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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 an 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.32 

High activity for this compound is not predicted by 
electron withdrawal by the phenyl group in terms of a. 
However, the phenyl group has been shown to have con
siderable radical-stabilizing activity.33 

(32) M. C. Rebstock, C. D. Stratton, and L. L. Bambos, J. Amer. Chem. 
Soc, 77, 24 (1955); see also ref 2, p 123. 

(33) G. H. Williams, Chem.Ind. (London), 1286 (1961). 

The isolation and partial purification of a TPNH-de-
pendent carbonyl reductase from rabbit kidney tissue 
have been described earlier.1 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 
TT-p-a approach have been reported.2 A relatively im
pure enzyme preparation was used to obtain F m a x ki
netic data for a series of meta- and para-substituted 
acetophenones in that study. A significant correlation 
was demonstrated for the relationship 

log Fmax = kir + p<r + k' 

where the i? term has the meaning assigned by Hansch 
and Fujita3 and the pa term is that of Hammett.4'5 

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., 243, 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 1965. 

(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. Jaffe, Chem. Rev., 53, 191 (1953). 

A point of great importance is that chloramphenicols 
inhibit strongly the division of HeLa cells. Since the 
analysis of this report implicates radicals 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 steric 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. 

Acknowledgment.—This work was supported by 
Grant CA-11110 from the National Institutes of 
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ically involved in substituent effects on substrate effi
ciency. 

The reductions of the aromatic carbonyl 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 (c) 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 (Cc) (Scheme 
I). Such mechanisms for the reduction of carbonyl 
compounds have been studied both for DPNH- and 
TPNH-requiring enzymes.1'6,7 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). 
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coefficient (p) for a in the previously described correla
tion equation i>s consistent with this view.2 

Some of the calculations reported here were made on 
the ground-state configurations of acetophenone and its 
derivatives. In this context, it was anticipated that in 
(lie enzyme-coenzyme-metal ion-substrate complex 
the relative electronic structure for this series of com
pounds at the spatial location indicated would not be 
significantly altered from the ground state by the envi
ronment, or, if altered, would be consistently so throughout 
the series. Such an assumption becomes most tenuous 
when extended to molecular modifications other than 
substitution on the phenyl nucleus, but within the sub
stituted phenyl series seems reasonable. 

Other calculations involved the relative behavior of 
the potential field of the molecules in the series at a 
point of approach to the reactive center by a hydride 
ion. 

Rate Constant Determinations.—The enzyme prepa
rations used in these studies were obtained according 
to the procedures described by Culp and McMahon.1 

The crude enzyme fractions were those which were 
recovered from ammonium sulfate treatment while the 
purified ones were carried on through the DEAE-cellu-
lose and alumina gel chromatography steps. 

The results from two enzyme preparations are reported 
here. Their relative activities are expressed in Table 
I in terms of the logarithms of the rate constants (k0) or 
(/,-(, X 100) for the various substrates included in this 
study. The rate constants (kB) are the pseudo-zero-or
der constants expressing the rate of loss of TPNH with 
time extrapolated to zero time. The experimental de
tails of the velocity measurement system have been de
scribed earlier.1 

Substrate 

Acetophenone 

4-Acetyl-

4-Nitro-

4-Acetamido-

3-Methoxv-

:>-Nitro-

4-.\Iethyl-

4-Methoxv-

TABLI: I 
Crude enzyme 

.—Luit (/.•„ X 100)-
Calcd" Olisd 

1.111 1.343 

i . 807 2. rr.iT' 

2.891 2.883 
1 .0.">3 0. 634 
1.372 I.690 
2.40.") 2.114 
.966 1.398 

1.140 0.204 

Purified enzyme 
Log A^-~ — 

Calcd" Obsd 

1.070 1.068 

1.775 2.597' 

2.872 2.944 

1.011 0.591 

1..334 1.613 

2.473 1.965 

.923 1.628 

1.099 0.204 

4-Trifluoromethyl- 2.491 2.505 2.468 2.500 

3-.Met hyl- 1 .094 1.114 1.052 0.973 

" Calculations for crude enzyme are from eq 6 and calculations 
for purified enzyme are from eq 9, Table V. * Log (k0/'2) since 
this compound is bifuncfional. 

The substituted acetophenones were used without pu
rification when gas chromatography of the samples indi
cated one component or only minor contamination. "In 

general, the compounds were examined on a Barber-
Coleman Model 10 gas chromatograph with Argon ion
ization detector, using a 5% XE-oO silicone stationary 
phase at 100° or less. 

Molecular Geometry. For the purpose of defining 
a substituent effect on the electron density near C , or 
on any other calculated molecular properly, aceto
phenone was considered to be the parent compound 
in the series. In a ('artesian coordinate system, the 
molecule was oriented so that the planar conjugated sys
tem lay in the./',// plane (Figure 1). 

H" 
t 

c 

Figure 1.—Assumed incipient transition-state geometry for 
(he reaction of hydride ion with substituted acetophenones. 

o 

The electron density in a space element 0.3 A in the z 
direction from the C(. nucleus was then calculated for the 
parent compound and for various meta- and para-sub
stituted acetophenones used as substrates. The basis for 
the first set of calculations was extended Hiickel theory 
(EHT) as delineated by Hoffmann.8 The wave func
tions computed by the above procedure were then used 
as input for a computerized calculation of electron den
sity by evaluation at a selected point or points in space.•' 

(8) R. Hoffmann. ./. Chem. i>/( .(/*., 39, 1307 UWtW). 
(it) The electron density evaluation at a point I' "was made in terms of 

IHY £ '*,(! 

+ i = £ * * . 
ii 

+£*»., 
XA is the total orbital density of orbital j on a first-row atom (Aj and Xu 
is the orbital density of orbital / on a hydrogen atom. The first sum is over
all first-row atoms present and the second sum is over-all hydrogens. The 
evaluation of XA .. for the nh first-row atom is 

XA„ = [«- v « « : - ' ' " ' " + 

and the evaluation of xu for the t'th hydrogen atom is 

r3 

'' IT 

The probability function. ^ / ( P i j - represents the electron density at a de
fined point (P) in space, due to molecular orbital j . V is the number of 
atoms in the molecule, f, is the orbital exponent of the nh atom, and / (> , 
n,j. bij. CIJ, and tl,j are the coefficients of thejrth molecular orbital on the Is or 
the 2s, 2pT, 2p„, and 2p, orbitals of the ith atom, respectively. The coordi
nates of the spatial position chosen for evaluation are represented by r, ij, and 
z relative to the atom center around which tlie electron density is being 
mapped; r = lx- 4- ,/• + 2s)'•'•'. These coordinates are translated from the 
initial arbitrarily selected origin-
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TABLE II 

ATOMIC PARAMETERS" TOR MOLECULAR ORBITAL CALCULATIONS 

E H T 

PA P* 

•J-
(d) (e) 

Figure 2.—Electron density from E H T for 4-acetylaceto-
phenone as a representative compound of the series (a). In b, 
c, d, and e, subdivisions along the electron density axis (o) are 
all 0.05. Subdivisions along the internuclear distance axes are 
0.5 A. 

Initially, the electron density around Cc was mapped at 
0.1-A intervals in several directions (Figure 2a-c). The 
particular location selected for evaluation of the substit-
uent effect appeared to be one of those most sensitive to 
this effect; in addition, from geometric consideration of 
the reaction mechanism, it seemed a logical position of 
influence. 

Calculations and Results 

I. Extended Huckel Treatment.—The initial molecu
lar orbital concept employed was extended Huckel 
theory (EHT) as developed by Hoffmann.8 We have 
written computer programs implementing this concept 
for molecules containing up to 98 atomic orbitals ( H i s 
and the 2s, 2pz, 2p„, and 2pz orbitals of the other first-
row elements). Extended Huckel theory is distin
guished from the simpler Huckel-type computational 
approaches by its inclusion of all valence electrons in the 
calculations. Atomic parameters used in the calcula
tions are given in Table II. 

In order to establish a correlation with substrate effi
ciency, a series of substituent constants was derived. 
These (ec) are analogous to Hammett a values for the 
series of aromatic substituent variations among the sub
stituted acetophenones studied. Table III lists the cal
culated electron densities at the coordinate position 
(1.54, 0, 0.3) for each of these compounds. The sub
stituent constants (ec) were obtained by subtracting the 
value for acetophenone from that for the derivative and, 
for convenience, multiplying the difference by —1000; 
this also permits the sign of the substituent constant to 
have the same significance as the Hammett a sign. 

Element I\ 

H - 1 3 
C 
O 
N 
F 

•n , l~(/ + 
.Element 

L 2 
H - 5 
C 
O 
N 
F 

60 

*]. 
36 

12, 

- 2 1 . 4 0 
- 3 5 . 3 0 
- 2 7 . 5 0 
- 3 4 . 9 8 

CNDO/2 

[H^l 
- 1 4 . 0 5 1 
- 2 5 . 3 9 0 
- 1 9 . 3 1 6 
- 3 2 . 2 7 2 

" I = ionization potential, A = 
original value in ref 7 was —7.176: 

h. 

- 1 1 . 4 0 
- 1 7 . 8 0 
- 1 4 . 5 0 
- 1 7 . 4 2 

P ^ l 
- 5 . 5 7 2 
- 9 . 1 1 1 
- 7 . 2 7 5 

- 1 1 . 0 8 0 
electron affinity 

t 
1.00 
1.57 
2.22 
1.915 
2.55 

r 

1.625 
2.275 
1.950 
2.60 

' ' 'The 
this was changed for the 

reasons indicated under calculation method II . 

ELECTRON 

Substrate 

Acetophenone 
4-Acetyl-
4-Nitro-
4-Acetamido-
3-Methoxy-
3-Nitro-
4-Methyl-
4-Methoxy-

TABLE II I 

DENSITIES AND SUBSTITUENT CONSTANTS 

4-Trirluoromethyl-
3-Methyl-

. EHT 
Electron 
density 

at (1.54, 
0, 0.3) Sc 

0.1034 0 
0.1018 + 1 

-> . CNDO/2 . 
Electron 
density 

at (1.54, 
0, 0.3) 

0 0.1999 
6 0.2003 

0.1000 + 3 . 4 0.2013 
0.1064 - 3 
0.1034 0 
0.1029 + 0 
0.1058 - 2 
0.1060 - 2 
0.1034 0 
0.1034 0 

0 0.1992 
0 0.2002 
5 0.2007 
4 0.1995 
6 0.1994 
0 0.2009 
0 0.2001 

ec 

0.0 
- 0 . 4 
- 1 . 4 
+ 0 . 7 
- 0 . 3 
- 0 . 8 
+ 0.4 
+ 0.5 
- 1 . 0 
- 0 . 2 

II. Complete Neglect of Differential Overlap.— 
Recently, Pople and Segal10 have developed a molecular 
orbital treatment (CNDO/2) which takes into account 
electron repulsions ignored in extended Huckel theory. 
We have written computer programs for a revised ver
sion of this. The revisions are concerned primarily 
with the need to increase bond moment values for C-H 
bonds in order to obtain more appropriate inductive 
effects.11 The atomic parameters are listed in Table II 
also. Substituent constants based on electron density 
for the second correlation approach were derived for the 
same series as EHT (Table III). 

III. Hydride Ion Interaction Energy.—A third 
concept employed in the structure-activity correlations 
was the attempt to account for the immediate environ
ment of the reactive center as seen by an approaching 
hydride ion (Figure 1). Thus an H atom possessing 
a filled Is orbital was located 1.68 A in the z direction 
above C = 0 . The position was chosen as a median 

(10) J. A. Pople and G. A. Segal, J. Chem. Phya., 44, 3289 (1966). 
(11) The ability of CNDO/2 to predict the inductive effect of the methyl 

group was investigated by calculating the relative basicities of the o-, m-, 
and p-tolyl anions from their relative total energies. The parameterization 
suggested by Pople fails here while a similar calculation on the anions from 
pyridine agrees with experiment. It was decided that a change in the param
eter of H to give a charge density distribution for the C and H atoms of the 
CHs more nearly like limited basis set calculations on ethane should give a 
more appropriate C-H dipole. The parameter —5.3 eV was thus chosen for 
H. The CNDO/2 results then obtained for m- and p-tolyl anions and pyr-
idyl anions were in agreement with experiment. Certain changes in para
meterization will be discussed in a forthcoming paper on the calculation of 
carbanions by CNDO/2. 
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location a proton on TPX'H might be expected to as
sume if a complex of the coenzyme and the substrate is 
formed in the process of reduction of the ketone. With 
this geometry, a Coulomb integral matrix was gen
erated using CXDO.-2. The appropriate elements of 
the matrix representing the repulsion integrals between 
the hydride ion and all the atoms of the molecule were 
selected. These elements, multiplied by the occupa
tion numbers (calculated by OXDO/2) of their re
spective atoms and summed, represented an approxima
tion of a trend toward a transition state for the reaction. 
This t reatment was carried out for all compounds in the 
series. Substi tuent constants were again established by 
subtracting the parent acetophenone value from tha t for 
each derivative. The results are given in Table IV. 
The correlation as noted for the purified enzyme in Ta
ble V was not particularly satisfactory. 

T.\Bl.h IV 

S l ' H S T l ' l ' l . ' K N T 

Io.\ Ai'i'ROAt 

( 'umpd 

Acetophenone 
4-Acetyl-
4-Nilro-
4-Acetamido-
3-Methoxy-
3-Nitro-
4-Meihyl-
4-.Metho\y-
4-Triffuoromethy 
3-.\Letbyl-

l-ONS/l 

*n (Ai . i 

'AN 

. A 
l 

IS B A S I . I ) O X 1 

roMtc INTKRAC 

'u ta! in te rae l ion 
energy an 

-0 .02286 
-0 .02804 
-(l.042.">7 
-0 ,02036 
-0 .02420 
-0.0.")()4I 
-0 .02017 
- I ) 02:541 
- 0 . 0 3 8 3 8 
- 0 . 0 2 1 2 ! 

IVDU 

"ft()> 

11)1 

.'Si 

Sul 
con, 

^ti l iicrn 
stain itl 

0 

o.:>l 
I 96 

-0.20 
o . i:s 
2 7." 

-0.27 
( ) . ( l . "> 

1 ;..". 
-0 17 

difference for the derivative from that for acetophenone 
and expressing the result as a substituent constant. 

Molecu la r parameter ' ,*! 

l lammelt a 
l lammett a + irr 

llammett. a + ir -j- 7r2 

Electron density by E H T near carbonvl C'1 

Electron density by CXDO 2 neat' carbonvl (.''' 

Ineipient-transition-slate energy differences — 
(CNDO/2) ' ' 

llammett a 
llammett a -f- ir 

llammett <x -+- T + -n-2 

Occupation numbers by EHT for carbonvl (>' 
Electron density by E H T 
Electron density by CNDO 2 near carbonvl C 
Total interaction energy — hydride ion (CNDO/2) ' ' 

TABI.I. \ 

COMPARISON OK COUUKLATION E()L'ATION'S' 

K . j U a t i o n 

Crude Enzyme 

Log (A'„ X 100) = [2.036 (±0.346)]cr + 1.20.") ( ±0.147)'' ±0 .400 

Log (A'o X 100) = [0.376 ! ±0.096)] -re 4- [2.079 
(±0.3.V))]cr + 1.1.i() (±0.148) 

Xot improved 
Log (h X 100) = [0.37,") (=0.081 )]e„ + 1.736 

(=0.154) 
Log a-„ X 100) = [-1.144 (±0.203)]t , + 1.3.">6 

(±0.140) 
Log (A-„ X 100) = [0..")80 (±0.13."))|aK + I.I II 

(=0.203) 

Purified Enzyme 

Log A'„ = [2.040 (±0.413)j<r + 1.170 (±0.17.")) 

LogA-o = 10.414 (±0.3."i9)]7r + [2.088 (±0.407)] <r + 
1.110 (±0.179) 

Xot improved 
Log A-„ = [0.0»3 (±0.014)]5(. + 1.693 (±0.18.">) 
Log A'o = 10.367 (±0.096)]e, ± 1.700 (=0.183) 
LogA-c, = [-1.134 (±0.247)]*, 4- 1.32.") (=0.171) 
Log A-„ = ]0..")")9 (±0.224)10 + 1.2.")9 (=0.267) mot 

statistically significant ) 
Log A'o = |0.346 (±0.073)]A f; + 1.041 (±0.196) 
Log A'„ = ]0..")88 ( ± 0 . 1 4 9 ) ] 5 E + 1.070 (=0.223) 

Std errur 
l l 'S t ( l ) 

±0,400 
±0 .386 

±0 .481 

± 0 . 4 1 3 

..::(>..">09 

/ , . j •• 

0 81 

(>.*."> 

0.73 

0.80 

0.70 

±0 .478 
± 0 . 4 6 8 

±0..")82 
± 0 . .">73 
±0..")04 
±0.721 

±0 .492 
±0..")."><) 

Eigenvalue differences (LE.MO) by CNDO 2'' 
Incipieiit-transition-state energy differences — 

CNDO "I'' 

" All etiuations were significant (/' = 0.01) unless otherwise indicated. Statistical validity established on the basis of F tes' 
for the estimate. '' Numbers in parentheses are standard errors of the coefficients. •• The IT and IT2 terms are those proposed by 
and Fujita.3 '' Correlation no! improved by addition of 7r2 and 'or IT terms. ' Square of correlation coefficient. 

0.7-") 
0 79 

0.63 
0.64 
0 72 
0.44 

0.74 
0.66 

values 
Hansch 

IV. Approaching Transition-State Energies.—The 
most elaborate approach to the calculation of relative 
reactivities which we have undertaken involves the 
comparison of energy differences between the ground 
state and the approach to a transition state of method 
III of each of the compounds in the series. The 
treatment involved first calculating the electronic en
ergy in the ground state for a substrate molecule using 
C X D O 2 (convergent to 0.000001 au in electronic en
ergy) ; then the same calculation was made on the incipi
ent transition state where the molecule remained essen
tially planar and a hydride ion was positioned 1.68 A 
above-1 he ('--"O (see Calculations, I I I ) . The energy dif
ference between the two states wan compared with the 
analogous difference for the parent compound (aceto
phenone). The comparison again was most simply 
made for correlation purposes by subtracting the energy 

The substituent constants obtained are listed in Table 
VI. It will be recognized tha t method I I I is essentially 
a first-order perturbation on method IV. Method I I I 
is a simpler t reatment and, if it had been successful, 
would have been easier to relate to the physical concept 
of the mechanism of reduction of the substrate. I t will 
be noted that in Table VI, the calculated total molecular 
energies are less negative for the ground-state configura
tions than for the perturbed structures which include 
the hydride ion. However, since the calculations were 
carried out on the basis of bare molecules and bare ions 
arbitrarily positioned, there are no thermodynamically 
based implications of increased stability for these al
tered structures. 

V. Other Molecular Properties.—EHT, C N D O 2, 
and Hammett a- values were employed to calculate other 
molecular properties of the compounds in this series. 
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TABLE VI 

SfBSTITUTENT CONSTANTS B.ASED ON ENERGY DIFFERENCES BETWEEN GROUND AND INCIPIENT TRANSITION STATES ( C N D O / 2 ) 

Substrate 

Acetophenone 
4-Acetyl-
4-Nitro-
4-Acetamido-
3-Methoxy-
3-Nitro-
4-Methyl-
4-AIethoxy-
4-Trifluoromethyl-
3-Methyl-

" Energy in atomic units. 
energy of incipient transition 

, T 
Ground state 

-80.68633870 
-114.67279422 
-128.58238081 
-127.09126212 
-107.68248913 
-128.58296234 

-89.24733698 
-107.65065079 
-170.39296342 

-89.24658192 
6 Substituent constant (5E 

state and EQ = total energy 

otal i 

) = 
of g 

energy" 
Incipient transition state 

\-(E 
round 

-81.22647364 
-115.22496167 
-129.15322663 
-127.63035874 
-108.22712972 
-129.14704283 

-89.78494181 
-108.19129665 
-170.95693612 

-89.78639800 

IT — i?G)compd + (JS7lX -
state. 

A.E 
( £ I T - .EG) 

- 0 . 5 4 0 1 3 
-0 .55217 
-0 .57085 
-0 .53910 
-0 .54464 
- 0 . 5 6 4 0 8 
-0 .53760 
-0 .54065 
-0 .56397 
-0 .53982 

- EG) acetophenone ] X 100, 

5 E 6 

0 
+ 1.20 
+ 3.07 
- 0 . 1 0 
+ 0.45 
+ 2.39 
- 0 . 2 5 
+ 0.05 
+ 2.38 
- 0 . 0 3 

where En = total 

The results are summarized in Table V. It can be seen 
that orbital charges (occupation numbers) by EHT and 
frontier orbital energies obtained from CNDO/2 cor
relate reasonably well with reactivity also. This is not 
unexpected in view of the interdependence of such cal
culated properties.12 

VI. Conformational Effects.—A simple comparison 
of conformational effects among substituents capable 
of assuming more than one stable conformation was 
made. In all the calculations reported above, the 
conformations of all substituents were chosen to give 
maximum coplanarity with the benzene nucleus; 
however, the 3-CH30 and 4-CH30 substituents were 
given another set of coordinates corresponding to a con
formation of the -OC (methyl) bond perpendicular to 
the plane of the benzene ring. In addition, the 
4-CH3CONH group was given a conformation in which 
the peptide -COXH- plane was tilted at about 37° with 
respect to the benzene ring, as seen from X-ray crys
tallography of acetanilide.13 In general, the changes in 
substituent constants using the total free-energy dif
ference approach for ground state vs. incipient transi
tion state were not very large: 4-CH30 changed from 
0.05 (Table IV) to 0.09; 3-CH30 changed from 0.45 to 
0.49; 4-CH3C0XH changed from -0 .10 to 0.07. 

Discussion 

From earlier work with less pure enzyme prepara
tions,2 we had interpreted a dependence on x to indicate 
the existence in the preparation of competitive hydro
phobic binding sites for the substrate on the protein im
purities present. However, the use of substituent con
stants based on electron densities calculated by EHT in 
place of the Hammett a values has eliminated that de
pendence for most of the tested preparations. 

It has been pointed out by Hansch and colleagues14 

that the substituent contribution to the partition coef
ficient may, in some cases, be related to the Hammett &-. 
The relationship is complex, and there are undoubtedly 
several interaction forces comprising w. Solvation by 
hydrogen bonding, hydrophobic bonding in a structured 
solvent, and permanent or induced dipole-dipole at
tractions may be involved. 

The Hammett u value itself may be considered to con
sist of several components. Dewar and Grisdale15 have 

(12) H. II. Greenwood and R. McWeeny, Ativan, l'hys. Org. Cliem., 4, 141 
(1936). 

(13) C. J. Brown and D. E. C. Carbridge. Acta Cryst., 7, 711 (1954). 
(14) T. Fujita, J. Iwasa, and C. Hansch, J. Am. Cliem. Soc. 86, 5175 

(1964). 

indicated at least five such processes at work: (a) field, 
(b) (7-bond inductive, (c) Tr-bond inductive, (d) me-
someric, and (e) electromeric effects. Thus, direct mo
lecular orbital calculations of various molecular prop
erties offer the opportunity, at least, to express the sum
mation of these contributions at a specific position; ex
perimentally derived substituent constants can only in
fer the summation of these effects in terms of the rates of 
the specific reaction used to measure the substituent 
effect. Of course, the particular quantum chemical ap
proach chosen will have a profound effect on the valid
ity of each of the mechanistic contributions to the re
activity index. 

It now appears possible to consider that for this sub
strate series the TT dependence could be merely a linear 
correction term which reflects the inability of the Ham
mett a or other molecular parameter to express com
pletely the total electronic effect of the substituent. 

I t might be expected that self-consistent field (SCF) 
methods such as CXDO/2 which involve fewer approx
imations would yield more representative values for 
electron density variations as a function of the substit
uent in this series; however, the correlation resulting 
from the use of substituent constants obtained in this 
way, while highly significant, does not fit the proposed re
action mechanism model (Table V). We conclude that 
if the model is appropriate, then CXDO/2 may improp
erly estimate one or more of the components of the sub
stituent effect in calculating electron density. For ob
vious reasons, substituent effects based on electron den
sities calculated by EHT methods are thus also suspect; 
the observed good correlation could be a fortuitous com
bination of over- and underestimation of two or more of 
the total substituent effect components. 

The significant feature of the more sophisticated cor
relation attempts, such as the incipient-transition-state 
energy treatment, is that one may apply them in the 
context of a close approach to a fairly complex reaction 
model and still retain a significant correlation. The de
sirability of studying variations on a transition-state ap
proach to the expression of reactivity indices has been 
suggested.12 An example of energy comparisons made 
along the reaction coordinate beyond the isolated 
ground-state geometry has also been reported re
cently.16 

Several computer programs were written for the vari
ous computational approaches employed in these stud-

(15) M. J. S. Dewar and P. J. Grisdale, ibid.. 84, 3539 (1962). 
(16) R. B. Hermann, Int. .7. Quantum Cliem.. 2, 165 (1968). 
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ies. The EHT programs are available for use on IBAI 
7094 and IBM 360/50 systems. The modified CXDO 
programs have been used on IBM 360/."10 (convergence 
criterion 0.0001 au in electronic energy) and CDC 3600 
and 6500 (0.000001 au) systems. The electron density 
plotter functions on IBM 360/30 equipment. The pro
gram for calculating total interaction energy (HYTKAX) 
for the hydride ion was written for the CDC 6500 
machine. 
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The comparative competitive binding of 2-(4'-hydroxybenzeneazojbenzoie acid (HBABA) and a-(4-chloro-
phenoxy)-a-methylpropionic acid (CPMPA) with a number of serum albumin preparations obtained from dif
ferent species was studied. Data derived from equilibrium dialysis, spectrophotometries and extrinsic rotatory 
dispersion (ERD) measurements reveal a unique behavior for rat serum albumin (USA). With serum albumins 
obtained from all other species studied CPMPA competitively inhibited the HBABA-protein interaction at all 
concentration levels. With USA low concentrations of CPMPA actually enhanced the HBABA-protein inter
action. These results suggest that CPMPA is able to cause a small molecular perturbation in the It£A molecule 
which liberates additional sites on the protein for HBABA binding. Rat albumin, in combination with certain 
drugs, seems to be a model for studying allosteric transitions. 

In blood plasma the albumin is a very important con
stituent because of its relative abundance and homoge
neity and also because of its special osmotic and trans
port properties.2 In the past, serum albumin was often 
regarded as a single homogeneous protein with similar 
physicochemical properties in all species from which the 
crystalline protein had been isolated. However, excep
tions have often been noted and it is now well docu
mented in the literature that species differences do exist 
in amino acid content3 and sequence4 and in the binding 
of small molecules and ions." 

Witiak and Whitehouse6 have shown that rat serum 
albumin (RSA) behaves abnormally when compared 
with plasma albumin fraction V preparations from other 
species in its interaction with 2-(4'-hydroxybenzene-
azo) benzoic acid (HBABA) in the presence of drugs 
such as thyroxine, indoleacetates, and chlorophenoxy-
acetic acids and that the rat may be a singularly non-
representative species as far as drug binding to its albu
min is concerned. This is well known with respect to 
thyroxine binding. Through results obtained utilizing 

( I j la) P resen ted to the Division of .Medicinal Chemis t ry , 157th Nat iona l 
M e e t i n g of tlie Amer ican Chemica l Society, .Minneapolis, M i n n . . April 13-18 . 
1969; (b) N a t i o n a l Science F o u n d a t i o n Senior Visiting Foreign Scientist 
11)67-11(68. P re sen t a d d r e s s : D e p a r t m e n t of Medic ine , L 'CLA, School 
of Medic ine , C e n t e r for t he Hea l th Sciences, Los Angeles, Calif. 90024. 

(2) F. W. P u t n a m , Protein*. 3, 153 (1985). 
(3) (a) G. R. T r i s t r a m a n d E . H. Smi th , Arlrun. Protein Chem., IS ,227 

(11)83); (b) S. E . Al ler ton, D . E l w y n , J . T . Edsa l l , a n d P . - F . Spahr , J. Biol. 
Chem.. 237, 85 (1962); (c) P>. J i rgensons , " N a t u r a l Organic Macromole -
ct l les," Oxford Univers i ty Press (Pe rgamon) , London, 1962, p 207. 

(4) (a) F. Sorm. " S y m p o s i u m on Pro te in S t r u c t u r e . " A. Newberger , Ed . , 
J o h n Wiley and Sons, Inc . , Xevv York , X. Y.. 1958, p 77; (.!>) T . I k e n a k a , 
,/. Am. Chem. Soc, 82, 3180 ( I960) . 

15) (a) ,1. II. Baxter , Arch. Biochem. Biophyi.. 108, 373 (1904); (b) M. I. 
Sheikh and .1. V. Moller . Biochem. Biophy.-. Acta. 158, 456 (1968); (c) 11. 
Silveslr ini and H. Ca l anese , Arzneimittel-Fov*ch., 18, 425 (1968). 

(0) 1). T. Wi t iak a n d M . W. Whi t ehouse . Biochem. Pharmacol., 18, 
971 (1969). 

equilibrium dialysis, spectrophotometry, and optical 
rotatory dispersion an explanation for this unique effect 
with RSA is suggested in this study. 

HBABA, in 0.1 M sodium phosphate buffer, pli 7.4, 
exhibits a Xmax at 350 m,u (e 19,125), but when com
bined with serum albumin in phosphate buffer a new 
'\nax °f considerably lower intensity is observed at 
475-480 mju.',a The intensity of this peak depends on 
both the concentration of albumin and the amount of 
HBABA bound. The position of the Xmax 475 -4S0 nui 
does not change over a range of animal serum albumins, 
but the actual absorbance at 475 nnx is species depen
dent. :>a Assigning a value of 1.0 to the absorbance with 
bovine serum albumin (BSA), the relative absorbance 
for other albumins are guinea pig, 1.35; mouse, 1.10; rat, 
0.80; human, 0.75; dog, 0.70; sheep, 0.60; rabbit, 0.40; 
pig, 0.30; horse, 0.10.6 When various phenoxyacetic 
acids and indomethacin are added to a phosphate buffer 
containing RSA and HBABA an increase in absorbance 
is observed at 475 mp while phenylbutazone and nico
tinic acid quenched the absorbance at all concentration 
levels. With albumins obtained from all olher species7 

that Witiak and Whitehouse6 investigated, the phen
oxyacetic acids decreased the absorbance at 475 mp. 

Optical rotatory dispersion can be utilized in deter
mining the interaction of small molecules with serum al
bumin. The ORD spectrum has been thoroughly in
vestigated for bovine and human serum albumin8 and 
main- other polypeptides and proteins. Rotatory pa
rameters derived from such, curves have been attributed 

(7j M o u s e sent ! 
KSA, bin was nol 

(8) iai K. Iinul 
Velluz a n d M. be 
(c) 10. S, Benson, 1 
122 (1964). 

ii a lbumin <tives a, s imilar hyperchromio effect as docs 
smd ied in detail because of its high cost, 
lori, Biochem. Biophys. Ada. 37, 336 (1980); lb) C. 
grand . Anyen: Chem. Intern. E<l. Engl., 4, 838 (11)65); 
',. 10. I l a l l away , and H. W. Lumry , ./. Biol. Chem. 239, 


