
Charge-Transfer Constant 

Table VII . 2 -Halo-4-methoxyphenyla lan ines 

Mp, Yie ld , 
Compd X °C dec % F o r m u l a A n a l y s e s 

10 CI 245-247 81 C10H12ClNO3-HCl C , H, N 
11 B r 249-250 88 C 1 0H 1 2BrNO 3 'HCl C, H, N 
12 F 216-226° 56 C1 0H1 2FNO3 C , H, N 

aReported6 mp 217-221° dec. 

VII, 10-12). Compound 4 (1.0 g, 0.0027 mol) was hydrolyzed with 
20 ml of 6 N HC1 at reflux for 6 hr. After the reaction mixture 
cooled to 25°, the salt which separated was collected by filtration. 
Recrystallization of the HC1 salts of 10 and 11 gave analytical 
samples (Table VII); however, the salt of 12, mp 186-189° dec, 
was converted to the free base by neutralization with concentrat
ed NH4OH. 

3-Chloro-L-tyrosine (13). This compound was obtained from K 
& K Laboratories, Plainview, N.Y., and was recrystallized from 
aqueous ethanol and dried prior to its use in the microbiological 
assays. 

3-Bromo-DL-tyrosine (14). This compound was prepared by 
adding an equivalent amount of a bromination solution (154 mg 
of KBrOa and 548 mg of KBr in 100 ml of H 2 0) to a solution of 
500 mg of DL-tyrosine in 0.5 N HC1. The solution was concentrat
ed in vacuo to a few milliliters and let stand at 25°. The precipi
tated hydrohalide salts were collected by filtration and dried: 
yield 260 mg. In a separate experiment, the pH of an aqueous so
lution of 109 mg of hydrohalide salts was adjusted to 7 with 10% 
aqueous NaOH to yield 76 mg of the free base of 3-bromotyrosine, 
mp 245-246° (lit.10 mp 247-248° via a different procedure). 

3-Fluoro-DL-tyrosine (15). This compound was purchased from 
the Aldrich Chemical Co., Inc., Milwaukee, Wis., and was of suf
ficient purity to be used as the reference compound in the micro
biological assays. 

Microbiological Assays. For the growth inhibition and tyro
sine reversal studies with E. coli (ATCC 9723) a previously de
scribed assay procedure11 and inorganic salts-glucose medium12 

were used. For the growth assays with S. faecalis (ATCC 8043) 
and L. plantarum (ATCC 8014, L. arabinosus 17-5), the proce
dure and basal medium were the same as previously reported13 

except 100 Mg/ml of calcium pantothenate was included in the 
vitamin supplement and both tyrosine and phenylalanine were 
omitted from the amino acid medium unless otherwise noted in 
the tables. The basal medium for S. faecalis was further modified 
by adding 20.0 Mg/ml of glutamine under aseptic conditions. 

The tyrosine analogs (10 mg) were dissolved in sterile H 2 0 (10 
ml) at 25°. From these solutions, serial dilutions were made to the 

T h e analysis of t h e re la t ion be tween s t ruc tu re a n d ac
t ivi ty for a var ie ty of drugs and toxicants has been m u c h 
improved by two advances . One is the deve lopment of a p 
propr ia te s u b s t i t u e n t cons t an t s which measu re t he effect 
of a subs t i t uen t upon such factors as electronic character , 
size, or hydrophobic i ty . T h e second is t h e deve lopment by 
H a n s c h 1 of t he t echn ique of mul t ip l e regression analysis , 
by which it is possible to eva lua te a s i tua t ion which has , 
as one migh t have expected, t u rned ou t to be t he mos t 
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desired concentrations and added aseptically to the previously 
autoclaved assay tubes without being heated. After inoculation, 
the assay tubes with E. coli were incubated at 37° for 16 hr, and 
those with S. faecalis and L. plantarum were incubated at 30° for 
24 and 30 hr, respectively. 

In all assays the amount of growth was determined spectropho-
tometrically at 600 mn with a Bausch & Lomb Spectronic 20 in 
terms of absorbance readings of the turbid culture medium 
against a blank of uninoculated medium set at zero absorbance. 
The milligrams of dry weight of cells were calculated from a stan
dard curve of milligrams of cells plotted vs. absorbance readings. 
In all the assays, appropriate controls were run and the results of 
the minimum inhibitory concentrations of the various compounds 
tested were shown to be reproducible on repeating the assays at 
least 12 times. 
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frequent case, i.e., t h a t t he effectiveness of an agent is in
fluenced by a n u m b e r of factors, each of which is differ
ently affected by a change in subs t i tu t ion . 

Recen t ly , 2 ' 3 in s tudies on t h e re la t ionship be tween 
s t ruc ture and act ivi ty of c a r b a m a t e s as inhibi tors of 
acetylchol inesterase, we have provided evidence t h a t the 
format ion of a charge- t ransfer complex (CTC) wi th t he 
enzyme m a y be involved; a t t he m o m e n t the evidence is 
only indirect , because subs t an t i a l quan t i t i e s of highly pu-

The Charge-Transfer Constant. A New Substituent Constant for Structure-Activity 
Relationships 
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A new, versatile constant accounting for the 7r-complex formation ability of aromatic systems is proposed. The con
stant is derived from charge-transfer complex data of aromatic species (charge-transfer constant, C T ) . The applica
bility of CT in structure-reactivity relations is demonstrated. It is shown that the affinity of various inhibitors (32) 
and acetylcholinesterase is a function of CT and x (Hansch hydrophobicity constant). 
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rified acetylcholinesterase are not yet available and be
cause of the difficulty which may account for the failure 
to show such complexes with any protein; the new absorp
tion typically involves only a simple residue and is not 
readily detected in the presence of background absorp
tions. Herein we describe a way to introduce a constant 
derived from CTC formation constants as one of the vari
ables in multiple regression analysis. Our application is to 
cholinesterase inhibitors, but the principle should be gen
erally applicable. 

We shall deal only with the case of aromatic compounds 
and particularly those in which it is the TT electrons of the 
ring which are involved in donation to the complex. It 
should be noted that in some substituted phenyl com
pounds (such as aminophenyl derivatives) the donated 
electrons may derive from sources other than the ring, and 
these will constitute special cases not amenable to our 
treatment. 

Methods. Ad values were determined by the zero-time 
method.4-5 The assays were performed at 25° by the fol
lowing procedure, modified from Ellman, et al.s A mix
ture was prepared consisting of 15 vol of buffer (0.2 M so
dium phosphate, pH 7.6), 0.2 vol of acetylcholine chloride 
(Sigma) in freshly distilled water, and 1 vol of a 0.01 M 
solution of 5,5'-dithiobis(2-nitrobenzoic acid) plus 0.01 M 
sodium bicarbonate in 0.2 M sodium phosphate buffer, 
pH7 . 

For the majority of compounds the concentration of 
acetylcholine chloride was about 1 x A m (Am = 0.29 x 
10~3 M, found under analogous conditions). Of that mix 
ture, 1.62 ml was placed into the cuvette and 1 ml of 1.5 
units/ml of bovine erythrocyte AChE (Sterwin Chemicals) 
solution in the aforementioned buffer solution (pH 7.6) 
was added. The reaction was followed over 0.5 min at 412 
nm using a Beckman Acta III spectrophotometer; then 
0.02 ml of a methanol solution of inhibitor was added, the 
contents of the cuvette were mixed instantly, and readings 
were taken at 412 nm. In order to find Ad values we plot
ted / (inhibitor final concentration) against (tv/i?o) ~ 1. 
where tv and v0 are the reaction velocities in the absence 
and presence of an inhibitor, respectively. The vo data 
were obtained by extrapolating velocities of the substrate 
hydrolysis to zero time, using the plot of the logarithm of 
hydrolysis rate as a function of time.7 The inhibitor con 
centrations ranged between 10 3 and 10 5 M. 

Kx values (association constants of CTC between aryl 
methylcarbamates and TCNE) were determined by the 
Benesi-Hildebrand method8 in 1,2-dichloroethane at 
23°.9.10 The method involved the preparation of a series of 
concentrations of carbamates (acting as donors) in sol
vent, with mole fractions of from 0.003 to 0.007. Each was 
made 5 x 10-3 M with respect to TCNE. The resultant 
absorption was measured and obeyed the Benesi-Hilde
brand equation (for a 1 -era path length) 

MJA = l . 'Vv x C D + l ' e c (11 

where A is the observed absorption and M.\ is the molar 
concentration of acceptor, cc is the molar extinction coef
ficient of the complex, Kx is the association constant of 
donor and acceptor, and Co is the concentration of donor 
(carbamate) in mole fractions. A plot of M.\/A as a func
tion of 1 /CD permitted the calculation of Kx, for which 
the least-squares method was used. 

Results and Discussion 

Although many of the compounds we shall discuss are 
carbamylating agents, we shall discuss for all compounds 
only the first step of the overall reaction, i.e., the binding 
to the enzyme surface, as measured by the dissociation 

constant Ka- We hypothesize that the variations in A\i 
may be attributable to a small number of factors, each of 
which makes a free energy contribution, and that those 
contributions are linearly related, i.e., they can In-
summed. 

We have found that, in four series of inhibitors, the 
variations in affinity for the enzyme can be largely ac
counted for in terms of two factors only: variations in hy-
drophobicity and ability to donate TT electrons to form 
CTC's, as measured with a model acceptor (tetracya
noethylene) (Table 1). The relative contribution of these 
two factors varies in the four series. We measure the hy~ 
drophobicity of each substituent by Hansen's constant -
defined1-11 in a fashion analogous to the Hammet a con
stant 

~x -~ lO^ l\ - log P,; (2) 

where Px is the partition coefficient (usually in the octa-
nol-water system) of the substituted and Pu of the unsub-
stituted compound. 

We now define the charge-transfer constant 

CT = log A'x - log A'H (3) 

where Ax is the association constant for CTC formation 
with tetracyanoethylene of the substituted and An is that 
for the unsubstituted compound. Clearly other model ac
ceptors could be used, and the principle is applied as 
readily to acceptor as to donor compounds. It may be the 
C\, rather than being treated as analogous to n, should be 
considered, in a way analogous to the Hammett constant, 
as the product of two factors pc and ov, where p(- is a reac
tion constant which can differ with different acceptors. 
and with different classes of donors, and where cv is a true 
constant for the substituted aromatic residue. In practice 
we find, with the compounds discussed in this paper, that 
either (3) is correct or else p is very similar for our four se
ries. For instance, Cr for a series of seven aromatic hydro
carbons were closely correlated (r = 0.99) with Cv for the 
corresponding para-substituted phenylmethyl carbamates; 
what is more, the individual Cr values were very close; for 
the unsubstituted compounds, the d values were set at 
zero; for methyl, the values for the hydrocarbon and car
bamates were 0.27 and 0.21; for chloro, —0.41 and -0.27; 
for iodo, -0.21 and -0.15: for naphthyl, 0.77 and 0.7'!. For 
present purposes, it is not necessary to establish whether 
a p factor is involved, because structure-activiu correla
tions are made within a given series, in which p would be 
constant. 

For a carbamate CX. where C is the methylcarbamyl 
group and X the leaving group, the overall reaction with 
enzyme (E) has three steps4 

CX - E -— CXE —- CE r X — C + X - E 
(4) 

The affinity for the enzyme bovine erythrocyte acetylchol
inesterase was measured as Ad, the dissociation constant, 
by the method of Hart and O'Brien.5 It should be noted 
that in the carbamylating carbamates (which constitute 
two of the classes described herein) the Ad controls only-
one step of the overall inhibitory reaction, i.e., the forma
tion of complex between inhibitor and enzyme, and subse
quent steps of carbamylation and decarbamylation are in
volved in the total and recovery reaction. 

There are two approaches to determining Cv. Firstly. 
one can measure for every compound the association con
stant (Ax) with tetracyanoethylene and compare it with 
the unsubstituted parent. This was done by us for com
pounds 1-20, using the Benesi-Hildebrand method8-10 
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Table I 

No. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 

21 

22 
23 
24 
25 

26 
27 
28 
29 
30 
31 
32 

R 

4-Fluorophenyl 
4-Chlorophenyl 
4-Bromophenyl 
4-Iodophenyl 
Phenyl 
4-Tolyl 
4-Anisyl 
4-Ethylphenyl 
4-Isopropylphenyl 
4-Butoxyphenyl 
1-Naphthyl 
3-Fluorophenyl 
3-Chlorophenyl 
3-Bromophenyl 
3-Iodophenyl 
3-Tolyl 
3-Ethylphenyl 
3 -Isopropylphenyl 
3-Anisyl 
3 -Isopropoxyphenyl 

4-Chlorophenyl-
methyl 

Phenylmethyl 
4-Tolylmethyl 
4-Anisylmethyl 
1 -Naphthylmethyl 

Chlorobenzene 
Benzene 
Toluene 
Anisole 
p-Xylene 
m -Xylene 
Naphthalene 

KAemp, mM 
KA calcd, 

mM 
* , 

(mole fraction)'1 

Aryl Methylcarbamates ROC(0)NHCH3 

6.49 ±1.30 
4.51±0.96 
3.80±0.16 
3.32±0.23 
6.05±0.85 
3.92±0.36 
4.71±0.26 
3.18±0.07 
0.85±0.22 
0.34±0.01 
0.013 ±0.001 
2.51±0.16 
1.87±0.12 
0.77±0.08 
0.11±0.01 
1.49 ±0.49 
0.034±0.06 
0.0028 ±0.0003 
1.74±0.03 
0.020±0.0001 

6.91 
4.97 
3.33 
3.07 
5.88 
3.78 
4.56 
2.80 
1.00 
0.49 
0.38 
2.70 
1.61 
0.60 
0.36 
1.09 
0.42 

-0.25 
1.78 
0.24 

5.5±2.1 
7.6±1.5 
12.9±1.0 
10.0±6.2 
14.2±3.6 
23.1 ±3.9 
36.4 ±3.1 
19.9±3.5 
31.1 ± 1.7 
39.1±3.0 
75.5±10.6 
5.6 ±1.4 
4.2± 1.9 
14.2±1.1 
10.3± 1.6 
27.7±3.7 
17.7±2.6 
18.5±6.4 
31.9±8.2 
30.2±2.3 

Arylmethyl Methylcarbamates RCH2OC (0)NHCH3 

3.10" 

2.80 
2.35 
2.30 
0.13 

3.19 

2.80 
1.83 
2.26 
0.39 

Aromatic Hydrocarbo 

3.80 ±0.47 
3.93±0.77 
2.30±0.30 
2.69 ±0.34 
0.68±0.01 
1.04±0.25 
0.60 ±0.08 

3.85 
3.75 
2.26 
2.86 
0.79 
1.01 
0.51 

12.0° 

31.1 
57.6 
68.7 
182.0 

ns RH 

12.0" 
31.1 
57.6 
68.7 
119.0 
93.2 
182.0 

Xmu, nm 

357 
360 
400 
420 
365 
405 
510 
405 
405 
525 
540 
360 
365 
390 
395 
400 
400 
400 
495 
490 

340 

350 
395 
520 
545 

379e 

384 
406 
507 
460 
440 
550 

O f 

-0.41 
-0.27 
-0.04 
-0.15 

0.00 
0.21 
0.41 
0.15 
0.34 
0.44 
0.73 

-0.42 
-0.53 

0.00 
-0.14 
0.29 
0.10 
0.12 
0.35 
0.33 

-0.41 

0.00 
0.27 
0.35 
0.77 

-0.41 
0.00 
0.27 
0.35 
0.59 
0.48 
0.77 

jr" 

0.15 
0.70 
1.02 
1.26 
0.00 
0.52 

-0.04 
0.97 
1.40 
1.46 
1.12 
0.13 
0.76 
0.94 
1.15 
0.51 
0.97 
1.30 
0.12 
0.92 

0.71 

0.00 
0.56 

-0.02 
0.88 

0.71 
0.00 
0.56 

-0.02 
1.02 
1.07 
0.88 

a-K values are calculated on the basis of reported literature partition coefficients in the system octanol-water.11-19 *Data reported by Het-
narski and O'Brien.3 cAs Kx for arylmethyl methylcarbamates were employed association constants of their aromatic portions with TCNE 
as reported by Briegleb.13 d'eData given by Briegleb.13 

with 1,2-dichloroethane as solvent at 23°. The method in
volves measurement of the intensity of charge-transfer ab
sorption bands at different component concentrations. For 
the hydrocarbons, compounds 26-32, the values were 
taken from Briegleb.13 Secondly, if the value of CT is 
truly a constant in different series, then one should be 
able to use the CT values from any one series, e.g., the hy
drocarbon parents, for any other series. And indeed we 
have reported3 that for the arylmethyl methylcarbamates 
(compounds 21-25) the use of hydrocarbon values provides 
an excellent correlation between Kx and Ka, the dissocia
tion constant between enzyme and inhibitor. Consequent
ly, Table I uses the values for the hydrocarbon parent for 
these five compounds. A test of the validity of this ap
proach is that the CV values obtained by actual measure
ments (in the series 1-20) agree well with the available CT 
values calculated from literature values on the hydrocar
bon parents (compounds 26-32), even though our mea
surements were at 23° in dichloroethane and the literature 
values were from experiments at 22° in dichloromethane. 
The values for compound 2 and its hydrocarbon parent 26 

were -0.27 and -0 .41 ; for 6 and 28, 0.21 and 0.27; for 7 
and 29, 0.41 and 0.35; for 11 and 32, 0.73 and 0.77. 

One approach to the formulation of the problem is to 
propose that each increment in the bonding energy of the 
substituted as compared with the unsubstituted com
pound is due to the sum of the changes in free energy re
lated to CTC formation and to hydrophobic binding. The 
increment in bonding energy can conveniently be mea
sured by CA, defined as 

CA = log tfa(]t) - logtf a ( H ) (5) 

where Ka<Xi is the affinity (1/Ka) of the substituted com
pound in any one of the four series to be described, and 
KSHHI is that of the unsubstituted parent compound. The 
simplest anticipation would be that 

CA = fejCT + k2n + fe3 (6) 

We explored the following: series A, para-substituted phe
nyl metro'lcarbamates plus carbaryl (i.e., 1-naphthyl 
methylcarbamate); B, meta-substituted phenyl methyl
carbamates; C, para-substituted arylmethyl methylcarba-
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^ W OC;O:NHCH-> 

Figure 1. Plot of C.\ = f(CT + ir). 

Figure 3. Diagram of Cr vs. - (lack of correlation). 

The broken-line three-dimensional plots are well linear
ized by semilogarithmic plotting. With a computerized 
least-squares method we found for series A-D the fol
lowing relations 

r. 
UJhOCOAhC-. , 

'.'. '"~C HyOCOAHC^-, 

3 4 5 

Figure 2. Diagram of Ka found vs. Ka calculated. 

mates; D, substituted aromatic hydrocarbons. For each 
series, plotting C.\ as a function of IT and CT on a three-
dimensional device revealed two separate planar compo
nents. For example, in series B, for the first four com
pounds (F, CI, CH 3 0, and CH3 derivatives) the correla
tion coefficient r for eq 5 was 0.999 and for the second five 
[Br. I, C2H5, (CH3)2CHO, and (CH3)2CH] it was 0.956. 
These good correlations contrast with r = 0.831 for the 
whole series. Because the 7r and d are independent vec
tors which vary in the same direction, it was possible to 
observe (Figure 1) the broken-line relation on a two-di
mensional plot of CA as a function of (CT + ir). 

A'd = - (3 .476 ± 0.359)CT -

(2.645 ± 0.221)TT + 5.88 (7) 

y r.-. 0.989; 11 = 11: s = 0.367 

Kd = - (1 .228 ± 0.357)CT •• 

(1.960 ± 0.271)77 + 2.444 (8) 

r = 0.958; 11 = 9: s = 0.322 

Kd = - (2 .230 i 0.510)C r 

(1.038 ± 0.540)7r + 3.016 (9) 

r = 0.964: // = 5: s = 0.442 

A'd = - (2.632 -• 0.149)CT 

(1.385 ± 0.130)77 + 3.751 (10) 
r = 0.997: 11 •= 7: s = 0.134 

where n is the number of compounds and ,s the standard 
deviation. From these equations, we were able to calculate 
a value of Ka for all 32 compounds and compare them 
with the measured values. Figure 2 shows that there was 
an excellent correlation (r = 0.975). 

In order to determine which of the two variables (TT, Cr) 
is more significant, we found equations for Ka — i(Cr) 
and Kd = iW) for each of the four groups of inhibitors 
which were investigated and calculated relevant variances 
and F values (Table II). The F values for all four groups of 
inhibitors show that the relative differences in their vari
ances are insignificant. CT and 7r are almost equally im
portant for Kd predictions. While there exists no correla
tion between CT and 7r (Figure 3), some dependency oc-

Table II 

Inhibitors 

Ka(CT) 
variance 

Kd = f(CT)] 

2.01 

0.75 

0.28 
0.36 

A'a(-) 
variance 

[K, = fGr)] 

1.40 

0.23 

1.03 
0.91 

Deg of freedom 
(identical for 

numerator 
and 

denominator) 

10 

8 

4 
6 

F 

1.43 

3.26 

3.68 
2.53 

F values for 
95% probability 
of difference 
between the 
variances 

2.97 

3.44 

6.39 
4.28 

Para-substituted 
phenyl methylcarbamates 

Met a- substituted 
phenyl methylcarbamates 

Benzyl methylcarbamates 
Aromatic hydrocarbons 
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Figure 4. Diagram of CT vs. a. 

curs between CT and a (Figure 4). The following correla
tion matrix shows the collinearity among it, CT, and a. 

V-"p 

IT 

a 

L"-p 

r(CrCT) = 1 

r(7rCT) = 0.191 

r(crCT) = - 0 . 7 5 5 

tr 

r(CTir) = 0.191 

r(inr) = 1 

r(<77r) = 0.119 

a 

r(CTcr) = 

- 0 . 7 5 5 

r(77a) = 

0.119 

r{oo) = 1 

There is a parallel between the values of CT and of 
Hammett 's a in many cases: substituents which withdraw 
electrons from the x-electron system (whose availability is 
what CT primarily measures) will also modify the reactiv
ity of a given reaction center (which is what a measures). 
However, CT also reflects a suitable steric situation de
pendent on donor-acceptor fit; it is applicable to ortho-, 
meta-, and para-substituted phenyl compounds; can be 
applied to other aromatic systems than benzene (because 
of limited application of a, we could not include naphtha
lene in Figure 4) such as the three-dimensional systems, 
e.g., metallocenes; is a direct measure of the capacity of a 
given compound to act as a donor in IT-electron com
plexes; and is particularly easy to measure when the com
plexes absorb in the ultraviolet or visible regions. It 
should be noted that if a substituent is a potential elec
tron donor itself (e.g., -NH2, -SCH3) one cannot be as
sured that the bonding electrons derive from the aromatic 
ring.14 In addition, CTC's will not be formed with rings 

which are polysubstituted with high electronegative sub
stituents, such as NO2 or CN, and are therefore better 
electron acceptors than the typical model acceptors, such 
as tetracyanoethylene and tetracyanoquinodimethane. 

The reported ability for simple aromatic hydrocarbons 
to inhibit a-chymotrypsin15 and other enzymes16 might 
well be due to CTC formation but one should not expect 
simple correlations between CTC forming ability and po
tency, as has previously been sought for such activities as 
carcinogenesis17 or sedative activity.18 The usual case will 
be that formation of CTC is one factor of importance but 
must be coupled with distributional and reactivity factors 
if a full accounting of the variability of potency is to be 
given. 
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