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ABSTRACT

Sixteen pyrrolo[3,2-e][1,4]diazepin-2-ones 1 were synthesized in 4-5 steps and 5-48% overall yields from 4-oxoproline 8 by a route featuring
a diastereoselective Pictet-Spengler reaction to close the seven-membered diazepinone ring. Crystallographic analysis of pyrrolo[3,2-
e][1,4]diazepin-2-one 1b by X-ray diffraction demonstrated that the r-amino acid residue adopted dihedral angle geometry similar to an ideal
γ-turn, illustrating the potential for employing these novel heterocycles as peptide turn mimics.

Aryldiazepine ring systems have been called “privileged
structures” because of their capacity to bind at multiple
receptor types with high affinity.1,2 For example, they act
as antagonists on G-protein coupled receptors,2,3 block
protein-DNA interactions,2,4 and function as scaffolds in

enzyme inhibitors.2,5 Their affinity for various receptors is
likely due to their capacity to mimic peptide turn geometry.
For example, benzodiazepinones can position peptide side-
chain and backbone residues in orientations that mimic
�-turns.6 1,4-Diazepinones have been shown by X-ray
analysis to mimic γ-turns.7

Among diverse aryl and heteroaryl systems fused to the
diazepine ring, few pyrrole analogs have been synthesized,(1) (a) Evans, B. E.; Rittle, K. E.; Bock, M. G.; DiPardo, R. M.;

Freidinger, R. M.; Whitter, W. L.; Lundell, G. F.; Veber, D. F.; Anderson,
P. S.; Chang, R. S. L.; Lotti, V. J.; Cerino, D. J.; Chen, T. B.; Kling, P. J.;
Kunkel, K. A.; Springer, J. P.; Hirshfield, J. J. Med. Chem. 1988, 31, 2235.
(b) Patchett, A. A.; Nargund, R. P. Annu. Rep. Med. Chem. 2000, 35, 289.

(2) Horton, D. A.; Bourne, G. T.; Smythe, M. L. Chem. ReV. 2003, 103,
893.

(3) (a) Wyatt, P. G.; Allen, M. J.; Chilcott, J.; Hickin, G.; Miller, N. D.;
Woolard, P. M. Bioorg. Med. Chem. Lett. 2001, 11, 1301. (b) Bolli, M. H.;
Marfurt, J.; Grisostomi, C.; Boss, C.; Binkert, C.; Hess, P.; Treiber, A.;
Thorin, E.; Morrison, K.; Buchmann, S.; Bur, D.; Ramuz, H.; Clozel, M.;
Fischli, W.; Weller, T. J. Med. Chem. 2004, 47, 2776. (c) Armour, D. R.;
Aston, N. M.; Morriss, K. M. L.; Congreve, M. S.; Hawcock, A. B.;
Marquess, D.; Mordaunt, J. E.; Richards, S. A.; Ward, P. Bioorg. Med.
Chem. Lett. 1997, 7, 2037. (d) Kees, K. L.; Cheeseman, R. S.; Prozialeck,
D. H.; Steiner, K. E. J. Med. Chem. 1989, 32, 13. (e) Kornecki, E.; Ehrlich,
Y. H.; Lenox, R. H. Science 1984, 226, 1454.

(4) (a) Stevens, S. Y.; Bunin, B. A.; Plunkett, M. J.; Swanson, P. C.;
Ellman, J. A.; Glick, G. D. J. Am. Chem. Soc. 1996, 118, 10650. (b)
Thurston, D. E. In Molecular Aspects of Anticancer Drug-DNA Interactions;
Macmillan: London, UK, 1993; Vol. 1, p 54.

(5) (a) Micale, N.; Vairagoundar, R.; Yakovlev, A. G.; Kozikowski, A. P.
J. Med. Chem. 2004, 47, 6455. (b) Ramdas, L.; Bunnin, B. A.; Plunkett,
M. J.; Sun, G.; Ellman, J.; Gallick, G.; Budde, R. J. A. Arch. Biochem.
Biophys. 1999, 368, 394. (c) Proudfoot, J. R. Bioorg. Med. Chem. Lett.
1995, 5, 163.

(6) (a) Micale, N.; Kozikowski, A. P.; Ettari, R.; Grasso, S.; Zappalà,
M.; Jeong, J.-J.; Kumar, A.; Hanspal, M.; Chishti, A. H. J. Med. Chem.
2006, 49, 3064. (b) Im, I.; Webb, T. R.; Gong, Y.-D.; Kim, J.-I.; Kim,
Y.-C. J. Comb. Chem. 2004, 6, 207.

(7) Iden, H. S.; Lubell, W. D. Org. Lett. 2006, 8, 3425.
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yet their activity has been remarkable. For example, pyr-
rolo[1,2-b][1,2]diazepine 2 and pyrrolo[1,2-d][1,4]benzo-
diazepine 3 inhibit, respectively, angiotensin-converting
enzyme and HIV-1 reverse transcriptase (Figure 1).8,9

Pyrrolo[2,1-c][1,4]benzodiazepines, such as anthramycin 4,
are antitumor antibiotics.10 Their promising activity has
inspired new chemistry to expand pyrrolodiazepinone di-
versity, including multicomponent Ugi reactions,11 as well
as rearrangements of cyclopropylketimines12 and intramo-
lecular Paal-Knorr condensations,7 which have, respectively,
delivered pyrrolodiazepines 5 and 6. In this vein, we report
now a diastereoselective Pictet-Spengler13 route to pyr-
rolo[3,2-e][1,4]diazepin-2-ones 1. Although formaldehyde
was recently employed in a Pictet-Spengler reaction to make
pyrimido[4,5-b][1,4]benzodiazepines,14 to the best of our
knowledge, this reaction has never been used in pyrrolodi-
azepinone synthesis.15

In light of our previous approach for making 4-aminopy-
rrole-2-carboxylates with various 4-alkylamino substituents,16

efforts were focused on diazepinone assembly using different

R-amino acids and aldehydes. Thus, we restricted our study
to 4-benzylaminopyrrole 9, which was prepared from 4-oxo-
proline 8 (Scheme 1).17

Methyl 4-[N-(Fmoc)aminoacyl]benzylamino-1H-pyrrole-
2-carboxylates (10a-c) were isolated in 75-90% yields from
acylation of benzylaminopyrrole 9 with N-(Fmoc)amino acid
chlorides (Ala, Ile, and Phe), generated using bis(trichlo-

romethyl)carbonate and 2,4,6-collidine in THF at rt.18 The
Fmoc group removal using 5% piperidine in DMF19 gave
amines 11a-c after filtration through a pad of silica gel to
separate the dibenzofulvene-piperidine adduct. Hydrochlo-
rides 12a-c were obtained in 85-86% yields by treating
amines 11 with 12 N HCl in THF (1:100 v/v) and
freeze-drying.

(8) Bolos, J.; Perez, A.; Gubert, S.; Anglada, L.; Sacristan, A.; Ortiz,
J. A. J. Org. Chem. 1992, 57, 3535.

(9) De Lucca, G. V.; Otto, M. J. Bioorg. Med. Chem. Lett. 1992, 2,
1639.

(10) Kaneko, T.; Wong, H.; Doyle, T. W.; Rose, W. C.; Bradner, W. T.
J. Med. Chem. 1985, 28, 388.

(11) Ilyn, A. P.; Trifilenkov, A. S.; Kuzovkova, J. A.; Kutepov, S. A.;
Nikitin, A. V.; Ivachtchenko, A. V. J. Org. Chem. 2005, 70, 1478.

(12) Funke, C.; Es-Sayed, M.; de Meijere, A. Org. Lett. 2000, 2, 4249.
(13) Pictet, A.; Spengler, T. Ber. Dtsch. Chem. Ges. 1911, 44, 2030.
(14) Duncton, M. A. J.; Smith, L. M., II.; Burdzovic-Wizeman, S.; Burns,

A.; Liu, H.; Mao, Y.; Wong, W. C.; Kiselyov, A. S. J. Org. Chem. 2005,
70, 9629.

(15) Pyrrolodiazepines were unstable intermediates that underwent
Smiles rearrangement to produce pyrrolo[1,2-f]pteridines in: Xiang, J.;
Zheng, L.; Chen, F.; Dang, Q.; Bai, X. Org. Lett. 2007, 9, 765.

(16) Marcotte, F.-A.; Lubell, W. D. Org. Lett. 2002, 4, 2601.

(17) Blanco, M.-J.; Sardina, F. J. J. Org. Chem. 1996, 61, 4748.
(18) Falb, E.; Yechezkel, T.; Salitra, Y.; Gilon, C. J. Pept. Res. 1999,

53, 507.
(19) Atherton, E.; Fox, H.; Harkiss, D.; Logan, C. J.; Sheppard, R. C.;

Williams, B. J. J. Chem. Soc., Chem. Commun. 1978, 537.

Figure 1. Representative pyrrolodiazepinones.

Scheme 1. Synthesis of Aminoamidopyrroles 10-16
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Alkylation of amine 12a was performed by reductive
amination20 and by way of a silylamide intermediate.21

Hydrochloride 12a was treated with triethylamine and,
respectively, condensed with p-benzyloxybenzaldehyde and
tolualdehyde (90 mol %), in the presence of molecular sieves
to yield imines, which were reduced with sodium triacetoxy-
borohydride (150 mol %) in dichloroethane providing
secondary amines 13a and 14a, both in 87% yield. Ally-
lamine 15a and benzylamine 16c were, respectively, prepared
in 70% and 65% yields by a sequence featuring silylation
of amine 11a and 11c with N,O-bis(trimethylsilyl)acetamide
(BSA, 160 mol %), alkylation with allyl and benzyl bromide
(200 mol %), and treatment with propylenediamine to
scavenge excess alkyl halide.

With primary and secondary amino pyrroles in hand, we
explored diazepinone annulation. The Pictet-Spengler reaction
refers commonly to the condensation of a tryptamine analog
with an aldehyde or ketone to yield a �-carboline;22 however,
this intramolecular annulation via an imminium ion intermediate
has been accomplished with a variety of amines tethered to
electron-rich aromatic and heteroaromatic ring systems. Few
reports have, however, described Pictet-Spengler reactions with
pyrrole as the nucleophile.23–27 For example, pyrrolo[3,2-
e]pyrimidines were made from the Pictet-Spengler reactions
of ureidopyrroles and arylaldehydes.27

To explore the Pictet-Spengler cyclization for adding
substituents to the 5-position of the diazepinone ring, we
initially heated N-(phenyalaninyl)aminopyrrole 12a with a
set of aldehydes and TFA at 70 °C in toluene (condition A,
Figure 2). Analysis by LC-MS showed masses corresponding
to diazepinone 1 and starting material. Diazepinones 1a-j
were purified on silica gel and isolated as pure diastereomers
in 8-83% yields (Figure 2). Although the electron-rich
p-hydroxybenzaldehyde gave diazepinone 1f in 47% yield,
benzaldehyde and the electron-poor p-nitro- and p-bro-
mobenzaldehydes all reacted with aminoamidopyrrole 12a
to give 1a,d,e in 75-83% yields, suggesting that electron-
deficient iminium ions were more reactive in the cyclization.
Hexanal reacted to give diazepinone 1h in 22% yield,
accompanied by diazepinone 1j (8%) from a homoaldol
reaction prior to cyclization.28 On the contrary, iso-butyral-
dehyde gave diazepinone 1g in 72% yield.

With primary amino pyrroles 12, our best Pictet-Spengler
reaction yields and purity were obtained using the aldehyde
as the limiting reagent (90 mol %) with 12 (100 mol %) at
low concentration (0.01 M) in toluene. A sealed system and

degassed solvent avoided oxidation to the corresponding 4,5-
unsaturated diazepinone, such as 17 (Figure 3), which formed
on air oxidation of 1g.29

Condition A (Figure 2) was also used to react N-
(isoleucinyl)aminopyrrole 12b with benzaldehyde and iso-
butyraldehyde to give diazepinones 1b and 1i in 72% and
64% yields, respectively. On the other hand, the less sterically
demanding N-(alaninyl)aminopyrrole 12c reacted with ben-
zaldehyde to give 1c in only 18% yield.

In the case of secondary amines, p-substituted benzy-
lamines and allylamine 13a-15a reacted with benzaldehyde
under condition B (excess aldehyde in toluene at reflux using
a Dean-Stark apparatus) to give diazepinones 1k-m in
62-90% yields, respectively (Figure 3). p-Benzyloxyben-
zylamine 13a reacted, respectively, with p-hydroxybenzal-
dehyde and iso-butyraldehyde to give diazepinone 1p in 42%
yield and diazepinone 1o in 40% yield, likely due to the
volatility of iso-butyraldehyde. Alaninylaminopyrrole 16c
also reacted with benzaldehyde to provide diazepinone 1n
in 45% yield.

Diastereoisomerically pure and enriched diazepinones
1 were, respectively, isolated after cyclization of primary
(12a-c) and secondary amines 13-16. The cis relative
stereochemistry of the major product was assigned based
on the observed nuclear Overhauser effect between the
signals for the C-5 and C-3 protons in the NOESY spectra
of 1a and the major diastereoisomer of diazepinone 1l.

(20) Abdel-Magid, A. F.; Mehrman, S. J. Org. Proc. Res. DeV. 2006,
10, 971.

(21) Ando, W.; Tsumaki, H. Chem. Lett. 1981, 693.
(22) Cox, E. D.; Cook, J. M. Chem. ReV. 1995, 95, 1797.
(23) Xiang, J.; Zheng, L.; Chen, F.; Dang, Q.; Bai, X. Org. Lett. 2007,

9, 765.
(24) Rousseau, J.-F.; Dodd, R. H. J. Org. Chem. 1998, 63, 2731.
(25) Raiman, M. V.; Pukin, A. V.; Tyvorskii, V. I.; De Kimpe, N.;

Kulinkovick, O. G. Tetrahedron 2003, 59, 5265.
(26) Raheem, I. T.; Thiara, P. S.; Jacobsen, E. N. Org. Lett. 2008, 10,

1577.
(27) Fridkin, G.; Lubell, W. D. Org. Lett. 2008, 10, 849.
(28) Seayad, J.; Seayad, A. M.; List, B. J. Am. Chem. Soc. 2006, 128,

1086. (29) Diness, F.; Beyer, J.; Meldal, M. Chem.-Eur. J. 2006, 12, 8056.

Figure 2. Diazepinones 1a-j (isolated yields) a. 1j was obtained
as a side product from the synthesis of 1h as a single olefin isomer.
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Although unaware of prior art in stereoselective diazepi-
none synthesis by iminium ion cyclization, we note that
cis diastereoselectivity was reported in Pictet-Spengler
reactions leading to fuzed azepinone systems and suggest
a similar mechanism featuring endo attack of the E-
iminium ion in a transition state having a preferred
equatorial conformer of the amino acid side chain.30

Crystals of diazepinone 1b (Figure 4) were grown from
ethyl ether and analyzed by X-ray diffraction, which showed
an ordered cubic matrix and confirmed the relative cis
stereochemistry. In the crystal structure of 1b, the amino acid
residue dihedral angles (ψ ) 72°, φ ) -93°) compared
favorably to those of an ideal reverse γ-turn (ψ ) 60° to
70°, φ ) -70° to -85°).31 Hence, pyrrolodiazepinones 1
may serve as reverse γ-turn peptide mimics.

1,3,5-Tri- and 1,3,4,5-tetrasubstituted pyrrolo[3,2-
e][1,4]diazepin-2-ones 1 were synthesized from N-(aminoa-
cyl)aminopyrroles 12-16 using diastereoselective Pictet-
Spengler annulations. The dihedral angle geometry observed
in the crystal structure of pyrrolodiazepinone 1b compared
favorably with an ideal peptide γ-turn, suggesting potential
for turn mimicry. In light of the remarkable biological activity
of diazepinones, this diversity-oriented methodology should
find use for peptide mimicry and medicinal chemistry.
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(30) Royer, J.; Bonin, M.; Micouin, L. Chem. ReV. 2004, 104, 2311.
(31) Rose, G. D.; Gierasch, L. M.; Smith, J. D. AdV. Protein Chem.
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Figure 3. Diazepinones 1k-p (isolated yields) and 17.

Figure 4. X-ray crystal structure of diazepinone 1b.
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