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There has been considerable interest in developing novel
cyclization methodologies for organic synthesis.[1] Indeed,
many complex natural products and drugs are cyclic in nature,
and a ring closure reaction is very often the crucial step in a
multistep synthesis. In connection with our ongoing project on
the synthesis of macrocycles with an
endo aryl–aryl bond,[2] we examined
the cyclization of diamide 1 under
modified Miyaura–Suzuki condi-
tions.[3] However, heating a solution
of 1 in DMSO in the presence of
[PdCl2(dppf)] (5.0 mol%; dppf=
1,1’-bis(diphenylphosphanyl)ferro-
cene), KOAc (3.0 equiv), and bis-
(pinacolato)diboron (2, 1.2 equiv)
did not provide macrocycle 4.
Instead, polyheterocycle 3 was pro-
duced in about 50% yield
(Scheme 1). Formally, one Caryl�N
and one Caryl�Caryl bond were cre-
ated with concurrent formation of a
nine-membered and a six-mem-
bered ring. While intramolecular
N-arylation leading to five- and
six-membered rings is well-estab-
lished, attempts to access medium-

sized and macrocyclic ring systems by the same reaction were,
to the best of our knowledge, unsuccessful.[4,5] Intrigued by
the potential synthetic power of this novel catalytic domino
process,[6] we set out to examine in detail this unprecedented
transformation and report herein our preliminary results.

A survey of reaction conditions with variation of the
palladium source, the ligand, the temperature, the base, and
the solvent is summarized in Table 1. Mechanistically, a
domino process involving a sequence of intramolecular
Buchwald–Hartwig amination,[4,5] C�H activation, and aryl
–aryl bond formation[7] could account for the production of
polyheterocycle 3 from linear diamide 1. This speculative
analysis suggested that the diboron reagent 2 is redundant,
and a similar yield of 3 was indeed obtained in its absence
under otherwise identical conditions (entry 1). The reaction
temperature was found to have dramatic effect on the
reaction, and higher yields were obtained when the reaction
was performed at higher temperature (entries 1 and 2). In
contrast to previous studies on the intramolecular N-arylation
of amides,[8,9] the present domino process is much less
sensitive to the ligands used. Both bidendate phosphanes
such as dppf (entries 2, 6) and binap (entries 7, 10, 11) and the
monodentate ligand Ph3P (entry 15) were suitable, although
tBu3P (entries 12, 13) seemed to be less efficient.[8i, 10] Potas-
sium acetate (entry 2) was more effective than cesium
carbonate (entry 5) as base, while DMSO was a better solvent
than DMF (entry 3) and toluene (entry 4). The highest yield
was obtained with a catalyst prepared in situ from Pd(OAc)2

and binap in a molar ratio of 1:2, but we chose [PdCl2(dppf)]
as the catalyst for the subsequent studies for simplicity of
manipulation and product purification ([PdCl2(dppf)], KOAc,
DMSO, 120 8C, concentration of substrate= 0.02m).

As shown in Figure 1, this novel catalytic domino process
can be applied to the construction of azaphenanthrenes fused
with an 8-membered (5), 10-membered (6), 11-membered (7),
and 13-membered lactam motif (8), in addition to the 9-

Table 1: Palladium-catalyzed cyclization of 1: survey of reaction conditions.[a]

Entry Catalyst[b] Solvent Base T [8C] Yield of 3 [%][c]

1 [PdCl2(dppf)] DMSO KOAc 80 48
2 [PdCl2(dppf)] DMSO KOAc 120 65
3 [PdCl2(dppf)] DMF KOAc 120 32
4 [PdCl2(dppf)] Toluene KOAc reflux 0
5 [PdCl2(dppf)] DMSO Cs2CO3 120 25
6 [Pd(dba)2]/dppf (1:1) DMSO KOAc 120 51
7 [Pd(dba)2]/binap (1:1) DMSO KOAc 120 60
8 [Pd(dba)2]/tBu3P (1:1) DMSO KOAc 120 50
9 [Pd(dba)2]/tBu3P (1:2) DMSO KOAc 120 40
10 Pd(OAc)2/binap (1:1) DMSO KOAc 120 62[d]

11 Pd(OAc)2/binap (1:2) DMSO KOAc 120 77[d]

12 Pd(OAc)2/tBu3P (1:1) DMSO KOAc 120 44
13 Pd(OAc)2/tBu3P (1:2) DMSO KOAc 120 44
14 [PdCl2(dppf)]/dppf (1:1) DMSO KOAc 120 46
15 [Pd(PPh)3]4 DMSO KOAc 120 60

[a] Concentration: 0.02m, reaction time: 16 h, in the absence of bis(pinacolato)diboron. [b] 5 mol% of
catalyst was used; binap= [1,1’-binaphthalene]-2,2’-diylbis(diphenylphosphane), dba=dibenzylidene-
acetone, dppf=1,1’-bis(diphenylphosphanyl)ferrocene. [c] Yields refer to the average of two runs.
[d] Contains a small amount of binap derivatives.
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membered polyheterocycle 3. To the best of our knowledge,
these are the first examples where an intramolecular Buch-
wald–Hartwig amidation has been successfully applied to the
synthesis of medium-sized ring systems and macrocycles.

To further exploit the generality of this catalytic domino
process, we synthesized proline derivative 9 by standard
procedures and subjected it to the cyclization conditions. The
catalytic domino cyclization occurred smoothly to give the
desired pentacyclic compound 10 in 97% yield of isolated
product (Scheme 2). Double cyclization of ent-9, prepared

from d-proline, provided ent-10 (structure not shown) in a
similar yield. Its optical rotation was opposite in sign and
nearly equal in magnitude to that of 10. Chiral HPLC analysis
shown that the enantiomeric excesses of 10 and ent-10 are
both greater than 98%.

The scope of this reaction was further examined by
applying the optimized conditions to differently substituted
amides 11 (Scheme 3). The 1,4-benzodiazepine-2,5-dione
derivatives incorporating sarcosine (12a), N-methylalanine
(12b), N-methylphenylalanine (12c), N-methylvaline (12d),
and N-methyl leucine (12e) can be prepared in good-to-

excellent yields. The ready accessibility of the starting
material and the generality of this process clearly indicated
its potential in the diversity-oriented synthesis of this family
of compounds.[11, 12]

Synthesis of simple seven-membered rings by palladium-
catalyzed intramolecular N-arylation of aryl halides with
xantphos and 2-methoxy-2’-diphenylphosphanyl-
1,1’binaphthyl (MOP) as ligands has been reported,[8c] but
application of this reaction to the synthesis of medium-sized
and larger rings was unsuccessful.[8] The efficiency of the
present domino process is thus intriguing. A template effect
due to the chelation of the metal by two amido groups leading
to conformational preorganization could be a reasonable
explanation. Such a template effect would require at least one
open coordination site of the putative PdII oxidative adduct.
This consideration prompted us to examine the “ligand-free”
palladium acetate as a catalyst for this transformation.[13] To
our delight, treatment of a solution of 13 in DMSO in the
presence of Pd(OAc)2 and KOAc provided the tetracyclic
compound 6 (Scheme 4) in a yield (55%) comparable to that
obtained with [PdCl2(dppf)]. Similarly, 10 was obtained in
90% yield from 9 with Pd(OAc)2 as catalyst. To the best of
our knowledge, these are the first examples in which a ligand-
free palladium catalyst was employed for the amidation

Scheme 1. Catalytic domino process leading to polyheterocycles.

Figure 1. Structure of dihydroazaphenanthrenes fused with a macro-
cyclic ring.

Scheme 2. One-pot synthesis of a pentacyclic compound.

Scheme 3. Synthesis of substituted 5,6-dihydro-8H-[5,7-a]diazacyclo-
hepta[jk]phenanthrene-4,7-diones.

Scheme 4. “Ligand-free” palladium-catalyzed domino cyclization.
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process. It has been established that low-coordinate PdII–
amido complexes should favor the competitive b-hydrogen
elimination process and thus reduce the yield of the desired
amidation product.[14] This trend is apparently not observed in
the present catalytic domino process, probably due to the
internal ligation.[15]

To probe the structural requirement for this interesting
domino cyclization, we synthesized an amide (structure not
shown) in which a simple benzyl group replaced the ortho-
iodobenzyl group of 11b. To our surprise, subjecting this
monoiodide derivative to the cyclization conditions
([PdCl2(dppf)], DMSO, KOAc, 120 8C) did not provide the
corresponding 1,4-benzodiazepine-2,5-dione. The surprising
result of this control experiment was indicative of the crucial
rule of the bisiodido functionality. Since two chemical bonds
are formed in the present process by way of a formal
Buchwald–Hartwig amidation and C�H activation/aryl–aryl
bond-forming processes, we surmised that there is some kind
of cooperative effect in these two distinct palladium catalyzed
bond-forming processes.[16] Further studies will be necessary
to determine the mechanistic features of the reaction.

In conclusion, we have established a novel catalytic
domino process.[17] The reaction generates significant molec-
ular complexity from simple and readily accessible starting
materials. We are exploring the scope, mechanism, and
synthetic utility of this reaction.

Experimental Section
Typical procedure: Freshly distilled DMSO was added to a flask
containing molten KOAc (3 equiv), [PdCl2(dppf)] (0.05 equiv), and
diamide (concentration of the substrate: 0.02m). The mixture was
degassed and stirred at 120 8C under argon for 12–36 h. After cooling
to room temperature, the reaction mixture was extracted with ethyl
acetate. The combined organic extracts were washed with brine, dried
over Na2SO4, and concentrated on a rotary evaporator. The crude
material was purified by flash chromatography to afford the desired
polyheterocycle. 10 : Rf= 0.26 (toluene/methanol 10:1); m.p. 95 8C;
[a]D=++ 589.1 (c= 1.1 in CHCl3); IR (CHCl3): ~nn= 3004, 1679, 1633,
1474, 1434, 1392, 1228, 1167, 983 cm�1; 1H NMR (300 MHz, CDCl3,
293 K, TMS): d= 1.95–2.17 (m, 4H), 2.70–2.75 (m, 1H), 3.56–3.65 (m,
1H), 3.83–3.90 (m, 1H), 4.04 (d, 1H, 1J= 15.0 Hz), 5.81 (d, 1H, 1J=
15.0 Hz), 7.35–7.43 (m, 3H), 7.40 (t, 1H, 1J= 7.4 Hz), 7.77 (d, 1H, 1J=
7.4 Hz), 7.95 ppm (d, 2H, 1J= 7.4 Hz); 13C NMR (75 MHz, CDCl3):
d= 23.6, 26.6, 43.9, 46.8, 56.4, 123.6, 125.9, 126.1, 127.5, 128.4, 128.7,
129.2, 129.8, 131.1, 133.8, 134.7, 164.9, 168.5 ppm; MS (ESI): m/z=
327 [M+Na], 305 [M+H]. HRMS calcd for C19H16N2O2+H:
305.1290; found: 305.1304. ent-10 : aD=�589.8 (c= 0.8 in CHCl3).
HPLC (chiral AD column, hexane/2-propanol 9:1): retention times of
10 and ent-10 : 46.69 and 22.69 min, respectively.
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