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Thermodynamics of Chelation by Tetracyclines

By LESLIE Z. BENET* and JERE E. GOYAN

Thermodynamic data were determined for the complexation of five tetracycline
analogs with cupric ion. Free energy values were calculated from data previously
published by the authors. Enthalpy determinations were made in a Dewar calo-
rimeter. Entropy values were determined from AG® and AH® at 25°. For the formation
of 1:1 complexes, AH® was approximately —12 Kcal./mole and AS® was approximately
—4 e.u. for the three chlor-analogs studied (4-epi-chlor-, demethylchlor-, and chlor-
tetracycline), while a AH® of —7.6 Kcal./mole and a AS° of 4-10.2 e.u. was obtained
for tetracycline. It is suggested that all of the analogs studied form inner sphere
1: 1 complexes with cupric ion but that the chlorine at C-7 compels the three chlor-
derivatives to undergo a more severe conformational change than tetracycline in
order to reach a favorable configuration for chelation. All of the above analogs
showed a small negative enthalpy change and a large positive entropy change for
2:1 complex formation. It is suggested that all four analogs form outer sphere or
ion-pair complexes during 2:1 complexation.

AG® = —2.303 RT log B:

IN A PREVIOUS paper (1), the authors calculated

the thermodynamic dissociation and stoichio-
metric stability constants for five tetracycline
analogs with cupric ion. 1In light of the experi-
mental evidence presented, it was felt that all
five analogs investigated, tetracycline- HCI, chlor-
tetracycline - HCY, demethylchlortetracycline-
HCl, 4-epi-chlortetracycline-HC], and 4-epi-
anhydrotetracycline- HCl, formed 2:1 (ligand-
metal) complexes with cupric ions. The present
study was undertaken to further elucidate the
thermodynamic relations involved in this com-
plexation.

In order to reach accurate conclusions regard-
ing the nature of the forces operating within
complexes during their formation in solution,
it is mnecessary to know the energy changes
accompanying the reactions in question, Stabil-
ity constants are related directly only to the
change in free energy.!
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1 The chaice of the standard state is of great Importance
in determining AG®, AH®, and AS°. Many authors choose
as the standard slate a hypothetical 1 molal solution with the
properties of an infinitely dilute solution. This choice of
standard state eliminates the effect of ionic strength and the
ambiguity which arises when comparing values with other
work. However, this advantage is usually outweighed by
the inaccuracy inherent in the extrapolation of data to values
at zero ionic strength. In recent years, therefore, use has
been made of a less hypothetical molar solution of a given
ionic strength (up = constant) at 25°. This choice of standard
state was used in this work. However, it must be pointed
out that all determinations, calculations, and comparisons of
thermodynamic [unctions must be made with reference to
the same standard state.

Where 8; is the over-all stability constant. The
values for the change in free energy for the
tetracycline chelations studied may be caleulated
from the data presented in Reference 1.

A knowledge of the entropy change during the
complexation reaction allows the investigator to
estimate the effects of certain steric factors which
may be involved in complex bonding. In
order to calculate the entropy of complexation,
the enthalpy of complexation must also be
determined as seen in Eq. 2.

AS® = (AH® — AG®)/T (Kq. 2)

The enthalpy of complexation was determined
by direct calorimetry. Although this method
requires more experimentation than the deter-
mination of enthalpy by the variation of stability
constants with temperature, the accuracy gained
in the calorimetric method justifies the work
expended, especially in this study where the
maximum heat cvolved for any one measurement
was only 0.5 cal. Rossotti (2) presents an
enlightening discussion as to the accuracy of the
two methods.

EXPERIMENTAL

Materials.—Tetracycline - HCI, chlortetracveline
- HCl, demecthylchlortetracycline - HCI, 4-epi-
chlortetracycline HCl, and 4-epi-anhydrotetra-
cycline + HCI were donated by Lederle Laboratorics.
All solutions were prepared as described in Reference
1.

Calculation of Dissociation and Stability Con-
stants.—Dissociation constants and concentration
of tetracycline present were determined by the
method of nonlogarithmic titration curves (1, 3).
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Fig. 1.—Circuit diagram for thermistor bridge.
Key: T, 1000-ohm thermistor; A, amplifier.

Stability constants were determined as described in
Reference 1. All determinations were carried out
at an ionic strength of 0.01.

Calorimetry.—The design of the calorimeter was
influenced by the desire to measure the heat of
complexation for the same reactions from which the
stability constants were determined. The work of
Atkinson and Bauman (4, 5) was of special interest
since they had used very dilute solutions. There-
fore, modifications were madc on a basic Wheat-
stone bridge in order to improve on the accuracy
which they reported. A circuit diagram of the
“thermometer circuit’ is shown in Fig. 1. The
bridge was driven by a Mallory 1.35-v. mercury
battery (RM-12-R) which could be switched in and
out of the circuit. Two arms of the bridge were
fixed with matched 470-ohm, 0.5-w. carbon resistors.
The temperature-sensing arm contained two 1000-
ohm thermistors (Fenwall GB 31 P2) connected
in parallel. The fourth arm contained two 10-
turn wire wound potentiometers in serics, the first
a 1000-ohm potentiometer and the second a 25-
ohm potentiometer. These potentiometers were
used to zero the voltage output of the bridge at the
beginning of a titration run. The voltage output
of the bridge then goes to a model 1755 low-noise
d.c. instrumentation amplifier? which is operated
as a differential amplifier. The voltage output of
the amplifier then passes through a model 7500
d.c. active filter? which attenuated all signal fre-
quencies above 0.1 e.p.s. The voltage output was
then fed into a Varian model G-10 graphic recorder.?

The calorimeter was constructed with a Dewar
flask, based on the design proposed by Schlyter (6)
as modified by Bauman (5), and was cquipped with
a thermostated buret for enthalpy titrations. The
buret device was constructed from a microburet
identical with the one utilized in the potentiometric
procedures (1, 3). The entire device holds approxi-
mately 1.7 ml. of titrant, of which 1 ml. may be
delivered to the solution. A micro-hcater was
utilized to calibrate the Dewar flask and its con-
tents (7). The procedure was as follows.

The solutions to be titrated were placed in the
Dewar flask, the pipet was filled with titrant, the
calorimeter was closed and placed in a constant-
temperature bath maintained at 25.00 & 0.005°.
The solution was either cooled or heated as was
required to bring the temperature of the solution
to 25°. At this time the bridge was balanced and
a constant drift rate was established on the recorder.
Heat was added by applying a voltage across the

? California Electronic Mfg. Co., Inc., Alamo, Calif.
3 Varian Associates, Palo Alto, Calif.

1185

known resistance of the heater for a period of time
which was electronically recorded (7). A steady
drift rate is again obtained and the number of
spaces between the two drift lines is measured.
The heat sensitivity per space (Cs) can then be
caleulated from Eq. 3.

EY

= : P

(4.1840 joules/cal.) R (A spaces) Fa. 3)

where (s calories per space,

voltage across heater,

heater resistance, 120.39 ohms,

heating time in sec.,

number of spaces drift curve is dis-
placed.

R
t
A spaces

[T T I T

In the beginning of the calorimetric work, elec-
trical calibrations were made before and after cach
addition of titrant. The average of the two calibra-
tions was then taken as the Cs for that particular
addition of titrant. However, when following this
procedure, the time spent in joule calibrations in
any one run was well over an hour, which was unde-
sirable since epimerization takes place during the ti-
tration. Therefore, the average valies of C, for 49
calibrations with 158-ml. volume and 25 calibrations
with 153-ml. volume were calculated.*

Ce = (1.551 &£ 0.039) X 10 * cal./space for 158 ml.

= (1.504 £ 0.037) X 1072 cal./space for 153 ml.

During the course of the work sample determina-
tions of Cs were run to ascertain that the caleulated
values had not changed.

Most titrations were carried out with a total
volume change of less than 0.6 ml.; thercfore, it was
felt that any change in C, due to volume change
would be imperceptible considering the size of the
standard deviation. All joule calibrations were
made on solutions with g = 0.01, so that it was
assumed that C; was the same no matter which
tetracycline was being titrated.

To test the reliability of the calorimeter, the heat
of neutralization of HCl by KOH was examined.
The average of 27 determinations at 0.01 N HCI
gave a value of 13.95 + 0.46 Kcal./mole, which
when corrected to infinite dilution (8) was 13.76 =+
0.46 Kcal./mole. Because the range was slightly
higher than those values reported by calorimetry
for very dilute solutions (9), all the parameters used
in the determination were carefully rechecked.
Since the heat of neutralization of hydroxide ions
is used in the enthalpy determinations to be pre-
sented, it was decided to use the wvalue obtained
in this calorimeter, since any systematic error would
then be carried through all of the calculations.

For each addition of titrant, the heat evolved, Q,
in cal./L., is given by Eq. 4.

Q=
C, (A spaces) — (heat of dilution of KOII titrant)
total vol., L.

(Eq. 4)

The heat of dilution for 1 ml. of 0.4405 4 KOH
added to 158 ml. of ionic strength 0.01 was cal-

4 Calibrations were necessary at both of these volumes,
'SInC(‘ all (‘alOlll’Tl(‘tl ¢ d(‘tCl l’ﬂlﬂatlD[]S were carrled out llﬂdCI
identical conditions as the potentiometric determinations
for the stability constants, which were carried out at both of
these volumes.
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culated from the values tabulated by Rossini (8)
and found to be 7.3 X 1072 cal./ml. of titrant.

The heat evolved in the titration of a solution of
tetracycline- HCl and cupric ions is the sum of the
heats cvolved in the five reactions listed helow.

H,T* 4+ OH™ = ILT + H,0 AH®
Reaction 1
H. T + OH~ =HT- + H.0 AH®
Reaction 2
HT- 4 Cutt = Cu(HT)* AIT°
Reaction 3
HT- + Cu(HT)* == Cu(HT), AH®,
Reaction 4
H*+ + OH- = H,O AH®;
Reaction §

If A[ ] is defined as the concentration initially
minus the concentration after titrant (base) is
added, and noting that multiplying the enthalpy
for each reaction times the change in one of the
reactants gives the heat ecvolved by this reaction, we
cun write Eq. 5.

Q = A[HLT] (AH®;) — {A[HT"] + A[Cu(HT)*] +
A{Cu(HT)]} (AH®%) — {A[Cu(HT)"] +
A{Cu(HT)l} (AH®s) — A[Cu(HT)] (AH?,) +

A[H*] (AH%) (Eq. 5)

Before the values of intercst in this work AH®,
and AH®, can be calculated, the heats of reaction
AH®, and AH°, must be determined. These heats
can be found by measuring the heat of reaction for
the titration of a pure tetracyecline- HCl with base.

Journal of Pharmaceutical Sciences

This was done for each of the five tetracycline
analogs studied here. The calarimeter was filled
with a solution of the particular tetracycline hydro-
chloride. Simultaneously an exact duplicate of
the solution in the calorimeter was titrated poten-
tiometrically. To obtain a larger number of values
for AH®°, and AH®, the concentrations of the tetra-
cycline analogs used in the titrations without metal
were about 3 times as great as those used for the
work reported in Reference 1. This procedure gave
good values for all the tetracyclines except 4-epi-
anhydro-, which is considerably less soluble than
the other four derivatives.

The heat of reaction for Reactions I and 2 may
be determined from Eq. 6.

Q = A[HST] (AH®,) — A[HT] (AH%,) +
A[H*] (AH®;) (Eq. 6)

From the parallel potentiometric titration,
[H+], [HsT*], and [HT™] may be determined as
described in Reference 1. Since the first and second
dissociation constants for the tetracyclines are widely
scparated, [H'T~] will be negligible at high hydro-
gen-ion concentrations and AH°, may be deter-
mined. Atlower [H*], AH°, may be determined.

The @ values were calculated from the experi-
mental data by use of Eq. 4. A sample determina-
tion for A[{°, and AH®, is given in Table 1 for tetra-
cycline-HCl. Due to overlap of the second and
third dissociation constants, there are fewer deter-
minations for AH®, and consequently these answers
are not as accurate as those for AH®,.

Once AH®, and AH®, are known, it is necessary to
run two simultaneous titrations of tetracyecline with
metal-—calorimetrically and potentiometrically.

TABLE I.—DETERMINATION OF AFI°, AND AH°, FOrR 153 ml. oF SoruTtioNn oF TETRACYCLINE- HCY, INITIAL
CoONCENTRATION (T°) = 14.32 X 1074, UsING STOICHIOMETRIC DI1SSOCIATION CONSTANTS K¢ = 4.61 X 107*
aND K0 = 248 X 1078

Total KOH

Added, ml. [H+] [HaT *+]
0.03 5.71 X 10~ 7.91 X 10—
0.11 4.84 X 10 7.49 X 1074
0.19 3.16 X 10~ 5.84 X 1074
0.27 2.136 X 10~* 4.54 X 10~
0.35 1.27 X 107* 3.10 X 10~¢
0.47 2.38 X 1078 7.03 X 107®
Q.55 2.58 X 1077 7.30 X 1077
0.63 7.07 X 107# 1.62 X 1077
0.75 2.50 X 1078 Negligible

AH®; AH®,
11T ] Q cal./L. Kcal./mole Kcal./mole
Negligible A C.
Negligible —3.22 —12.2
Negligible —2.87 —12.5
Negligible —2.89 —11.3
Negligible —2.90 —11.7
.41 X 107% —4.21 —-11.7
.25 X 107
.72 X 107% —1.42 —-5.7
.14 X 10— —1.97 —5.7
—11.9 —-5.7
Av. Av.

TABLE II.—DETERMINATION OF AH°; AND AH®, FOR 153 ml. oF SoLUTION OF TETRACYCLINE-HC, INITIAL
CONCENTRATION (77°) = 4.81 X 1071 M, InrtiaL CONCENTRATION OF ADDED HCl (A4°) = 3.97 X 1074,
INITIAL CONCENTRATION OF CUPRIC CHLORIDE (M°) = 2456 X 107+ M

Total
KOH
Added, ml. [H*] [HsT *] [HT -]

(.0300 6.60 X 107+ 2,27 X 107  5.69 X 107°
0. 1047 4.88 X 1074 1.94 X 10~ 9.32 X 10—
0.1670 3.57 X 10 1.59 X 104 1.43 X 108
0.2334 2.33 X 10— 1.15 X 10—¢  2.42 X 10-#
0.2971 1.29 X 10~ 6.75 X 1075 4.84 X 108
0.3340 7.47 X 1075 3.96 X 103 8.14 X 10-%
0. 3802 2.13 X 107 1.05 X 1075 2.64 X 107
(. 4095 3.81 X 10~% 1.47 X 10—¢ 1.16 X 10—
0.4349 7.24 X 1077 1.73 X 10-7 3.74 X 107

AH?®3, AH®,
Kecal./ Keal./
[Cu(HT) *] {Cu(HT)4] Q cal./L. mole mole
9.53 X 10-% 0
1.05 X 104 0 —2.90 —5.3
1.17 xX 10—t 1] —2.40 —6.1
1.39 X 10+ 0 —2.63 —10.8
1.72 X 104 0 —2.38 —5.7
1.96 X 10—+ ] —1.47 —-9.8
2.44 X 104 0
0.56 x 104 —0.78 -1.9
1.24 X 184 —0.57 —1.8
—-7.5 —1.8
Av. Av.
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TABLE ITI.—THERMODYNAMICS OF DEPROTONATION

FOR TETRACYCLINE- HCl ANALOGS

AG% = —1.364 log K: K; = [H.T][H*]/[HsT *]
AH% = AH° — AH%;
AG®g AH s

(Kcal./ (Kcal./ AS°q

Analog mole) mole) (e.un.)

Chlortetracycline-HCl  +4.46 4+2.35 —-7.1
Demethylchlortetra-

cycline - HCl +4.50 +2.35 —7.2

Tetracycline-HCl +4.55 +2.05 —8.4

4-Epi-chlortetracycline -

HC +4.90 4225 -89
4-Epi-anhydrotetra-

cycline - HCl1 +4.75 +1.95 —-9.4

AG°7r = —1.364 log K3 K: = [HT-][H*+]/[HyT]
AHPy = AH®p — AH®;
AGPy AH®y
(Kcal./ (Keal./ AS®y
Analog mole) mole) (e.u.)
Chlortetracycline-HCl +10.03 +6.75 —11.0
Demethylchlortetra-
cycline - 11Cl1 +9.79 4+7.75 —=7.5
Tetracycline - IIC1 +10.51 +8.25 —7.6
4-Epi-chlortetracycline -
HCl +10.34 —8.7

+7.65

TaBLE 1V.-—THrERMODYNAMIC DaTa FOR CoM-
PLEXES OF TETRACYCLINE ANALOGS WITH CUPRIC

Ions
AG®s AH®s
(Keal./ (Kcal./ AS%s
Analog mole) mole) {e.u.)
Chlortetracycline-HCl —9.99 —11.7 —4.0
Demethylehlortetra-
cycline-HCl —10.71 —12.3 —5.4
Tetracycline - HCl —10.64 —-7.6 +10.2
4-Epi-chlortetracycline -
HCL —10.41 -—-11.5 —3.7
AG® AH,
(Keal./ (Kecal./ AS®,
Analog mole) mole} (ean)
Chlortetracyeline-HCl  —6.95 —1.80 +417.3
Demethylchlortetra-
cycline-HCl —7.45 —2.60 +16.3
Tetracycline - HCI —7.28 —1.80 +418.4
4-Epi-chlortetracycline -
HCl —6.92 —2.00

+16.5

Since the chelation steps of tetracycline with cupric
ion are separated sufficiently, it was assumed that
when # < 1 only Cu(HT)* is formed and thercfore,
the Cu{HT). terms may be dropped from Eq. 5.
Using the caleulations described in Reference 1,
the concentrations of Ht H,T*, HT~, and Cu-
(HT1)* may be calculated after cach addition of
base.

At > 1, A[Cu(HT),] = —A[Cu(HT)?] so that
the only chelate term remaining in Eq. 5 will be
—A[Cu(HT)] (AH®,), and thus the heat of chela-
tion for the sccond ligand may be calculated by
determining [H*], [HyT¥], [HT], and [Cu(HT).)
after each addition of titrant., A sample calcula-
tion of AH®; and AH®, is presented in Table IT for
tetracycline - HCIL.

It should be noted that the AH®; and AH®,
valies show a wide range of individual points, yet
when the averages of two different tilrations of a
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particular analog were compared, the average
values were very close. This was also noted in the
joule calibrations. Since the calorimeter had no
way to lose heat cxcept by diffusion through the
Dewar, it secemed that the calorimeter sometimes
compensated by giving alternate low and high
readings. Yet the average was a good mecasure
of the actual heat evolved. Stability constants
calculated from the data as presented in Table IT
showed good agreement with those values reported
earlier (1).

RESULTS

As previously cxplained, the calorimetric work
had to be carried out in two parts. Initially the
heats of deprotonation for the first and second dis-
sociating hydrogens were determined. The thermo-
dynamic parameters of the first dissociating hydro-
gen are designated with a subscript 6; the thermo-
dynamic parameters of the second dissociating
hydrogen are designated with a subscript 7. The
values for these parameters are presented in Table
11I. The values for K, and K, are the stoichio-
metric dissociation constants determined in the
parallel potentiometric titrations (vide supra) and
correspond to the thermodynamic dissociation
constants reported previously (1). The values for
AH®, and AII°, arc dctermined experimentally
as demonstrated in Table 1. The value for AH®; is
taken as —13.95 Kcal. /molc as cxplained above.

The actual heat evolved in each determination of
AH®, is about 0.5 cal., and the AH°, values calcu-
lated from these results are accurate to about £59,.
The AH®, values are approximately equivalent for
all five tetracycline analogs, as is reflected in the
agreement of the AH®; values in Table III. The
cpi-derivatives have AS®; values which arc slightly
more negative, indicating that the change in pK,
(1) is an cntropy effect as would be expected for a
stereochemical change (compare chlortetracycline
with 4-epi-chlortetracycline).

The actual heat evolved in each determination nof
AH®, is about 0.25 cal. Due to the overlap of
pK, and pK, there are fewer determinations for
AH?,, and consequently, these values are not as
accurate as the AH®, values., Due to the low solu-
bility of the isoionic form of 4-epi-anhydrotetra-
cycline, no accurate values of AH®, could be ob-
tained for this analog.

Once AH®, and AH°, had bheen determined,
tetracycline—metal titrations were run to find AH°,,
the heat of 1:1 chelation, and AH?,, the heat of 2:1
chelation. These values are presented in Table
IV. Particular notice should be directed toward
the vulues determined for tetracyvcline- HCl where
the exothermic heat of chelation, AH®,, is signifi-
cantly less than those values determined for the
chlor-derivatives. Since the AG®gs for the four
analogs are reasonably similar, the large difference
in AH®, for tetracycline- HCl, appears as an entropy
effect causing AS®; to be 4+10.5 for tetracycline and
about 4 for the chlor-analogs.

Before attempting to explain this difference, let
us take a further look at AH®,, the heat of com-
plexation for the second ligand. The actual heat
given off for each addition of titrant in AZI°, deter-
minations was in many cascs helow 0.2 cal. Also
the number of determinations for AH®, in each
titration was limited to the lower pH ranges to
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TABLE V.—THERMODY~NAMIC IDATA FOR THE COMBINED REACTION 2 4 3

Journal of Pharmaceutical Sciences

Cu** + HoT + OH- &2 Ca(HT)* + H0

AG% .3 = —1.364 (log K7 + log 81 — log Kw)
AGg4 s AH®3, 3 AS°s. s
Analog (Kcal./mole) (Kcal./mole) (e.ar.)

Chlortetracycline - HCI —18.90 —18.92 —0.01
Demethylchlortetracycline - HC1 —20.00 —18.70 +4.4
Tetracycline-HCl —19.23 —13.3 +19.9
4-Epi-chlortetracycline - HCl —19.11 —18.91 +0.7

—19.90 —14.0 +14.8

4-Epi-anhydrotetracycline - HCI

insure that the third dissociable hydrogen from
the chelated tetracycline was not present to a
significant extent. TFor 4-epi-chlortetracycline only
one vahie of AH®, could be calculated per titration
before precipitation began in the calorimeter. This
could easily be secen on the recorder as irregular
bursts of heating replaced a smooth drift curve.
Even with all the errors inherent in measuring such
a small heat change and the pyramiding of effects
of inaccurate AH®, and AH®, values, it is possible
to get some idea of AH®,, at least qualitatively.
The AH®, values listed in Table 1V show a reason-
able degree of consistency, as do the AS®, values.
In this case all four derivatives, the chlor-analogs
and tetracycline itself, show a high positive AS®,.

As mentioned previously, AH®; is the most ac-
curate enthalpy determined in this work. Therc-
fore, to prove that the difference in ligational
entropy was not just a factor of an incorrect AH®,,
it was decided to examine the entropy of the over-all
Reaction 2 + 3.

Cu** + HoT 4+ OH~ = Cu(HT)" + H,O
AH®,. s Reaction 2 4+ 3

AG® s = —1.364 (log K, + log 8; — log Kv)
(Eq. 7)

‘The AH®,+, can bc calculated, using only one pre-
determined value, AH®,. In addition, Reaction
2 + 3 is a good approximation to what is actually
happening in soltttion, since below # = 1 [ie.,
where Cu(HT)* is forming] the concentration of
free ligand (HT ™) is negligible and the addition of
titrant (OII~) results in pH changes (Reaction 5),
neutralization of HyT+ (Reaction 1), and the con-
version of 11T to Cu(HT)*. Therefore,

Q — A[H*] (AH®%) — A[H,T] (AH®)
A[Cu(HT) ]

AH®y s =
(Eq. 8)

The thermodynamic values obtained from such a
caleulation are illustrated in Table V. Since AH®,4 4
can be caleulated without knowledge of AH®,, this
calculation may also be made for 4-epi-anhydro-
tetracycline. Calculating AS°4, a value of
+19.8 is obtained for 4-epi-anhydrotetracycline,
+19.9 for tetracycline, and much lower values for
the three chlor-analogs.

DISCUSSION

Rossotti (10) has suggested that from a simple
viewpoint, the entropy change on complex forma-
tion would be expected to be negative {(about —25
e.u.) due to the conversion of translational to vibra-
tional and rotational entropy, accompanying the
decrease in the pnumber of particles in solution.

However, the role of the solvent must also be
estimated in rationalizing ligational entropy changes.
Association of a metal ion with a charged ligand in
aqueous solution will bring about a decrease in the
numbers of ions, (partial) neutralization of electrical
charge, attenuation of the remaining charge, and dis-
placement of water from the hydration spheres of the
reactant (10). The last term is a major factor and
has brought about a differentiation between inner
and outer sphere complexes. An inner sphere com-
plex is formed when a ligand is able to replace a water
molecule from the hydration sphere of the metal. An
outer sphere complex does not replace water from the
metal hydration sphere but is rather an ion pair com-
plex. A less favorable entropy change will be ex-
pected from the formation of an outer sphere complex
than from the corresponding inner sphere complex.

However, it should be noted that the magnitude
of the enthalpy of complexation must also be con-
sidered, and that judgment concerning the sphere
of complexation cannot be made strictly from an
entropy viewpoint. Outer sphere complexes with
Cl— or 804~ us ligands usually show a slight erdo-
thermic heat of formation (11), whereas inner sphere
complexes presupposc the formation of strong co-
valent bonds, which show large exothermic heats
of formation. It should also be expected that a
ligand of the size and complexity of tetracycline
would show large conformational changes during
chelation which would be reflected in the entropy
changes.

Therefore, in considering what type of complexa-
tion takes place, no set rule for entropy values may
be established, but rather an over-all view of all the
processes listed above by Rossotti must be taken,
with special emphasis for tetracycline on the con-
formational changes expected. On the basis of the
high negative AH°, values obtained for the 1:1
complexes, it would seem that the two tetracycline
analogs and the three chlortetracycline analogs
all form inner sphere complexes with cupric ions.
However, there is a significant difference between
the AH®, values obtained for tetracycline and 4-epi-
anhydrotetracycline® as opposed to the AH®, values
for chlortetracycline, demethylchlortetracycline, and
4-cpi-chlortetracycline.  Since the AG®, values for
tetracycline and the three chlor-derivatives are
approximately the same, the difference in enthalpy
is probably a function of the conformational changes
required for tetracycline and the chlortetracyclines
to reach a favorable complexing configuration.

As a system becomes more ordered, the entropy

5 Although AFH°s has not actually been determined for 4-
epi-anhydrotetracycline, it seems reasonable to assume, on
the basis of the data presented in Table V, that AH®s for
4-epi-anhydrotetracycline will be very close to AH®s fovr
tetracycline.
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Fig. 2.—Configuration for chlortctracycline after
Donobuce ef al. (12). Other authors (15) show the
configuration for the enantiomorph.

of the system decreases. Therefore, the chlor-
tetracycline analogs with negative AS®,; values seem
to be required to undergo a more severe conforma-
tional change than tetracycline in order to reach a
favorable configuration for chelation. From the data
presented in Tables IV and V it would be expected
that the requirement for a tore severe conforma-
tional change would be dependent on the presence
of the chlorine atom at carbon 7 (see Fig. 2).
These ideas were tested by constructing framework
molecular models® of the various tetracyclines using
the bond lengths and configuration for chlortetra-
cycline as determined by Donohuc et al. (12) from
X-ray data. The hydrogens on 6-methyl and 6-
hydroxyl and the chlorine at carbon 7 were so con-
structed that the van der Waals radii for these
atoms (13) were physically represented.  From the
model it is seen that the C ring can readily flip from
a “boat’” conformation where the 6-methyl is axial
to the ring, to a “boat” conformation where the
6-methyl is equatorial to the C ring (while the 6-
hydroxyl group goes from equatorial to axial posi-
tions) and that this fipping would be influenced
greatly by the steric hindrance occurring between
the chlorine at carbon 7 and either the 6-methyl
or 6-hydroxyl.

On the basis of the data presented, it scems most
likely that the first tetracycline ligand forms an
inner sphere complex with cupric ions and that this
complexation takes place with the formation of a
chelate ring involving the cupric ion, oxygen 10,
carbons 10, 10a, and 11, and oxygen 11, in which
case it is necessary that all of the above atoms
and ions lic in a plane (14). To accomplish this it is
nceessary that the C ring be essentiully planar with
the D ring, and in this casc there would be consider-
able steric interaction between the chlorine atom and
probably both the methyl and hydroxyl groups on
carbon 6. Donohue ¢f «l. (12) point out that the
Cl ... CHs; distance for this conformation is 2.99 A.
which is much less than 3.8 A, the sum of the van
der Waalsradii. Obviously, if the chlorine at carbon
7 was not present as for tetracycline, the steric prob-
lem would be decreased and the entropy change
would cssentially depend on the replacement of water
from the hydration spheres of copper. '

In light of the above reasoning, it is hypothesized
that the difference in the entropy of formation for
1:1 complexes of chlortetracycline and tetracyeline
is due to the strained steric requirement that chlor-
tetracycline must undergo. If this hypothesis is
true, it follows that there should be little difference

& Prentice-Hall, Inc., Englewood Cliffs, N, J.
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between AS°; for chlortetracycline and 4-epi-
chlortetracycline, since the 4-dimethylammonium
group would not be involved in complexation.
This is found to be true in Table IV, and lends
support to the idea that chelation takes place at
oxygens 10 and 11.

It might seem that demecthylchlortetracycline
should have a AS°®; which is tore positive than
AS°, for chlortetracycline, since demethylehlor-
tetracycline has no 6-methyl group available for
steric interaction with the chlorine. However, it
seems reasonable to assume that for demcthylchlor-
tetracycline the 6-hydroxyl would generally be
found axial to the C ring, since there would he much
less steric interaclion between the 6-hydrogen
(equatorial) and the 7-chlorine, Therefore, it
might be reasoned that it would be less favorable
for the C ring in demethylchlortetracycline to be-
come planar (bringing about steric interaction be-
tween chlorine and hydroxyl) than for the C ring
in chlortetracycline, where there is no specially
favored conformation for the hydroxyl (or methyl)
group, and, thus, it could be hypothesized that a
slightly more severe conformational change is re-
quired for demethylchlortetracycline than chlor-
tetracycline in order to bring about complexation.”

In the case of 4-epi-anhydrotctracycline, it would
be expected that the entropy of chelation would be
similar to that of tetracycline (as is seen in Table V)
for two reasons. First, there is no chlorine present
at carbon 7 to cause steric interactions with the
6-methyl; and second, since chelation seems to
occur at oxygens 10 and 11, entropy of chelation
should not depend on whether the 4-dimethyl-
ammonium group is epimerized. In addition, for an
anhydrotetracycline analog, the C ring is initially
in a planar configuration due to the additional
double bond at C;—Cs. Thus, it might be ex-
pected that all anhydrotetracyclines would have a
AS®; similar to tetracycline, regardless of whether
a chlorine was present at carbon 7.

The results obtained for Reaction 4, the formation
of the 2:1 chcelate from the 1:1 chelate and the free
ligand, are generally similar for all four compounds,
but considerably different from the results obtained
for Reaction 3. In the previous discussion it was
hypothesized that the first ligand forms strong
covalent bonds with the cupric ion. As a simple
picture, we may consider a small cupric ion sur-
rounded by the much larger tetracycline molecule,
and although the Cand D rings of the ligand are in
a fixed position, the A and B rings and the bulky
groups attached to them are still free to rotate.
Now another large, negatively-charged tetracycline
molecule complexes with the copper ion. It is
very diflicult to visualize a second tetracycline as
being capable of approaching the cupric ion close
enough to form a covalent ligand bond. This is
confirmed by the low values obtained for AH°, for
all of the compounds studied, and thus it may
reasonably be presumed that the second tetracycline
forms an outer sphere or fon-pair comnplex.

7 An alternate hypothesis, suggested by the reviewer,
proposes that the conformation in unchelated demethyl-
chlortetracycline is the same as in chlortetracycline, perhaps
due to hydrogen bondiug to the 7-chlorine. Therefore, a
similar confarmational change occurs upon chelation Icading
to the ohserved similar entropy change. It should also be
pointed out that the above cxplanations are omnly valid if
chelation actually does take place at oxygens 10 and 11 as

would be expected from the protonation scheme determined
by Rigler el al. (16).
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In this reaction AS®, has a high value (see Table
IV) for all of the analogs studied, both tetracycline
and chlor-derivatives. This may be explained by
the fact that when the second ligand attaches to the
metal, the over-all charge of the complex becomes
zero, and the number of ions in solution is decreased.
This neutralization of charge and decrease in the
number of ions is common to all the analogs studied
and would be expected to give a positive entropy
change. In addition, the conformational entropy
changes between tetracycline and the chlor-analogs
is not significant here, since little conformational
change is needed to form an ion-pair complex bond.
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Ionization of Bases with Limited Solubility

Investigation of Substances with Local Anesthetic Activity

By IVO SETNIKAR

The deionization process of six local anesthetics, Ze., procaine, lignocaine, cocaine,
Rec 7-0518, Rec 7-0544, and Rec 7-0591, was investigated. The compounds are

weak bases with a low or a very low solubility of the unionized form.

The effects of

this property on the deionization process were studied and an explanation of the
irregularities of the deionization curve suggested. A method for plotting the de-
ionization process as a straight line is described. Temperature markedly affects the

ionization constant.

A limited solubility of the unionized base influences its buffer-

ing capacity. Both phenomena may be relevant to tissue tolerance for solutions of
these substances.

IT 18 essential to know the ionization curve of a

local anesthetic in aqueous solution in order to
choose a pH of the injectable solution that is
optimal both for pharmaceutical stability and for
local tissue tolerance.

Tonization curves may be plotted by the con-
ventional method (1) which, for monoprotic
species, leads to the well-known S-shaped curve.
Other expressions of the results lead to straight-
lined representation of ionization, with the ad-
vantage of showing more clearly experimental
errors or deviations from theory.

Methods of obtaining straight-line representa-
tion of ionization of weak acids or bases were
presented by Hofstee (2), by Benet and Goyan
(3, 4), and by Leeson and Brown (5). The
methods involve recalculations of the results and
are strongly influenced by experimental errors
(4). More immediate and easier to apply is
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the method proposed by Druckrey (6, 7), based
on the use of a specially designed scale for the
titrant, which yields a straight-line expression of
the law of mass action. This method may also be
adapted for expressing with a straight line the
ionization process of weak acids or bases in which
the unionized form is sparingly soluble, a fact
which limits its availability for the ionization
equilibrium.

THEORY

The ionization of a proton acceptor, B, is repre-
sented by

B+ H* HO«BH" + HO (Eq.1)

Since in a diluted aqueous solution the concen-
tration of H,O remains practically constant, the
cquilibrium of the ionization process is expressed by
Eq. 2.

[BH* /
4 Eq. 2
Bl 1L0] ~ & (Eq. 2)

where K/ is the apparent ionization constant, valid





