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change in size or shape. Figures 9, 4 and B, are
photomicrographs of the solid solution containing
209, griseofulvin, Before dissolution the particles
appeared somewhat more elongated and irregular
than the other samples considered. Affer exposure
to the dissolution fluids (Fig. 9, B) the particles
seem to be sintered and greatly reduced in size.

The photomicrographs serve to support graphi-
cally the quantitative findings of the dissolution
rate studics. The most rapidly soluble forms of
griseofulvin, Z.e., the solid solution and the eutectic
mixture, manifest the most dramatic alterations in
their crystalline nature after exposure to the dis-
solution medium.

The therapeutic advantages of the griseofulvin—
succinic acid solid solution are presently under
investigation in our laboratories. Extrapolation
of the #n vitro findings suggests the possibility that
this form will provide more rapid and complete
absorption of the drug, permit a reduction in dosage,
and conceivably provide a more uniform thera-
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peutic response. Of greater significance is the fact
that this investigation has demonstrated a method
of physical modification which could prove more
important than micronization in enhancing the
absorption and therapeutic effect of many water-
insoluble drugs.
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The Antitumor Agent,
1,3-Bis(2-chloroethyl)-1-nitrosourea

By TI LI LOO* ROBERT L. DION, ROBERT L. DIXONY, and DAVID P. RALL

The new potent antitumor agent, 1,3-bis(2-chloroethyl)-1-nitrosourea (BCNU),
is most stable at pH 4. In acid and in solutions above pH 7, it decomposes rapidly.
in plasma, BCNU has a half-life of 20 min. iz vitro, and less than 15 min. iz vive.
Its alkylating action is not caused by the slow hydrolysis of the chlorine. BCNU
is 80 per cent bound to human plasma protein at 0°, When administered intra-
venously to the dog, it enters the cerebrospinal fluid (CSF) readily and disappears
speedily from the plasma and the CSF. The total amount of unchanged drug ex-
creted in the urine in 4 hr, is less than 0.1 per cent of the dose. Heating at 43° for
5 hr. converts BCNU partly into 1,3-bis(2-chloroethyl)urea.

STUDIES OF the antitumor activity of deriva-
tives of nitrosoguanidine (2) and nitrosourea
(3) have led to the discovery of 1,3-bis(2-chloro-
ethyl)-1-nitrosourea (BCNU), a potent cancer
chemotherapeutic agent of a novel type. BCNU
is remarkable in that it is highly effective not
only in intraperitoneal L1210 leukemia, but also
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in intracerebral L1210 leukemia (4), a distinct
feature seldom found in most conventional agents.
Unfortunately, clinical application of BCNU is
limited because of unusual delayed toxicity in
animals and man (5--7).

Chemically, although considered to be an
alkylating agent, BCNU differs from typical
derivativesof 2-chloroethylamine in having several
reaction sites in addition to the carbon—chlorine
bond which are potentially liable to attack by
a variety of reagents under normal physiological
conditions. Besides, the resultant transient
chemical species may undergo further extensive
biotransformations.  These interesting con-
siderations have prompted the authors to under-
take a study on some of the chemical and pharma-
cological properties of BCNU. The present
paper summarizes the results of these studies.
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EXPERIMENTAL

BCNU.I-—A sensitive and reproducible colori-
metric method for the determination of BCNU has
been described (8). The rate of decomposition was
calculated by measuring the amount of unchanged
BCNU after incubation with buffers or biological
fluids. For the recovery of BCNU, buffers were
treated the same way as biological fluids. Also, at
pH above 8, the very fast rate of decomposition of
BCNU necessitates the continuous direct measure-
ment of absorbance at 230 mg, the Amax. of BCNU.
However, because of low molecular extinction
(about 6,000), the direct mecasurement of absorb-
ance is far less seusitive than the colorimetric
method. In the range of 10--50 mcg./ml., a satis-
factory linear relationship was found to exist be-
tween the concentration of BCNU and its absorb-
ance at 230 mu. However, the absorbance at 230
my assigned to r — #=* transition (9) could be at-
tributed to the excitation of —N=N— as well as to
that of —N==0. Thc decrease in absorbance at
230 my is a measurement of not only BCNU, but
also its primary rearranged product (namely, the
diazoester, see below). The colorimetric method is
devoid of such ambiguities.

Determination of Chloride.—Microtitration of
chloride was performed with an automatic Cotlove
titrator (10). Nitrite anion derived from the
nitroso group of BCNU was found not to interfere
with the titration.

Protein Binding.—Protein binding was deter-
mined by ultrafiltration using the Toribara appa-
ratus (11). The experiments were carried out at
0° because of the extreme instability of BCNU in
plasma. A solution of BCNU in human plasma was
prepared. An aliquot was kept at 0° throughout
the duration of the experiment as a control. A
measured volume of the remaining solution was
placed in a cellulose sac (Visking Corp.) in the Tori-
bara apparatus and spun at 2,200 r.p.m. for 2.5 hr.
Further prolongation of centrifugation did not af-
fect the results. After centrifugation, the BCNU
in the control plasma, the plasma in the cellulose
sac, and the ultrafiltrate were determined.

Plasma Level and Urinary Excretion in the Dog.—
While under anesthesia with sodium pentobarbital,?
female mongrel dogs weighing 10-16 Kg. received
BCNU e the femoral vein, 10 mg./Kg., in a min-
imal volume of 509 ethanol. Samples of blood, 5
ml. each, were drawn from the opposite femoral
artery with syringes wetted with heparin solution.
Plasma was separated by centrifugation at 0°.
Urine samples were collected by catheterization.
Cercbrospinal fluid (CSF) (1.5 ml.) was sampled via
the cisterna magna. All biological fluids were im-
mediately frozen in a dry ice bath until analyzed.
It is often desirable to prepare plasma and urine
standards of the same animal as previously ex-
plained (8). Triplicate determinations were run
whenever possible.

To achieve a constant plasma level, constant drug
infusion was performed after an intravenous prim-
ing dose of 10 mg./Kg. The infusion solution was

L Supplied by Merck, Sharp and Dohme Research Labora-
tories, Rahway, N. J., through the courtesy of the Cancer
Chemotherapy National Service Center, National Cancer
Institute, Bethesda, Md.

2 Marketed as Nembutal by Abboti Laboratories, North
Chicago, 111,
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prepared by dissolving an appropriate amount of
BCNU in a minimal volume of 959, ethanol and
diluting with 0.2 M acetate buffer of pH 4.1. The
latter was chosen because it is ncarly isotonic and
because BCNU is most stable (see below) at pH 4.
The concentration of the infusion solution was such
that the animal received 20 mg. of BCNU/Kg./hr.
at a constant infusion rate of 0.5-1 ml. /min.

Paper Chromatography.—Solutions of BCNU
were applied to strips of Whatman No. 3 mm. paper
and developed, ascending flow, by either 0.1 M
sodium acetate buffer of pH 4.4 or petroleum ether
of b.p. 100-115°. The instability of BCNU limits
the solvent system to the above. Depending on
BCNU concentration, the spots could be made
visible on the dried paper by any of the following
procedures. () Direct illumination with ultra-
violet light of 254 mu. (b) Spraying first with a
solution of 50 mg. of sulfanilamide in 0.2 N hydro-
chloric acid, and 5 min. later with a solution of 0.3
Gm. of N-(1-naphthyl)ethylenediamine dihydro-
chloride in 100 ml. of 95% n-butanol. (c¢) Spraying
with a diphenylamine—-palladium chloride reagent
(12) consisting of 5 parts of 1.5%, diphenylamine in
cthanol and 1 part of 0.1%, palladium chloride and
0.2% sodium chloride in water, followed immedi-
ately by irradiation with ultraviolet light of 254 mg.

In acetate buffer system, BCNU gave an R, value
of 0.73 and in petroleum ether, 0.78.

Attempted Isolation of BCNU Metabolite from
Dog Urine.—Following an intravenous injection of
BCNU at 10 mg./Kg., the urine of a dog was col-
lected for 3 hr. It was extracted 6 times with ether,
using one-third its volume of cther each time. The
combined ether extracts were dried over anhydrous
magnesium sulfate and concentrated in an atmos-
phere of nitrogen at 0°. The presence of BCNU in
the residual oil was confirmed by paper chroma-
tography. However, other spots on the chromato-
gram were not identified. The oil resisted attempts
at crystallization.

Thermal Decomposition of BCNU in Petroleum
Ether.——BCNU, 500 mg., was dissolved in 50 ml. of
petroleum ether (b.p. 30-60°) and refluxed at 43°
(internal temperature) for 5 hr. The solvent was
removed by vacuum distillation in a water bath at
room temperature. After refrigeration overnight,
the yellowish semisolid was triturated with ether
and centrifuged. The supernatant was discarded
and the residual solid was recrystallized twice from
30 ml. of ether containing 3 ml. of methanol. The
fine colorless leaflets had an m.p. of 127-1:8°, un-
depressed by authentic 1,3-bis(2-chloroethyl)urea
(13). The yield was 50 mg., 38%,.

Anal—Caled. for CH,CLN,O: C, 32.45; II,
5.45; Cl, 38.32; N, 15.14. Found: C, 32.52; H,
5.39; Cl, 37.97; N, 14.86.

RESULTS AND DISCUSSION

Stability of BCNU.—Table I summarizes the
authors' results. The stability of BCNU is pre-
foundly influenced by the pH of the solution. It is
evident that BCNU is most stable in petroleum
ether or in aqueous solution at pH 4. In acetate
buffer of pH 4 at room temperature, its half-life
execeeds 8 hr.

In strong acid (pH below 1), the rate of decompo-
sition is too fast to measure. In fact, the ready
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T'ABLE I.—SrABILITY OF BCNU: FIrST-ORDER RATE CONSTANTS AND HALF-LIFE PERIODS®

Conen. of BCNU?

pH Medium mM X 102
1 0.1 N HCI® 2,57
2.2 0.01 M K.S0, 2.34
2.2 0.01 M K.S0,4 18.72
4.4 0.1 M NaOAc 2.57
5.4 Dist. water® 2.34
5.7 Urine¢ 2.34
6.0 0.1 M phosphate 2.34
6.8 0.1 M Tris 2.34
7.1 Plasmac 2.34
7.4 0.1 M barbiturate 2.34
7.4 0.1 M phosphate 2.34
7.5 0.005 M phosphate 18.72
7.8 Ringer’s solution 2.34
8.0 0.1 M phosphate 18.72
8.0 0.01 M phosphate 18.72
8.2 0.1 M fris 18.7
8.2 0.01 M Tris 18.72
8.2 0.001 M Tris 18.72
8.3 0.1 M NHHCO; 18.72
8.3 0.01 M NHHCO; 18.72
8.8 0.1 M borate 9.36
8.8 0.1 M borate 18.72
9.3 0.1 M Tris 14.04
Petroleum ethere 14.04

Temp.,
°C. k X 103 min. "t tl2, min.
37 3.41 202
a7 1.66 416
37 1.47 470
37 1.35 511
37 2.69 257
37 2.48 278
37 2.20 314
37 6.14 112
37 40.0 17
37 13.3 52
37 13.3 52
37 20.4 34
37 26.3 26
25 4.51 152
25 4.89 141
25 4.00 170
25 4.70 147
25 3.82 181
25 6.29 110
25 7.73 89
25 12.0 57
25 12.0 57
25 20.5 23
50 0.94 730

@ Average of three experiments. ¢ Solutions more concentrated than 2.57 X 10~ mM were studied by direct spectrophoto-

metric measurement of absorbance at 230 mu.

liberation of nitrous acid by BCNU in strong acidic
solution constitutes the basis for its colorimetric
determination. Between pH 1 and pH 4, the de-
composition is first order with respect to BCNU.
Its relative stability at pH 1 (half-life longer than 3
hr.) agrees with the observation that BCNU is
effective by mouth.

From pH 4.4 to pH 7.8, the decomposition still
follows first-order kinctics; however, as explained
below, the mechanism is probably not the same as in
the more acidic media. The results of some typical
experiments are graphically represented in Fig. 1.
In the pH range of 4 to 9 the rate varies directly with
pH,?® but it is independent of the nature and con-
centration of the buffer. It is naturally affected
by temperature: at room temperature (25°) the
rate of decomposition is about 35%, slower than at
body temperature (37°). Also, at pH above 9.3,
or even at pH 8, but at 37° instead of 25°, the de-
composition of BCNU becomes complex kinetically,
and the rate is not only very fast, but also no longer
first order. Its half-life at pH 10 is not much more
than 5 min.

In urine, BCNU is about as stable as in water of
comparable pH. But with plasma, the case is
entirely different. It decomposes at a rate 3 times
faster than in phosphate buffer of pH 7.4, and its
in vitro half-life in plasma is about 20 min. Al
though fast, the decay still obeys first-order kinetics,
in distinct contrast with the ér vivo situation. In
the latter case, the decay of BCNU is not only
somewhat faster, but follows complex kinetics be-
cause of biotransformation and excretion. In
Ringer’s solution, however, the decomposition is
unremarkable. Clearly, plasma accelerates the
destruction of BCNU ién witro.

7 A rate expression could be empirically derived,

_ HBCNY) _ L meNU)/(H s

dt
at 25° for the ranyge pH 4 to pH 9.

¢ Unbuffered solutions,

The stability of BCNU was also studied in two
organic solvents, namely, methanol and petroleum
ether (b.p. 100-115°) by direct spectrophotometry.
In the former at 50°, the decomposition of BCNU is
rapid and the kinetics is complicated. On the
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Fig. 1.—Decomposition of BCNU at 37°.
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other hand, BCNU appears to be relatively stable in
the latter even at 50°, and the decay obeys first-
order law.

Alkaline Hydrolysis of BCNU.—It is difficult, per-
haps impossible, to ascertain meaningfully the true
rate of hydrolysis of the chloro- group in BCNU be-
cause of the extreme instability of BCNU in alkaline
solution. However, since BCNU is gencrally con-
sidered an alkylating agent, we undertook a study
of the rate of release of chloride ion by BCNU in
order to compare it with other well-known alkylating
agents. As expected, a semilog plot of either chlo-
ride liberated or fractional BCNU unhydrolyzed
versus time fails to reveal any kinetic trend. The
rate of hydrolysis is relatively slow; no more than
229, of the theoretical amount of chlorine was set
free by incubation of BCNU at 25° for 90 min. in
0.1 M borate buffer of pH 9.8 at concentrations
ranging from 0.187 mM (40 mecg./ml.) to 2.34 mM
(500 meg./ml.). At 37° in 0.1 M phosphate buffer
of pH 7.4, a 2.34 mM solution of BCNU showed
31.69, of hydrolysis after more than 5 hr. The
same solution exhibited 879, hydrolysis only after
heating at 50° for 24 hr. As stated above, these
rates could not really pertain to BCNU because
under the experimental conditions BCNU has a
half-life of about 5 min. to less than 1 hr. Ob-
viously, in spite of the common biochemical effects
(14) and cross resistance shared by BCNU and
other alkylating agents (4, 15, 16), BCNU does not
belong to the group of alkylating agents such as
bis(2-chloroethyl)methylamine. If it is an alkylat-
ing agent at all, it must owe the alkylating action to
one of its degradation products.

Protein Binding,.—With a solution of 9.36 X
1075 M of BCNU in human plasma, the results of a
typical experiment are shown in Table II.

The percentage of BCNU bound to plasma protein
is: (0.760-0.170)/0.760 X 100 or 78%, and the
percentage recovery is;: (0.760 X 4.5) 4+ (0.170 X
0.5) X 100/(0.784 X 5.0) or 109%,. On the basis of
three experiments, the average extent of binding of
BCNU with human plasma protein is about 809 at
0°.

The fraction of plasma protein involved in drug
binding usually is albumin. Assuming an albumin
concentration of 5 X 107% M in human plasma (17,
18), and also there is only one single binding site for
BCNU per molecule of human plasma protein, the
association constant, K, of the plasma protein—

BCNU complex is easily estimated:
K - (P-BCNU)
(P} BCNU)

B 0.80 X 9.36 X 1079
T (X107 — 0.8 X 9.36 X 10 %)
(0.20 X 9.36 X 107?)
9.4 X 10* M1 at 0°

which is comparatively small.

il

TaABLE TI.—RESUGLTS OF TYPICAT. EXPERIMENT

Absorbance

at 540 mu Vol., ml.
Control 0.784 5.0
Inside 0.760 4.5
Ultrafiltrate 0.170 0.5
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Tfg. 2.—Plasma and CSF levels of BCNU in the
dog. Key: Q,dog 1; o,dog2; V,dog 3. (Solid
symbols indicate plasma; open symbols indicate
CSF.)

Plasma Level and Urinary Excretion in the Dog.—
The rapid decline of BCNU in the plasma of the
dog after a single intravenous injection is shown in
Fig. 2. For the first 30 min. the fall of plasma levels
in the three animals does not deviate too much from
an exponential pattern and the half-life in plasma
seems to be less than 15 min. Although protein
binding by BCNU appears extensive, the association
constant is relatively small. Consequently, even
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Fig. 3.—Entry of BCNU into CSF. Key: e,

plasma; @, CSF.
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though an increased proportion of drug would be
bound as the total amount of BCNU decreases, this
estimation of half-life in plasma is essentially correct
(17). Extrapolation to zero time gives a zero time
plasma level of about 30 meg./ml. Since the dose
of BCNU in these experiments was 10 mg./Kg., the
volume of distribution is therefore 33%, of body
weight, in other words, somewhat larger than the
volume of extracellular water. This is unexpected
because BCNU, being highly soluble in lipids, ap-
pears to penetrate cellular membranes freely. In
fact, BCNU makes its appearance in the CSF and
the blood stream simultaneously. Furthermore, its
concentration in the former falls at about the same
rate as in the latter.

In view of the exceptional chemical reactivity of
BCNU, it is necessary to maintain a steady plasma
level by infusion before a meaningful estimate of the
extent of entry into the CSF could be made. Figure
3 illustrates the results of such an experiment.
After a constant plasma level of the drug has been
achieved, the CSF level of BCNU reaches about
489, that of plasma (average of three experiments),
confirming the screening data and clinical experience
that BCNU readily pepetrates the blood-brain
barrier. At first sight this ratio appears to be
higher than the percentage of free BCNU in plasma
(209%). However, it should be recalled that protein
binding was determined with human plasma at 0°
and besides, the cellulose sac used is only a crude
facsimile of cell membrane.

Ten minutes after a single intravenous injection,
BCNU begins to appear in the urine. The excretion
reaches a peak at about 2 hr. and then gradually
tapers off until 3 hr. later when a detcctable amount
of the drug was present. Nevertheless, in no case
is the total amount of unchanged BCNU excreted in
4 hr. in excess of 0.1%, of the dose.

That the colorimetric method actually measurcs
unchanged BCNU in plasma, CSF, and urine is
supported by paper chromatography. When ap-
plied on Whatman No. 3 mm. paper and developed
by the systems described above, the ether extracts of

_these biological fluids exhibit spots with R; values
identical to those obtained from ether extracts of

the same fluid after the addition of authentic
BCNU.

Doubtlessly BCNU undergoes extensive catabol-
ism in the body since the percentage of unchanged
BCNU recoverable from urine is so low. Although
its biotransformation must await further studies,
some indications could be gleaned from its thermal

decomposition.

Thermal Decomposition of BCNU in Petroleum
Ether.—The authors chose to undertake the study
in a nonpolar solvent, namely, petroleum ether, so
as to minimize secondary reactions. The isolation
of 1,3-bis(2-cliloroethyl)urea (II), after heating
BCNU at 43° for 5 hr., suggests the postulated se-
quence of events in Scheme I.

The proposed 4-centered thermal rearrangement
of BCNU (I), a nitrosamide, to the diazoester
(I11), is well known (19, 20). This is perhaps also
the first step in the decay of BCNU in aqueous
solutions above pH 4. The diazoester (III), in-
capable of but a fleeting existence, at once decom-
poses by an «-elimination analogous to the case of
N-(n-butyl)- N-nitrosotrimethylacetamide (21) to
give the diazoethane (IV) and the carbamic acid (V).
The fate of the diazoethane (IV) cannot be defined
by this experiment. However, the isolation of
acctaldehyde from an aqueous solution of BCNU
after refluxing (22) implies that the acetaldehyde
originates from an analogous ephemeral intermedi-
ate, 2-chloroethyldiazoic acid, CICH,CH,N=NOH,
via ethylene oxide. Possibly, therefore, in this
work the diazoethane (IV), on losing nitrogen, be-
comes transformed into the reactive carbene (IX)
which also hydrolyzes to acetaldehyde. In agueous
solution, the intermediate steps would be similar.

It is not clear exactly how 1,3-bis(2-chloroethyl)-
urea (1I) is derived from the carbamic acid (V);
the over-all reaction, nevertheless, must result from
2 moles of V through the loss of 1 mole each of
water and carbon dioxide. The authors suggest 2-
chloroethyl isocyanate (VII)* as a possible inter-

4 Dr. R. E. Larson independently made the same suggestion

that 2-chloroethyl isvcyanate might be one of the intermedi-
ate biotransformation products of BCNU.
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mediate not only because the addition of 2-chloro-
ethylamine (VI) to the postulated 2-chloroethyl iso-
cyanate (VII) explains very well the formation of
1,3-bis(2-chloroethyl)urea (1I), but also because the
delayed hepatoxicity of BCNU strongly resembles
that of e-naphthyl isocyanate. In any event, the
thermal decomposition of BCNU (I) to afford the
original unnitrosated 1,3-bis(2-chloroethyl)urea (1I)
cannot be explained by the simple loss of a nitroso
group directly from BCNU for the following reasons:
first of all, such a homolysis is unprecedented;
second, and most important, when 1-(2-chloroethyl)-
1-nitroso-3-cyclohexylurea undergoes a like reaction
in petroleum ether (b.p. 66°-75°) at 67° overnight,
the product is 1,3-dicyclohexylurea [m.p. 224°,
identical to an authentic sample (23) in every re-
spect] and not 1-(2-chloroethyl)-3-cyclohexylurea,
m.p. 130°-132° (24).

It has also been shown that 1,3-bis(2-chloroethyl)-
urea (II) readily cyclizes in boiling water to
2-(2-chloroethylamino)-2-oxazoline (hydrochloride)
(VIII) (25). However, we have no evidence that

this has occurred at 43° in petroleum ether. Whe-
ther this is true 4z vivo remains to be seen.
SUMMARY
1. BCNU is most stable at pH 4. In acid as

well as in aqueous solutions of pH greater than 7 it
is shortlived. Its half-life in plasma is about 20
min. iz vitro and less than 15 min. iz vivo.

2. The release of C1~ by hydrolysis of BCNU is
too slow to account for its alkylating action.

3. BCNU is 80% bound to human plasma pro-
tein at 0°.

4. Inthe dog, after a single intravenous injection,
BCNU enters the CSF immediately and then disap-
pears rapidly from both the blood stream and the
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CSF. No more than 0.19%, of unchanged drug is
excreted in 4 hr. Nothing is known concerning its
biotransformation n vivo.

5. Refluxing of BCNU at 43° in petroleum cther
for 5 hr. converts it partly into 1,3-bis(2-chloro-
ethyl)urea. The mechanism of this rcaction is
discussed.
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Retention, Excretion, and Distribution of
2,3,5-Triiodobenzoic Acid and Its
Metabolites in the Rat

By R. D. ICE, C. E. BRECKINRIDGE, JR., and J. E. CHRISTIAN

The synthesis of 2 (!3.I),3,5-triiodobenzoic acid (TT*BA), starting with 2-amino-

3,5-diiodobenzoic acid and sodium iodide (131) is described. The rate of excretion,

b1010g1cal haif-life, and metabolites of this compound in rats were studied. Four
metabolites and TIBA were found in the urine.

N sovBEANS, TIBA affects plant morphology
and flowering response (1, 2). When properly
used it increases bean production through a bet-
ter utilization of photosynthate (3). Since soy-
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beans atre used for animal and human consump-
tion, the question arises as to the environmental
health hazards of TIBA and its metabolites.
TIBA was originally synthesized by Wheeler
and Johns (4). Anthranilic acid was reacted
with iodine monochloride and the resultant prod-
uct diazotized and reacted with potassium io-
dide. The synthesis of TI*BA has been de-





