Chem., 11, 430
(1968).

(19) C. Hansch. E. J. Lien, and F. Helmer, Arch. Biochem. Biophys., 1238,
319 (1968).
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Ly, we also texted ¢ 7 in an equation of the form of 6,
However, this combination gave a mueh poorer corre-
lation than ¢q 6 (v = 0.338).

While no Ay value 1s available for NH., we can take
an estimate of its valie and in this way compare it with
the observed value 1 Table 1o Ay for N(CHg)s ix
kuown to be .24, 11 we asaanne that the difference he-
tween N(CHy)y and NH, in £y parallels that of ¢+ for
the two functions, we obtain an estimated valie of £y
for NH. of 0.17. Sabstituting this along with the
proper m valite i eq 6 vields a calenlated value of 0.92
compared with the observed value of 0.55.  Thixix rea-
souable considering the assumptions involved. and espe-
cially considering the fact that the amino group. partly
because of its basie character. ix known to have a good
deal of flictuation i its ¢ and 5 constants.®  The -
nitro derivative was not ineluded because of consider-
able disagreement about its activity and about the ac-
tivity of inela dervivatives in geueral.*#b2? It seems
probable that there may be some steric effect of ineta
substituents since the caleulated vahie for 3-NO, nsing
eq 6 1% 1.86 while the observed vahie s 1.32.

Chloramphenicol has proved to be a strong inhibitor
of protein synthesis.  The syutheses of a variety of spe-
cifie proteins have been shown to be inhibited by con-
centrations as low as 10 pg ml. Several hypotheses
have been developed to explain the mode of action of
this autibiotic in baeterial eclls.»* 4 Of speecial in-
terest is the recent discovery of Mathison? who showerd
that chloramphenicol does not affeet the full eyele of
biosynthesis in E. coli cells up to the point of cell divi-
slon.  Only after cell division starts does the death rate
increase exponentially.  He coneluded, therefore, that
the synthesis of proteins esseutial in cell division s pre-
vented.  In comuection with this finding, the paper by
Firkin and Linnane® on the effect of ehloramphenicol on
the growth and respiration of mammalian cells deserves
attention.  They discovered that at coneentrations be-
tween 10 and 40 g ml. the growth of Hel.a cells eeased
abruptly after two cell divisions. The mitochondria of
the cells which had become arrested contained a mark-
edly lower level of eytochromes.  Tn addition, FFreeman
and Haldar recently reported® that the antibiotic and
its methylmercapto analog arce able to unhibit certain
enzymes of the respiratory chain,  Onr results, taken
together with those above, lead nx to believe that ehlor-
amphenicol and its derivatives ihibit an important
free-radical process involved in mitochondiia at the
eritieal junctiee of cell division. Tt ix well known that
several steps of the electron-transport system involve
free radicals. @

How might this oceur?  One would assume that riug
substituents wonld not affect the side chain signifieantly
beyoud the first carbon atom.  Thus the eritical geom-
etry of the side chain wonld appear to anchor the anti-
biotic to its site of action.  The uthibitory effeet could

20) D). H. MeDaniel and H. C. Brown. .JJ. Ocg. Clem., 28, 420 {1938).

(21 Paa-lloi, J. Chem. Soe., 2766 (1950).

22y NIau-oi, 1hid.. 259 «1951).

123y O, Jardetzky and G. R. Julian, Vature, 201, 397 (19641,

(24) . E. Mathison, 1444., 219, 405 (1968).

(25) ¥, C. Firkin and A. W. Linnane, Biochem. Biophys. Rex. Commuc.,
32, 398 11468).

i26) K. B. Freemanand 1), Halder. Can. J. Biockem., 46, 1003 (1968).

i27) H. R. Mahler and E. 1. Cordes. ""Biological Cliemistry.” Hlarper and
Row, New York, N. Y., 1966.

128 I, Wiberg, Chem. Rer., 88, T13 {10251,
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conte about ria o hydrogen-radical transfer to a mito-
chondital epzyme ax depicted in 11, In 1 I stands

OH
y I -
:X—<:\>~('—~R .
CoN\=/ N
OH OH
o I + j
:X——@-(‘——R — X C—R ~—
H,
I 1
X~©=C—~R — ;X—Q—C—R — el
i

for the remainder of the chloramphenicol side chain aud
- is an esseutial free radical or free-radical enzyme.
Both the OH of the side chain aud X in the para posi-
tion stabilize the radical and thus aid in the loss of H.

The above hypothesis could be tested by preparing
and testing the activity of a-deuteriochloramphenicol.
The deuterinm analog should have a lower activity if
the rate-determining step ix a denterium-radical trans-
fer.

The moderate selectivity of the antibiotie®** is also
in accord with this mechunism. Although chloram-
phenicol is quite toxie in general, one of the reasons it
has an aceeptable therapentie index may be dne to the
higher rate of cell division in bacterial cells compared to
mammalian cellx.

[f the above mechanism is correct. then oue would
expect compounds having the basic moiety of III to be
toxie to microorganisms,  Morceover. one would expect

H

I
X
S

I

the activity changes due to Y to be a funetion of Ky of
Y. Iudeed. this appears to be true. It has recently
been shown'? that ring-substituted benzyl aleohols are
toxice to Aspergillus peniciliium and that the toxieity is
a funetion of Kg. The result is <hown in an equation
analogous to (6).

log (1,C) = 1.987Eg + i ’ 8
0.637 log I 4+ 0.772 Is 0.968 0.194 (10)

LEquation 10 was derived! from the experimental work
of Carter, el al.*  Other such examples of exceptional
toxieity of aromatic methanols are known.!®  One of
current interest®! is that of the antimalarials of type
IV. The activity of the many known 4-quinolinemeth-

CHOHR
N X

N7 CiH;

v

(29) D. V. Carter, I'. T. Charlton, A. H. Fenton, J. R. Housley. and 13
Lessel, JJ. Pkarm. Pharmavol., 10 (Suppl.), 149T (1958).

(30) A. L. Sageionmo, K. Kato. and T, Kaiva, J. Med. Chem,, 11, 277
t1168).

Al DLW, Boyking Jr., AL R Pacel, and R, B, Latz, 1hid., 11, 273 (1968).
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anols against malaria may also involve interference with
biochemical radical processes. The unusual photosen-
sitivity of these compounds could also have ai explana-
tion in terms of the ability of the ring system to stabilize
a free radical. While attenuation of the radical-stabi-
lizing ability of the ring may decrease photosensitivity,
this might also reduce toxicity to the parasites. Qui-
nine itself contains the benzyl alcohol moiety.

If the above picture of the structure—activity relation-
ship in chloramphenicols is correct, some qualitative ev-
idence should be apparent in the activity of some of the
other derivatives which have been tested. An inter-
esting example in this connection is that of the 4-phenyl
derivative which has been shown to be very active.??
High activity for this compound is not predicted by
electron withdrawal by the phenyl group in terms of o.
However, the phenyl group has been shown to have con-
siderable radical-stabilizing activity.*

(82) M. C. Rebstock, C. D, Stratton, and L. L. Bambos, J. Amer. Chem.

Soc., 77, 24 (1955); seealso ref 2, p 123.
(33) G. H. Williams, Chem. Ind. (London), 1286 (1961).
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A point of great importance is that chloramphenicols
inhibit, strougly the division of HeLa cells. Since the
analysis of this report implicates radieals in the process,
it would seem worthwhile to study more lipophilic
chloramphenicols as antitumor agents. particularly for
rapidly growing tumors.

The results with the chloramphenicols underline the
usefulness of the extrathermodynamic approach to me-
dicinal structure—activity problems. They also show
the difficulty of untangling substituent effects by means
of regression analysis. One must be careful to consider
a variety of different electronic and sterie effects. In
fact, it is quite difficult to know when one has exhausted
the possibilities. The chloramphenicol series again
points out the utmost importance of having highly pre-
cise measurements of biological activity if one is to un-
cover subtle structural features of importance.
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All-valence electron calculations have been made for a series of substituted acetophenones which are substrates

for a rabbit kidney reductase.

Substituent constants based on several different molecular parameters have been

derived and compared with the relative substrate efficiency of the compounds in the series. Significant correla-
tions using simple linear models for regression analysis have been obtained for properties as inclusive as the rela-
tive total energy differences between the ground-state and incipient-transition-state models of the compounds

examined.

The isolation and partial purification of a TPNH-de-
pendent carbonyl reductase from rabbit kidney tissue
have been described earlier.! It was of interest to us to
examine the substituent effects among substituted phen-
acyl derivatives employed as substrates for this enzyme.
Some initial results of correlation attempts using the
7—p—a approach have been reported.? A relatively im-
pure enzyme preparation was used to obtain V., ki-
netic data for a series of meta- and para-substituted
acetophenones in that study. A significant correlation
was demonstrated for the relationship

log Viax = kr + po + k7

where the 7 term has the meaning assigned by Hansch
and Fujita® and the pe term is that of Hammett.*5
In the present study, more definitive consideration is
given to the reaction mechanism and an effort is made
to calculate directly the substituent parameter most log-

(1) H, W. Culp and R. E. McMahon, J. Biol. Chem., 248, 848 (1968),

(2) R. E. McMahon, H. W, Culp, and M. M. Marsh, Abstracts of Papers,
150th National Meeting of the American Chemical Society. Atlantic City.
N. J.. Sept 1963.

(3) C. Hansch and T. Fujita, J. Am. Chem. Soc., 86, 1616 (1964).

(4) L. P, Hammett, "‘Physical Organic Chemistry.” McGraw-Hill Book
Co., Inc., New York, N. Y., 1940, p 186.

(5) H. H. laffe, Chem. Rev., 83, 191 (1953).

ically involved in substituent effects on substrate effi-
ciency.

The reductions of the aromatic earbonyl compounds
offer a unique opportunity to examine on a quantum
chemical basis the relative effect of substituent varia-
tion on (a) molecular properties such as orbital charges
at a reactive center in the molecule, (b) frontier orbital
energies, and (¢) electron density in space near a point of
reactant attack. Relative energy relationships which
can be approximated by molecular orbital methods may
also have application in ranking reactivities.

The experimental results reported here represent the
reaction situation wherein the elements of a hydride ion
are transferred from TPNH to the substituted acetophe-
none at its carbonyl carbon atom position (C,) (Scheme
I).  Such mechanisms for the reduction of carbonyl
compounds have been studied both for DPNH- and
TPNH-requiring enzymes.»¢” Thus, it would appear
intuitively that intramolecular electronic charge distri-
butions which provide a lowered electron density near
the carbonyl carbon atom would directly relate to im-
proved substrate efficiency. The observed positive

(6) C. H. Blomquist, Acta Chem. Scand., 20, 1747 (1966).

(7) J. M. H. Graves, A. Clark, and H. J. Ringold. Biochemistry, 4, 2655
(1965).



