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solution (2.4 mL, 17.4 mmol) in acetonitrile (35 mL) was stirred
for 4 h at room temperature and concentrated in vacuo. The
residue was dissolved in CHC; and then the CHCI; solution was
washed with water and concentrated. The resulting oil (0.41 g)
after chromatography was dissolved in THF, to which 10% KOH
solution (40 mL) was added. The solution was allowed to reflux
for 10 min, made acidic with 10% HCI solution, and extracted
with CHCl;. The CHCl; layer was washed with water and con-
centrated. Recrystallization of the crude product by AcOEt gave
13 (0.25 g, 71%) as a light yellow powder: mp 233-235 °C; IR
(Nujol) 3300, 3250, 1600 cm™; NMR (CDCly) 4 1.23 (d, J = 7 Hz,
6 H, CHMe,), 1.27 (d, J = 7 Hz, CHMe,), 2.7-3.3 (m, 2 H, 2

CHMe,), 3.02 (d, J = 5 Hz, 3 H, NHMe), 3.79 (s, 3 H, OMe),
6.4-7.5 (m, 11 H, CH, aromatic H, tropolone H). Anal. (Cyq-
H3NO,) C, H, N.

Biological Assays. Assays of antitumor activity were carried
out as described previously.2?
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Synthesis of 3-Carboline-Benzodiazepine Hybrid Molecules: Use of the Known
Structural Requirements for Benzodiazepine and §-Carboline Binding in Designing
a Novel, High-Affinity Ligand for the Benzodiazepine Receptor

Robert H. Dodd,*' Catherine Ouannés,! Marie-Claude Potier,! Lia Prado de Carvalho,! Jean Rossier,}

and Pierre Potier!

Institut de Chimie des Substances Naturelles and Laboratoire de Physiologie Nerveuse of the Centre National de la Recherche
Scientifique, F 91190 Gif-sur-Yvette, France. Received May 19, 1986

Hybrid molecules incorporating pharmacologically important structural features of both 3-carboxy-8-carbolines and
1,4-benzodiazepines were synthesized, and their affinities for the benzodiazepine receptor were determined in vitro.
One of these hybrids, 8,14-dioxo-13,14-dihydro-8H-indolo[3,2":4,5]pyrido[2,1-¢][1,4]benzodiazepine (13), demonstrated
high affinity for the receptor, displacing both benzodiazepines (ICs, = 23 nM) and S-carbolines (IC;, = 47 nM) from
their binding sites. Of the compounds synthesized, 13 also most closely satisfied the structural requirements that
generally ensure a high affinity of both 8-carbolines and benzodiazepines for the receptor (e.g., aromaticity of the
B-carboline, presence of a carbonyl at C-3 of the $-carboline and of a m,-region on the benzodiazepine). The hybrids
not fulfilling these requirements had no affinity for the receptor. In vivo pharmacological properties of 13 could
not be demonstrated because of its metabolic instability and/or its poor transport into the brain. The results are
discussed in terms of a possible overlapping of 8-carboline binding sites with those of benzodiazepines on the receptor.

The benzodiazepine receptor, which has been shown to
mediate the sedative, anxiolytic, muscle-relaxant, and
anticonvulsant effects of 1,4-benzodiazepines in the central
nervous system,!® is known to recognize a wide variety of
apparently unrelated structures besides the benzo-
diazepines (represented by diazepam (1), Figure 1). For
example, 8-carbolines such as 3-CCM (2) also display high

2 R'= OCH;; R’=R3=R*zH (B-CCM)
3 R'= OCH,CH,; R’=R®=R%H (B- CCE)
4 R'= NHCH, ; RP=R%=R%zH (FG7142)
71 R'= R%= R4z OCH,; R?= CH,CH;(DMCM)

affinities for the benzodiazepine receptor equivalent or
superior to those of the benzodiazepines themselves.5’
However, though 8-CCM can displace diazepam from its
receptor sites (and vice versa), this compound also pos-
sesses pharmacological properties mediated by the ben-
zodiazepine receptor that are completely opposite to those
generally associated with benzodiazepines. Thus, 3-CCM
is a.potent convulsant in various species®!? and demon-
strates anxiogenic properties in mice.!® Other analogues
of 3-CCM also display such inverse properties to various
degrees. The ethyl ester, 3-CCE (3), is proconvulsant in
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mice! and baboons!® and anxiogenic in rats.®¥ The methyl
amide derivative, FG 7142 (4), also has attenuated con-
vulsant properties!” and is anxiogenic in certain para-

(1) Squires, R.; Braestrup, C. Nature (London) 1977, 266, 732.

(2) Mohler, H.; Okada, T. Science (Washington, D.C.) 1977, 198,
849,

(3) Mohler, H.; Okada, T. Life Sci. 1977, 20, 2101.

(4) Braestrup, C.; Albrechtsen, R.; Squires, R. F. Nature (London)
1977, 269, 702.

(5) Fujimoto, M.; Okabayashi, T. Chem. Pharm. Bull. 1982, 30,
1014.

(6) Braestrup, C.; Nielsen, M.; Olsen, C. E. Proc. Natl. Acad. Sci.
U.S.A. 1980, 77, 2288,

(7) Cain, M.; Weber, R. W.; Guzman, F.; Cook, J. M,; Barker, S.
A.; Rice, K. C.; Crawley, J. N.; Paul, S. M.; Skolnick, P. J. Med.
Chem. 1982, 25, 1081.

(8) Polc, P.; Bonetti, E. P.; Schaffner, R.; Haefely, W. Naunyn-
Schmiedeberg's Arch. Pharmacol. 1982, 321, 260.

(9) Valin, A.; Dodd, R. H,; Liston, D. R.; Potier, P.; Rossier, J. Eur.
J. Pharmacol. 1982, 85, 93.

(10) Prado de Carvalho, L.; Grecksch, G.; Cavalheiro, E. A.; Dodd,
R. H,; Chapouthier, G.; Rossier, J. Eur. J. Pharmacol. 1984,
103, 287.

(11) Schweri, M.; Cain, M.; Cook, J.; Paul, S.; Skolnick, P. Phar-
macol., Biochem. Behav. 1982, 17, 457.

(12) Oakley, N. R.; Jones, B. J. Neuropharmacology 1982, 21, 587.

(18) Prado de Carvalho, L.; Grecksch, G.; Chapouthier, G.; Rossier,
J. Nature (London) 1983, 301, 64.

(14) Oakley, N. R.; Jones, B. J. Eur. J. Pharmacol. 1980, 68, 381.

(15) Cépeda, C.; Tanaka, T.; Besseliévre, R.; Potier, P.; Rossier, J.
Eur. J. Pharmacol. 1982, 85, 93.

(16) (a) Petersen, E. N.; Paschalke, G.; Kehr, W.; Nielsen, M,;
Braestrup, C. Eur, J. Pharmacol. 1982, 82, 217. (b) Ninan, P.
T.; Insel, T. M.; Cohen, R. M.; Cook, J. M.; Skolnick, P.; Paul,
S. M. Science (Washington, D.C.) 1982, 218, 1332.

0022-2623/87/1830-1248801.50/0 © 1987 American Chemical Society



Notes

"1 CH;

/I N\Q'
/( g
Cc= ci c=N

™

_Zl e

i
(-

Figure 1. Two conformational possibilities for diazepam, 1.
Conformer a is most likely the pharmacologically active one.

digms,'® including subjective tests in humans.’® The term
inverse agonist has been applied to such substances dem-
onstrating activities opposite to those of the agonist ben-
zodiazepines.®

Little is known at present concerning the exact nature
of the recognition sites for B-carbolines and benzo-
diazepines on the benzodiazepine receptor. That is, for
any given benzodiazepine receptor protein, do the recog-
nition sites for both benzodiazepines and B-carbolines
coincide exactly, do they merely overlap, or are these
recognition sites in fact completely separate (though
probably close-by)?

Much evidence indicates that benzodiazepine receptor
agonists (e.g., benzodiazepines in general) and inverse
agonists (e.g., 3-CCM, 8-CCE) do not occupy identical sites
on the receptor. Thus, irreversible photolabeling of the
benzodiazepine receptor with flunitrazepam (5) greatly

NCS
CH;,
\' o
N\S N\SO

7 F
g L
Flunitrazepam 5 irazepine 6

diminishes the affinity of the receptor for benzo-
diazepines!® without appreciably affecting the affinities of
either 3-CCE%2 or the propyl ester, 3-CCP.2® Similar
results were obtained when an alkylating benzodiazepine,
irazepine (6), was used as the irreversible ligand.*
Moreover, the in vitro binding affinities of convulsant
B-carbolines such as 3-CCM, 3-CCE, and DMCM  (7) have
been found to be decreased by the addition of y-amino-
butyric acid (GABA) to the incubation medium?%" while
the affinities of benzodiazepines are substantially increased
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Figure 2. General structural formulas of 3-carboxy-8-carbolines
(ester or amide) and 1,4-benzodiazepines, showing their common
atoms. The hybrids incorporate both molecules joined by these
common atoms.

by this treatment.?® Finally, an octadecapeptide derived
from a putative endogenous ligand of the benzodiazepine
receptor called DBI (diazepam binding inhibitor) has been
found to preferentially inhibit the binding of [*H]-3-CCM
over that of [*H]}flunitrazepam.®® It is thus not unrea-
sonable to assume that 8-carbolines bind to the benzo-
diazepine receptor in some way different from that of
benzodiazepines,?3? the binding sites of each class of
compounds being either entirely distinct or else overlap-
ping.

We have used this latter possibility as the starting point
in designing novel benzodiazepine receptor ligands with
the hope of obtaining molecules with a narrower phar-
macological profile than either benzodiazepines or 8-car-
bolines. As our working hypothesis, we have assumed, on
the basis of the above observations, that benzodiazepines
and B-carbolines occupy such separate but overlapping
sites, or domains, on any given benzodiazepine receptor
protein. The overlapping region was taken, naively, to
accommodate a structural feature common, and essential,
to both classes of compounds, that is, the —N—C—C(=
0)—X— unit (Figure 2, X = N, O). If this is so, a hybrid
molecule that incorporates both a 1,4-benzodiazepine
moiety and a 3-carboxy-8-carboline moiety connected by
this common structural unit should occupy, at once, the
available binding sites for each separate type of molecule
with high affinity. Such a hybrid could reveal important
topographical features of the benzodiazepine receptor as
well as perhaps exhibiting interesting pharmacological
properties. In this paper, we describe the synthesis of two
benzodiazepine-8-carboline hybrids (13 and 19) and their
interactions with the benzodiazepine receptor.

Chemistry. Hybrid molecule 13 was synthesized as
shown in Scheme I. Thus, reaction of tetrahydro-3-CCE
(8)3 with o-nitrobenzoyl chloride (9) proceeded smoothly
under mildly basic conditions, yielding the benzoylated
B-carboline 10. No competitive benzoylation of the less
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basic indolic nitrogen was observed. Catalytic hydrogen-
ation of 10 with palladium on activated carbon gave the
amine 11 quantitatively. Ring closure was effected by
boiling a solution of 11 in dioxane containing a catalytic
amount of p-toluenesulfonic acid, the 1,4-benzodiazepine
derivative 12 being precipitated as it formed. Dehydro-
genation of compound 12 with 2 equiv of 2,3-dichloro-
5,6-dicyano-1,4-benzoquinone (DDQ) under anhydrous
conditions®% produced the benzodiazepino-3-carboline

Iz

I

(34) Bergman, J.; Bergman, S. J. Org. Chem. 1985, 50, 1246.

(35) Eder, U.; Neef, G.; Huth, A.; Rahtz, D.; Schmiechen, R.;
Braestrup, C.; Nielsen, M.; Christensen, J.; Engelstoft, M.;
Schou, H. Eur. Patent 0030254-A1, 1981.

(36) Soerens, D.; Sandrin, J.; Ungemach, F.; Mokry, P.; Wu, G. S.;
Yamanaka, E.; Hutchins, L.; DiPierro, M.; Cook, J. M. J. Org.
Chem. 1979, 44, 535.

H
Sg =T
19

13. The mass spectrum of 13 indicated loss of four hy-
drogen atoms while the NMR spectrum showed only aro-
matic protons for this compound, with only one D;0-ex-
changeable proton. Treatment of 12 with only 1 equiv of
DDQ led to 50% conversion to 13 rather than to partial
dehydrogenation to give a dihydro derivative.

Synthesis of the second hybrid molecule, 19 (Scheme II),
by an analogous route met with some difficulties, partly
due to the benzylic nature of the intermediates. Thus,
coupling of tetrahydro-3-CCE (8) with o-nitrobenzyl
bromide (14) to give 15 was performed by using phase-
transfer catalysis.’’” The addition of a small quantity of
potassium carbonate to the reaction mixture prevented
agglomeration of the powdered sodium hydroxide during

(37) 1lli, V. O. Synthesis 1979, 387.
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Table I. Benzodiazepine Receptor Affinities of
B-Carboline-Benzodiazepine Hybrids

IC50 VS. ICsQ V8.
compound [*H]Flu, nM® [®H]-8-CCE, nM?
flunitrazepam 3 8¢
B3-CCE 2.5 6
12 >100000 >100000
13 23 47
18 >100 000 >100000
19 6000 2000

2Concentration of compound required to inhibit 50% of 1 nM
[®H]flunitrazepam binding to in vitro preparations of rat cerebral
cortex membranes at 0 °C; average of duplicate determinations.
bConcentration of compound required to inhibit 50% of 0.4 nM
[3H]-3-CCE binding to in vitro preparations of rat cerebral cortex
membranes at 0 °C; average of duplicate determinations. °Ref 52.

the relatively long reaction period (22 h).*® An attempted
hydrogenation of the nitro group of 15 using palladium on
carbon as catalyst led almost exclusively to debenzylation
and formation of 8. The use of active Raney nickel as
catalyst alleviated this problem, and the amine derivative
16 was produced in acceptable yield. Contrary to the facile,
acid-catalyzed cyclization of 11 to 12, only decomposition
products were obtained when 16 was submitted to the
same reaction conditions. The ester group of 16 was thus
removed by refluxing this compound in 90% ethanol
containing exactly 1 equiv of sodium hydroxide. Use of
excess base led to debenzylation. The carboxylic acid
derivative 17 so obtained was cyclized by using dicyclo-
hexylcarbodiimide in dimethylformamide. One equivalent
of 1-hydroxybenzotriazole was added to the reaction
mixture to minimize formation of N-acylated dicyclo-
hexylurea adducts.®® The final step, dehydrogenation of
the cyclized product 18 to give 19, was first attempted by
using 2 equiv of DDQ), as described for the preparation of
13. However, though compound 19 was indeed formed
under these reaction conditions, as shown by mass spectral
analysis of the reaction mixture, this product could not be
efficiently separated from residual DDQ and the quinol
byproduct. Secondary reaction products were also evi-
dent.® However, treatment of 18 in dimethyl sulfoxide
with 2 equiv of elemental sulfur at 100 °C for 2 days”%
led to clean conversion to the desired aromatic derivative
19.

Results and Discussion

The results of the in vitro displacement studies using
compounds 12, 13, 18, and 19 are shown in Table 1.4
Thus, while compound 19 inhibits only weakly [*H]flun-
itrazepam binding to rat brain membrane preparations,
compound 13 demonstrates high affinity for the benzo-
diazepine receptor. Compound 13 also inhibits [3H]-8-
CCE binding just as effectively. None of the intermediate
compounds, including the saturated precursors of 13 and
19 (12 and 18, respectively) showed any significant affinity
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for the benzodiazepine receptor. These results can be
rationalized in the light of the known structural prere-
quisites for 8-carboline and benzodiazepine binding to the
receptor.

Diazepam can exist in two different conformations as
a result of flipping of the C-3 methylene group (Figure 1).
On the basis of X-ray crystal data and NMR studies of
benzodiazepine derivatives substituted at C-3, Blount et
al.*® have shown that the most likely conformation of
diazepam recognized by the benzodiazepine receptor is that
in which the C-3 methylene group adopts the position
shown in Figure 1a. Dreiding models indicate that the
seven-membered ring of the active molecule 13 cannot
assume a conformation identical with that of the active
form of diazepam since the aromatic ring fused to the
3,4-position of the benzodiazepine portion of the molecule
restricts rotation about this bond. Nevertheless, the
conformational differences between the seven-membered
rings of the active form of diazepam and 13 are only minor.
The activity of 13 in displacing [*H]flunitrazepam is thus
in line with the observation that small geometrical dif-
ferences in the benzodiazepines are unimportant in de-
termining their efficient binding to the benzodiazepine
receptor.** Attempts to form crystals of 13 suitable for
X-ray analysis thereby allowing direct comparison with the
known X-ray structures of other benzodiazepines have so
far been unsuccessful.

In the case of compound 12, the saturated precursor of
13, the absence of an sp? carbon at C-3 of the seven-
membered ring allows the latter to attain a conformation
that is completely superimposable with that of diazepam
shown in Figure 1a.5 Nevertheless, compound 12 is al-
most totally inactive. It thus appears that a more im-
portant criterion for binding of the hybrid molecules to
the receptor is complete aromaticity of the 8-carboline
portion of the molecule. This same restriction has been
observed for the 3-carbolines themselves, the tetrahydro
derivative of 3-CCE (8) for instance displaying little af-
finity for the benzodiazepine receptor.”*® This, in fact,
is a good indication that the receptor indeed specifically
recognizes the hybrid 13 as a $-carboline.

The importance of the 3-carboline moiety of 13 in en-
suring its high affinity for the receptor is further suggested
by the fact that both compounds 2047 and 21,2 in which
this ring system is completely absent or is replaced by
pyrrolidine, are practically devoid of activity.
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Table II. In Vivo Displacement of [*H]Flunitrazepam by Hybrid 13 in Various Brain Regions of Mice

total binding® of

binding of [*H]Flu

brain ~ [*H]Flu® after a saturating dose total binding of [*H]Flu
region (n = 25) of diazepam® (n = 21) after 13% (n = 4)
cerebellum 71.2 £ 4.8 24.1 £ 2.0 78.8 £ 6.1
cortex 85.0 £ 5.0 26.7 £ 2.3 88.0 + 5.6
hippocampus 95.5 £ 5.9 25.6 £ 1.6 96.8 £ 12.3

¢In pCi/mg of wet tissue. 200 uCi/kg administered 20 min before decapitation. °10 mg/kg administered 40 min before [*H]Flu and 60
min before decapitation. ¢10 mg/kg administered 10 min after [*H]Flu and 10 min before decapitation.%5!

The difference in the binding properties of 13 and 19
suggests, furthermore, that the receptor also recognizes the
hybrids as benzodiazepines. On the basis of structure—
activity studies on a large number of benzodiazepines,
Fryer*® has invoked the necessity, among other factors, of
m-electrons (carbonyl or phenyl group) in the vicinity of
C-5 (my-region, Figure 1a) to assure effective binding of
these molecules to the receptor. Compound 19, in which
the C-5 carbonyl of 13 has been replaced by a methylene
group, has thus lost this w,-region and is correspondingly
inactive. The presence of a 7,-region is, of course, a nec-
essary but not sufficient condition for binding, as shown,
again, by the poor affinities of compounds 20 and 21.

In vivo results with the high-affinity derivative 13 have
been disappointing. The substance injected in mice (20
mg/kg suspended in Tween 80, sc) produced no detectable
effects by itself; the animals were not sedated or stimu-
lated, motor coordination was unchanged, and there was
no evidence of myoclonic activity. Compound 13 at doses
up to 20 mg/kg did not antagonize convulsions provoked
by pentylenetetrazole (PTZ) (80 mg/kg) or by 3-CCM (10
mg/kg) in mice.l® Moreover, 13 did not reverse the
anti-PTZ actions of flunitrazepam (0.075 mg/kg) nor did
it block the ataxic effect of diazepam (2 mg/kg) as mea-
sured by the rotarod test.

This lack of activity of 13 prompted us to investigate
its benzodiazepine displacing potency in vivo.* Thus,
mice were injected with [*H]flunitrazepam followed 10 min
later by injection of hybrid 13 (10 mg/kg). After 10 min,
the animals were sacrificed, the brain areas known to
contain high proportions of benzodiazepine receptors
(cerebellum, cortex, hippocampus) were homogenized and
filtered, and the [*H]flunitrazepam bound was determined
by scintillation counting. As shown in Table II, no sig-
nificant displacement by 13 could be observed in any of
these brain structures, suggesting that either the hybrid
does not cross the blood-brain barrier and thus has no
access to the benzodiazepine receptors or that it undergoes
metabolic degradation before reaching the brain. Thus,
though the mere binding of a molecule to a receptor is by
no means a guarantee per se of pharmacological efficacy,
the absence of demonstrable in vivo activity for 13 can be
attributed, at least for the moment, to unfavorable phar-
macokinetic factors. :

In conclusion, the hybrid that most effectively inhibits
the binding of both flunitrazepam and 8-CCE in vitro,
compound 13, is in fact that which most completely in-
corporates the structural elements of both 8-carbolines and
benzodiazepines necessary for their respective activities.
These elements include (1) a m5-region with respect to the
benzodiazepine moiety, (2) a completely aromatic §-car-
boline skeleton, and (3) a carbonyl group at C-3 of the
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B-carboline moiety. To further test our hypothesis that
B-carboline and benzodiazepine binding sites on the ben-
zodiazepine receptor may overlap and in the hope of ob-
taining a pharmacologically useful compound, we are
currently synthesizing hybrids in which other structural
parameters known to affect the binding of 8-carbolines and
benzodiazepines to the receptor are modified.

Experimental Section

Chemistry. Melting points were determined on a Biichi ap-
paratus and are uncorrected. IR spectra of samples were obtained
in Nujol or neat with a Perkin-Elmer 297 instrument. UV spectra
were run on a Perkin-Elmer Lambda 5 spectrophotometer. Proton
NMR spectra were determined on Varian T-60 or Bruker 200-
MHz instruments. Chemical shifts are given as & values with
reference to Me,Si as internal standard. Thin-layer chroma-
tography was performed on Merck silica gel 60 plates with
fluorescent indicator generally with use of 9:1 toluene-ethanol
as developer. The plates were visualized with UV light (254 and
366 nm). Merck silica gel 60 (230-400 mesh) was used for all
column chromatography. Mass spectral measurements were done
on an AEI MS-9 or an AEI MS-50 spectrometer. Elemental
analyses were performed at the ICSN, CNRS, Gif-sur-Yvette,
France.

(3RS )-Ethyl 2-(o-Nitrobenzoyl)-1,3,4,9-tetrahydro-3-
carboline-3-carboxylate (10). A mixture of ethyl 1,2,3,4-
tetrahydro-3-carboline-3-carboxylate (8) (5.0 g, 20.5 mmol), o-
nitrobenzoyl chloride (9) (3.8 g, 20.5 mmol), and anhydrous sodium
hydrogen carbonate (8.6 g) in dry dichloromethane (250 mL) was
stirred for 30 min at 0 °C. The reaction mixture was then filtered,
the precipitate was washed with dichloromethane, and the com-
bined filtrate and washings were extracted twice with brine (250
mL). The organic phase was dried over sodium sulfate, the solvent
was removed under vacuum, and the resulting yellow foam was
purified by column chromatography on silica gel with 9:1 tolu-
ene-ethanol as developer, yielding 10 as a yellow solid (8.0 g, 90%).
An analytical sample was crystallized from ethanol: mp 130-132
°C; EIMS, m/z 393 (M%), 320 (M* - CO,CH,CHjy), 243 (M* -
O,NC¢H,C==0). Anal. (C4H,,N;0;) C, H, N.

(3RS )-Ethyl 2-(o-Aminobenzoyl)-1,3,4,9-tetrahydro-3-
carboline-3-carboxylate (11). A mixture of the nitro derivative
10 (2.84 g, 7.2 mmol) and 10% palladium on activated carbon (200
mg) in 1:1 dichloromethane-ethanol (200 mL) was hydrogenated
for 4 h at 40 psi. The reaction mixture was filtered on Celite,
and the catalyst was washed copiously with ethanol. The com-
bined filtrate and washings were then concentrated under vacuum,
and the residue was purified by column chromatography on silica
gel with 9:1 toluene-ethanol as developer, providing the amino
compound 11 as a colorless oil (2.48 g, 95%): IR (neat) 1640
(N—C==0), 1725 (0—C==0), 3370 cm™! (NH,); EIMS, m/z 363
(M%), 243 M+ - H,NCgH,C=0). Anal. (Cy;HxN;0;) C, H, N.

(14aRS)-8,14-Dioxo-13,14,14a,15-tetrahydro-5H 6 H,8H -
indolo[3/,2":4,5]pyrido[2,1-c ]J[1,4]benzodiazepine (12). A so-
lution of the amine derivative 11 (600 mg, 1.65 mmol) in 1,4-
dioxzane (30 mL) containing a catalytic amount of p-toluenesulfonic
acid (30 mg) was refluxed under a nitrogen atmosphere for 5 h.
The white precipitate that formed was collected by filtration and
washed with dioxane, yielding compound 12 as a fine powder (420
mg, 80%): mp 335 °C dec; EIMS, m/z 317 (M*); NMR
(MeZSO-ds) 6 3.05 (1 H, dd, Jl4a,lSa =7 HZ, J15a,l5b =16 HZ, H-15a),
3.49 (1 H, d (partially hidden by H;0), /154,15 = 16 Hz, H-15b),
4.65 (1 H’ d; JEa,Eb = 17 Hz, H'Ba), 4.78 (1 H; d’ Jl4a,153 =7 Hz,
H-14a), 5.07 (1 H, d, H-6b), 7.12-7.75 (7 H, m, Ar), 7.98 (1 H, d,
Ar), 10.68 (1 H, s, NH indole, D,0 exchangeable), 11.16 (1 H, s,
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NH amide, slow exchange with D,0). Anal. (C;gH;5N;0,0.25H,0)
C,H, N.
8,14-Dioxo-13,14-dihydro-8 H-indolo [3/,2":4,5]pyrido[2,1-
c][1,4]benzodiazepine (13). A suspension of compound 12 (308
mg, 1 mmol) in dry 1,4-dioxane (50 mL) was treated with 2,3-
dichloro-5,6-dicyano-1,4-benzoquinone (450 mg, 2 mmol) at reflux
under a nitrogen atmosphere for 40 min. The reaction mixture
was then cooled to room temperature, and after 1 h, the precip-
itated quinol was removed by filtration, the filtrate was concen-
trated, and the residue was chromatographed on silica gel with
9:2 toluene-ethanol as developer, yielding 13 as a white powder
(140 mg, 45%). An analytical sample was crystallized from di-
oxane-ethanol: mp 340-342 °C dec; IR (Nujol) 1550, 1680, 3315
cml; UV (dioxane) 291 nm (log ¢ = 5.4); EIMS, m/z 313 (M%),
285 (Mt - CO); NMR (Me,SO-dg) & 7.49 (1 H, t, J = 7.0 Hz, H-2),
7.82 (3 H, m, Ar), 796 (1 H, d, J = 8.0 Hz, Ar), 8.16 (1 H, t, J
=7.,0Hz, Ar),8.36 (1 H,d, J = 8.0 Hz, Ar), 862 (1 H,d, J = 8.0
Hz, Ar), 9.22 (1 H, s, H-15), 9.36 (1 H, s, H-6), 12.29 (1 H, s, NH,
D,O exchangeable). Anal. (C;yH;;N;0,-0.5H,0) C, H, N.
(3RS )-Ethyl 2-(o-Nitrobenzyl)-1,3,4,9-tetrahydro-3-
carboline-3-carboxylate (15). A mixture of 8-carboline 8 (5.0
g, 20.5 mmol), o-nitrobenzyl bromide (14) (5.0 g, 23 mmol), po-
tassium carbonate (1.66 g, 12 mmol), powdered sodium hydroxide
(0.9 g, 22 mmol), and tetra-n-butylammonium hydrogen sulfate
(0.68 g, 2.2 mmol) in dry dichloromethane (150 mL) was stirred
for 22 h at room temperature. The reaction mixture was then
filtered, the filtrate was washed with brine (2 X 100 mL), and the
organic phase was dried over sodium sulfate. After evaporation
of the solvents, the residue was purified by chromatography on
silica gel with 9:1 toluene-ethanol as developer. Compound 15
was obtained as an oil, which crystallized upon trituration with
dichloromethane (3.2 g, 44%) and which could be recrystallized
from dichloromethane-hexane: mp 117-119 °C; IR (neat) 1530,
1705, 1725, 3420 cm™; EIMS, m/z 379 (M¥), 306 (M* - CO,C,Hy),
243 (M+ - CH206H4N02). Anal. (021H21N304) C, H, N.
(3RS )-Ethyl 2-(o-Aminobenzyl)-1,3,4,9-tetrahydro-3-
carboline-3-carboxylate (16). A mixture of the nitro compound
15 (3.0 g, 7.9 mmol) and freshly activated Raney nickel (3 g) in
ethanol (150 mL) was hydrogenated at atmospheric pressure for
4 h. The reaction mixture was then filtered, the catalyst was
washed copiously with ethanol, and the combined filtrate and
washings were evaporated under vacuum, yielding compound 16
as an oil, which was used without further purification in subse-
quent steps (2.5 g,90%). A sample was crystallized from chlo-
roform-hexane for analysis: mp 148-150 °C; IR (Nujol) 1735,
3380, 3420 cm™; EIMS, m/z 349 (M*), 276 (M* - CO,C,H;), 243
(M+ - H2N06H4CH2). Anal. (CZIH23N302'1/3H20) C, H, N.
(3RS )-2-(0-Aminobenzyl)-1,3,4,9-tetrahydro-3-carboline-
3-carboxylic Acid (17). A solution of the ester 16 (2.35 g, 6.7
mmol) in 90% ethanol (100 mL) containing 1 N sodium hydroxide
(7 mL) was refluxed for 2 h. The reaction mixture was cooled
and was concentrated to half-volume under vacuum. Water (30
mL) was added, and the solution was carefully neutralized with
glacial acetic acid, whereupon a heavy precipitate formed. The
solid 17 was collected by filtration, washed with water, and dried
(1.3 g,60%): mp 266-267 °C (CO, evolved); EIMS, m/z 321 (M*),
215 (M+ - HZNCGH4CH2), 171 (M+ - HZNCGH4CH2 - COZ). Anal.
(Cy9H,4N;0,:0.5H,0) C, H, N.
(14aRS)-6,8,13,14,14a,15-Hexahydro-14-oxo-5H -indolo-
[3',2":4,5]pyrido[2,1-c ][1,4]benzodiazepine (18). A solution of
the carboxylic acid 17 (500 mg, 1.56 mmol), dicyclohexylcarbo-
diimide (320 mg, 1.56 mmol), and 1-hydroxybenzotriazole (210
mg, 1.56 mmol) in dry dimethylformamide (50 mL) was stirred
at room temperature for 2 h. The solvent was then removed under
vacuum, and the residue was taken up in ethyl acetate. The
insoluble urea was removed by filtration, and the filtrate was
washed successively with saturated aqueous sodium hydrogen
carbonate, water, and brine. The organic phase was dried over
sodium sulfate, the solvent was evaporated, and the residue was
chromatographed on silica gel with 9:1 toluene-ethanol as de-
veloper, yielding 18 as a solid (200 mg, 42%). The material was
crystallized from dichloromethane-hexane: mp 183-185 °C; IR
{(Nujol) 1680, 3400 cm™; EIMS, m/z 303 (M*); NMR (Me,SO-dg)
5 2.69 (1 H, dd, J14a,l5a =3.0 HZ, Jl5a,l5b =15.0 HZ, H-15a), 3.02
(1 H, dd, Jy4018s = 3.0 Hz, J1 4515, = 10 Hz, collapses to a doublet
with J = 10 Hz when H-15a is irradiated, H-14a), 3.08-3.28 (1
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H, m, collapses to a doublet with J = 10 Hz when H-15a is
irradiated, H-15b), 3.78 (1 H, d, Jg, 6, = 14 Hz, H-6a), 3.79 (1 H,
d, Jga g, = 15 Hz, H-8a), 3.92 (1 H, d, Jg. g, = 15 Hz, collapses to
a singlet when H-6b is irradiated, H-6a), 3.99 (1 H, d, H-8b), 4.25
(1 H, d, H-6b), 6.98-7.57 (8 H, m, Ar), 10.24 (1 H, s, NH, D,O
exchangeable), 10.87 (1 H, s, NH, D,0O exchangeable); HRMS,
m/z caled for CoH ;N30 303.1371, found 303.1335. Anal. Caled
for C1gH,7N30-1/4H,0: C, 74.14; H, 5.69; N, 13.65. Found: C,
74.61; H, 5.83; N, 12.92.

13,14-Dihydro-14-0x0-8 H-indolo[3',2:4,5]pyrido[2,1-c ]-
[1,4]benzodiazepine (19). A mixture of compound 18 (50 mg,
0.16 mmol) and sulfur (10 mg, 0.32 mmol) in dry dimethyl sul-
foxide (5 mL) was kept at 100 °C for 48 h. The reaction mixture
was cooled and filtered, and the filtrate was evaporated to dryness
under vacuum, leaving 19 as a yellow solid (45 mg, 94%). The
highly insoluble material was purified by dissolving in dimethyl
sulfoxide and precipitating with water (15 mg, 31%): mp 336-338
°C dec; EIMS, m/z 299 (M%), 166 (M* - CH,C,H,NHCO); NMR
(Me,SO-dg) 8 6.25 (2 H, s, H-8), 7.45 (2 H, br s, Ar), 7.62 (2 H,
br s, Ar), 7.98 (4 H, m, Ar), 8.81 (1 H, s, H-15), 9.48 (1 H, s, H-6),
11.78 (1 H, br s, NH, D,0 exchangeable); HRMS, m/z caled for
C,oH;3N3O 299.1058, found 299.1020. Anal. Caled for
CoH,3H;0-0.48: C, 74.27; H, 4.23; N, 13.68. Found: C, 73.79;
H, 4.33; N, 13.24.

Biological Methods. In Vitro Benzodiazepine Receptor
Binding Assays. Male Sprague-Dawley rats were decapitated,
the brains were excised, and the cortex was dissected. Each cortex
was homogenized in 5 mL of ice-cold Tris-HCl (50 mM, pH 7.4)
with a Polytron. The homogenate was centrifuged a first time
at 460g for 3 min, and the supernatant was recentrifuged at 22400g
for 20 min. The resulting supernatant was discarded, and each
pellet was resuspended in 3 mL of buffer and centrifuged again
at 22400g for 20 min. The resulting pellet was again suspended
in 3 mL of buffer, rehomogenized, divided into 1-mL fractions,
and stored at -20 °C for at least 24 h before use. For the inhibition
studies, the thawed membrane preparations were diluted with
20 volumes of ice-cold buffer and 900-uL aliquots containing 60
ug of protein were incubated at 0 °C for 60 min with [3H]flun-
itrazepam (76.9 Ci/mmol, NEN, final concentration of 1 nM) or
with [*H]-8-CCE (80 Ci/mmol, NEN, final concentration of 0.4
nM) and varying concentrations of the test compound ranging
from 1078 to 5 X 1071° M (final concentrations for a total volume
of 1 mL). Nonspecific binding was measured in the presence of
1 uM nonradioactive flunitrazepam (or 1 uM nonradioactive
B-CCE in the case of [*H]-5-CCE) and represented 10-15% of
the total binding. Incubations were terminated by adding 3 mL
of cold buffer to each incubation tube, filtering through Whatman
GF/B glass fiber filters, and washing each filter four times with
3 mL of ice-cold buffer. Radioactivity retained on the filters was
counted in 10 mL of Aquasol scintillation solution with an LKB
Wallac 1215 Rackbeta 2 counter. Each value was determined in
duplicate. ICy; values (the concentration of ligand inhibiting 50%
of flunitrazepam (or 8-CCE) binding) were determined by Hofstee
analysis. Results are given in Table I.

In Vivo Studies. Drugs. Flunitrazepam (Hoffmann-La
Roche, Basel, Switzerland) and compound 13 were used as a
suspension in Tween 80 and saline. Diazepam (Hoffmann-La
Roche) was used as the commercially available preparation.
Methy! -carboline-3-carboxylate (3-CCM), synthesized by one
of us (R.H.D.), was dissolved in 0.1 N HCI (1 mg in 100 xL) and
diluted to volume with saline. Pentylenetetrazole (PTZ) (M.
Richard Laboratories, Sauzet, France) was dissolved in saline.
Unless otherwise stated, all drugs were administered subcuta-
neously (sc) at a dose volume of 0.05 mL/10 g of body weight.

Convulsion Studies with Compound 13. To study the an-
ticonvulsant activity of 13, male Swiss mice (25 g) were treated
with 13 (up to 20 mg/kg) 10 min before treatment with a con-
vulsant dose of either PTZ (80 mg/kg) or 3-CCM (10 mg/kg).
Latency times to convulsions were noted and compared to those
of PTZ and 8-CCM alone. Antagonism of the anti-PTZ activity
of flunitrazepam was studied by first administering 13 (up to 20
mg/kg) 10 min after injection of an anticonvulsant dose of
flunitrazepam (0.075 mg/kg) but 10 min before treatment with
PTZ (80 mg/kg).

Rotarod Studies with Compound 13. The rotarod deficit
was evaluated on a 2.5-cm-diameter wooden rod rotating at 4 rpm.
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Mice were placed backwards on the rotating rod in such a way
that they had to turn around to face the movement. Mice were
pretrained for a 5-min period 30 min before the beginning of the
experiment. The ability of each mouse to stay on the rod for 1
min was then pretested just before the first drug treatment. The
occasional mouse not succeeding this pretest was eliminated. Mice
were then injected with diazepam (2 mg/kg) followed 10 min later
by compound 13 (up to 20 mg/kg) or saline and tested every 10
min during the next hour. Each experiment was repeated on 10
mice.

In Vivo Inhibition of [*H]Flunitrazepam Binding by
Compound 13. Tritiated flunitrazepam (200 xCi/kg diluted in
saline to a dose volume of 0.1 mL/10 g of weight) was administered
through the tail vein of mice (Swiss, male) 20 min before deca-
pitation. The test molecule 13 (10 mg/kg) suspended in Tween
80 was administered 10 min after [*H}flunitrazepam treatment
and 10 min before decapitation.’® Total binding values were
obtained from mice treated only with [*H]flunitrazepam. Non-
specific binding values were determined from mice injected with
diazepam (10 mg/kg)®! 60 min before decapitation.

(50) In initial experiments, compound 13 was, like diazepam, in-
jected 20 min or more before [*H]flunitrazepam. However, no
displacement of the radioactive ligand by 13 was observed. In
view of the potential metabolic instability of 13, this compound
was therefore injected 10 min after [*H]flunitrazepam. Control
experiments have shown that, when this protocol is used,
standard B-carbolines (e.g., 3-CCE) effectively displace triti-
ated benzodiazepines in vivo.

After decapitation, brains were rapidly excised. The cerebellum,
cortex, and hippocampus were dissected over ice and weighed and
then homogenized with a Polytron in an appropriate volume of
ice-cold Tris-HCI (50 mM, pH 7.4): 3 mL for the cortex and
cerebellum and 1.5 mL for the hippocampus. Two 600-xL. aliquots
of these crude homogenates (12 mg of wet tissue) were immediately
filtered through Whatman GF /B glass fiber filters and washed
twice with 5 mL of ice-cold buffer. Radioactivity retained on the
filters was counted in 10 mL of Aquasol scintillation liquid (NEN)
by using an LKB Rackbeta 2 counter. Results are given in Table
1I.
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(51) The dose of diazepam that half-maximally inhibits the in vivo
binding of [*H]flunitrazepam in mice (IDs, value) is ca. 0.5
mg/kg.® A much higher dose of diazepam was used here (10
mg/kg) merely to determine nonspecific binding, that is, the
maximum [*H]flunitrazepam binding inhibition that can be
expected by the test compound. The dose of compound 13
chosen for the in vivo binding experiments (10 mg/kg) thus
represents 20 times the IDy, of diazepam, and, despite a five-
fold-lower affinity than diazepam, 13 would be expected to
displace at least a fraction of the bound [*H]flunitrazepam if
it reached the brain.

(52) Martin, I. L.; Doble, A. J. Neurochem. 1983, 40, 1613.
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A series of 5,8-dideazafolates bearing ethyl, isopropyl, cyclopropylmethyl, propargyl, 3-cyanopropyl, carboxymethyl,
2-carboxyethyl, phenacyl, 3-fluorobenzyl, and 5-uracilylmethyl substituents at N° were tested as inhibitors of purified
L5178Y glycinamide ribonucleotide transformylase (GAR TFase), which requires 10-formyltetrahydrofolate as cofactor.
All of these cofactor analogues exhibited competitive inhibition against N'0-formyl-5,8-dideazafolate, with K;’s ranging

from 2 to 32 uM.

We have recently demonstrated that both 5,8-dideaza-
folate (1) and the N'%acetyl (7) analogue could inhibit the
GAR TFase catalyzed formylation of glycinamide ribo-
nucleotide (GAR) by N'?-formyl-5,8-dideazafolate in a
competitive manner.! This reaction is the first of two
folate-dependent formyl group transfers in the de novo
purine biosynthetic pathway. Previous studies had indi-
cated that the N'%-formyl analogue was utilized very ef-
ficiently as a substrate by GAR TFase isolated from both
avian? and mammalian sources®* and that this analogue
was very effective as an affinity ligand for enzyme puri-
fication.®?

(1) Caperelli, C. A.; Conigliaro, J. J. Med. Chem. 1986, 29, 2117.

(2) Smith, G. K.; Mueller, W. T.; Benkovic, P. A.; Benkovic, S. J.
Biochemistry 1981, 20, 1241.

(3) Caperelli, C. A. Biochemistry 1985, 24, 1316.

(4) Daubner, S. C.; Benkovic, S. J. Cancer Res. 1985, 45, 4990.

(5) Young, M.; Sammons, R. D.; Mueller, W. T.; Benkovic, S. J.

Biochemistry 1984, 23, 3979.

Recently, a series of N%-substituted 5,8-dideazafolates
that displayed preferential inhibition of thymidylate syn-
thase (TS) vs. dihydrofolate reductase (DHFR) were re-
ported.® Several of these analogues were also quite cy-
totoxic toward L1210 cells in culture. However, none of
the new analogues were more effective than the N°-
propargyl compound (5), which is the most potent anti-
folate inhibitor of TS (K; = 4.5 nM) described to date” and
which has an IDx, of 5 uM for L1210 cells in culture.® Since
other 5,8-dideazafolates have proven to be extremely useful
tools for studies on GAR TFase,’® we wished to examine
the interaction of these new 5,8-dideazafolate analogues
with L5178Y GAR TFase in order to gain insight into the

(6) Jones, T. R.; Calvert, A. H.; Jackman, A. L.; Eakin, M. A,
Smithers, M. J.; Betteridge, R. F.; Newell, D. R.; Hayter, A. J;
Stocker, A.; Harland, S. J.; Davies, L. C.; Harrap, K. R. J. Med.
Chem. 1985, 28, 1468.

(7) Jackson, R. C.; Jackman, A. L.; Calvert, A. H. Biochem.
Pharmacol. 1983, 32, 3783.
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