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Abstract: g,d-Unsaturated ketone O-diethylphosphinyloximes,
readily prepared from the corresponding ketones, were used as
starting materials for the intramolecular amino-Heck reactions. In
the presence of a catalytic amount of Pd(PPh3)4 in DBU, cyclization
reactions occurred preferentially via a 5-exo fashion to afford a va-
riety of 2-substituted 5-methyl-1H-pyrroles and several indole de-
rivatives in moderate to high yields.
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Recently, the intramolecular amino-Heck reactions of ke-
tone oxime derivatives have drawn much attention as a
new synthetic strategy for the preparation of aza-hetero-
cycles.1–6 For example, under palladium-catalyzed reac-
tion conditions, a series of g,d-unsaturated O-
pentafluorobenzoyloximes and O-methylsulfonyloximes
have been reported to undergo cyclization reactions to
produce substituted pyrroles.1a,5 The accepted mechanism
for such transformation is depicted in Scheme 1 as exem-
plified by the conversion of oxime 1 into 2-substituted 5-
methyl-1H-pyrrole 2. The process is initiated by the oxi-
dative addition of Pd(0) species to 1 to form an alkylide-
neaminopalladium(II) intermediate 3. With the
complexation of the palladium(II) to the g,d-double bond,
3 successively cyclizes in a 5-exo mode to afford a s-com-
plex 4. Subsequent b-elimination reaction of intermediate
4 provides a hydride–palladium complex 5 as well as 2-
methylene-3,4-dihydro-2H-pyrrole 6 which is supposed
to isomerize into 2. Meanwhile, a base-promoted elimina-
tion reaction of 5 leads to the regeneration of Pd(0) spe-
cies. According to the literature reports, these reactions
were frequently complicated by undesired Beckmann re-
arrangement, especially when sulfonyloximes were used
as substrates.1a In addition, some oxime precursors were
shown to be unstable upon chromatographic purification,
making their routine preparation and application in syn-
thesis problematic.1a Furthermore, in some cases, the
isomerization of 3,4-dihydro-2H-pyrroles into pyrroles (6
→ 2, Scheme 1) did not occur spontaneously under cata-
lytic conditions,5 and therefore an additional step involv-

ing the acidic reaction conditions was required to effect
the isomerization. Due to these limitations, the develop-
ment of more effective oxime derivatives for the cycliza-
tion process appears to be necessary. Herein, we wish to
report the first examples of palladium-catalyzed intramo-
lecular amino-Heck reaction of hitherto unexplored g,d-
unsaturated O-diethylphosphinyloximes.

Scheme 1 Proposed mechanism for the amino-Heck reactions of
g,d-unsaturated oxime derivatives

This new protocol, as described below, provides an entry
into a variety of 2-substituted 5-methyl-1H-pyrroles as
well as several substituted indoles. Moreover, the investi-
gations also allowed us to find some interesting aspects on
the regiochemistry of the cyclization process, which have
not been revealed by earlier studies.

Initial experiments focused on the cyclization of 1-phen-
yl-4-penten-1-one O-diethylphosphinyloxime (1a), which
could be readily prepared from benzaldehyde as outlined
in Scheme 2. Addition of but-3-enyl magnesium bromide
to benzaldehyde afforded alcohol 7, which was then oxi-
dized to ketone 8 by pyridinium dichromate (PDC) as the
oxidizing agent. Treatment of 8 with hydroxylamine hy-
drochloride (NH2OH·HCl) and sodium acetate (NaOAc)
in methanol7 yielded an O-hydroxy-oxime intermediate.
Without purification, this compound was subsequently
subjected to a coupling reaction with commercially avail-
able diethyl cholorophosphate [(EtO)2POCl] by using so-
dium hydride (NaH) as a base to afford 1a as a mixture of
two isomers in 81% yield (E/Z = 87:13) after chromato-
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graphic purification on silica gel. Initially, the cyclization
reaction of 1a was performed by using the catalytic con-
ditions [Pd(PPh3)4 (0.1 equiv), Et3N (5 equiv), DMF (0.02
M), 80 °C, 3 h] as previously described for 1-phenyl-4-
penten-1-one O-pentafluorobenzoyloxime.5 After three
hours, the desired product 2a was observed to form in
16% conversion, together with 46% of 2-phenylpyridine
(9) and 20% of recovered 1a. The formation of 9 could be
resulted from the 6-endo cyclization followed by the de-
hydrogenation of the resulting dihydropyridine intermedi-
ate.8 Given the same reaction conditions, the
regioselectivity in our case stands in marked contrast to
that of the reactions previously reported for 1-phenyl-4-
penten-1-one O-penta-fluorobenzoyloxime and O-meth-
ylsulfonyloxime,5 in which the cyclization proceeded ex-
clusively in a 5-exo pathway to give a mixture of 2a and
5-methylidene-2-phenyl-3,4-dihydro-2H-pyrrole, and the
latter compound could be isomerized into 2a upon the
treatment with chlorotrimethylsilane (TMSCl). To our
knowledge, the reaction in Scheme 2 represents the first
example of producing pyridinyl derivative from g,d-un-
saturated ketone oxime derivatives in the absence of a b-
acetoxy or alkoxy group or an a,b-double bond, the func-
tionalities so far having shown to be indispensable for
generating 9 and its analogues.1a,9 We speculated that the
regiochemical bias observed in our case may be attributed
to the unique coordination nature and/or the steric effect
of the diethylphosphinyl group. Currently, the studies to
disclose the mechanistic intricacies of the regiochemistry
are being carried out by us. Additionally, it was found that
the stereochemistry of 1a did not have any influence on
the outcome of the cyclization since similar results were
obtained when the reactions were carried out indepen-
dently with the separated E,Z-isomers.10 Consequently,

we used isomeric mixtures for all of the subsequent inves-
tigations.

We envisaged that the yield of 2a could be improved with
the adjustment of reaction conditions. To this end, several
other catalytic systems were screened as illustrated in
Table 1 (entries 1–7). The results in Table 1 suggested
that the ratio between 2a and 9 was almost not affected by
the increased concentration of 1a (Table 1, entry 2).
Moreover, the use of Pd(OAc)2 combined with Ph3P also
had no significant impact on the ratio (Table 1, entry 3).

Scheme 2 Preparation and palladium-catalyzed cyclization of 1a
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Table 1 Optimization of the Reaction Conditions for 2a

Entry Conditionsa,b Yield (%)c Ratio of 2a/9

2a 9

1 Pd(PPh3)4 (0.1 equiv), Et3N (5 equiv), DMF (0.02 M) 16 46 26:74

2 Pd(PPh3)4 (0.1 equiv), Et3N (5 equiv), DMF (0.05 M) 11 35 24:76

3 Pd(OAc)2 (0.1 equiv), Ph3P (0.4 equiv), Et3N (5 equiv), DMF (0.02 M) 8 17 32:68

4 Pd(PPh3)4 (0.1 equiv), Et3N (5 equiv), MeCN (0.02 M) 13 3 81:19

5 Pd(PPh3)4 (0.2 equiv), Et3N (5 equiv), MeCN (0.02 M) 70 6 92:8

6 Pd(PPh3)4 (0.2 equiv), K2CO3 (5 equiv), MeCN (0.02 M) 19 1 95:5

7d Pd(PPh3)4 (0.2 equiv), DBU (6 equiv), MeCN (0.02 M) 90 10 90:10

a All reactions were performed using one equivalent of 1a.
b Molar concentration refers to that of 1a.
c Isolated yields of purified products.
d Using 6 equiv of DBU gave more consistent results than using 5 equiv.
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However, as indicated in entry 4, the ratio between 2a and
9 could be dramatically increased by changing the solvent
from DMF to MeCN. Besides, based on the result in entry
4, it was further observed that the yield of 2a and the ratio
between 2a and 9 could be both improved with the in-
creased loadings of Pd(PPh3)4 (0.1 equiv → 0.2 equiv;
Table 1, entry 5). In addition to the solvents and the cata-
lysts, we also examined two other bases. As shown in en-
try 6, the use of K2CO3 to replace Et3N resulted in a higher
2a/9 ratio (95:5) but a poorer yield of 2a (19%) compared
with those given in entry 5. Eventually, we found that
90% yield of 2a, higher than that in the previously report-

ed case,5 could be obtained when DBU was employed as
a base (Table 1, entry 7). The catalytic system indicated in
entry 7 [Pd(PPh3)4 (0.2 equiv), DBU (6 equiv), MeCN
(0.02 M)] was then considered the method of choice and
consequently applied into a variety of oxime substrates as
given in Table 2.

Substrates 1b–h in Table 2 were similarly prepared in
comparable yields from the corresponding aldehydes as
that for 1a.11 Under the catalytic conditions,12 most of
these compounds (1b–g) underwent the cyclization
smoothly to provide the corresponding pyrroles in good to
high yields (40–90%; Table 2, entries 1–6). In most of the

Table 2 Pd(0)-Catalyzed Amino-Heck Cyclization of 1-Substituted 4-Penten-1-one O-Diethylphosphinyloximes

Entrya Substrateb Productc Yield (%)d

1

1b (E/Z = 93:7) 2b

90

2e

1c (E/Z = 70:30) 2c

50

3e

1d (E/Z = 95:5) 2d

60

4e

1e (E/Z = 83:17) 2e

55

5e

1f (E/Z = 69:31) 2f

61

6e

1g (E/Z = 50:50) 2g

40

7e

1h (E/Z = 78: 22) 2h

32

a All reactions were carried out using 1 equiv of 1b–h in a 0.02 M solution.
b The E/Z ratio was determined based on 1H NMR spectrum.
c For characterizations, see: ref. 18 and 19.
d Isolated yield.
e After optimization, 90 mg of MS 4 Å were used for 1 mmol of oxime.
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cases, the addition of a small amount of MS 4 Å to the re-
action mixtures was required in order to suppress the for-
mation of ketones derived from the hydrolysis of the
oximes1a,6 (Table 2, entries 2–6).13 The substituted pyr-
idines arising from the 6-endo cyclization were isolated as
the major side products (5–25%) in entries 1–6. However,
the attempt to cyclize 1h under the reaction conditions
produced 2h only in a moderate yield (32%) even in the
presence of molecular sieves (Table 2, entry 7), along
with 30% of the ketone and 19% of the substituted pyri-
dine. It was worthwhile to note that in all cases examined,
no trace of products was seen resulting from Beckmann
rearrangement, a competitive reaction which was fre-
quently encountered in other reported cases.1a,5

The synthetic versatility of the current protocol was fur-
ther demonstrated by the synthesis of a few 2-substituted
indoles from substrates 1i–k,14 prepared, respectively,
from 2-allyl-cyclohexanone,15 2-cyclohex-1-enyl-1-phen-
yl-ethanone,16 and 2-allyl-3,4-dihydro-2H-naphthalen-1-
one17 following the procedure given in Scheme 1. Upon
the subjection to the reaction conditions,13 these substrates
cyclized efficiently to provide 2i–k in good to high yields
(50–90%) as the sole regioisomers (Scheme 3).

Scheme 3 Preparation of 2i–k via palladium-catalyzed cyclization
of diethylphosphinyloximes 1i–k

The products 2a–k were all purified by flash chromatog-
raphy on aluminum oxide. The spectral data (1H NMR,
13C NMR) of the known compounds (2a–f,h–k) were
found to be in good agreement with those reported in the
literatures.18 For 2g, several spectroscopic methods (1H
NMR, 13C NMR, IR, MS) were used to establish its struc-
ture.19

As described above, under the catalytic conditions devel-
oped by us, a wide variety of g,d-unsaturated O-dieth-
ylphosphinyloximes could undergo the intramolecular
amino-Heck reactions preferentially in a 5-exo pathway to
afford the substituted pyrroles and the indoles in moderate
to high yields. The oxime precursors were all readily pre-

pared and stable enough for chromatographic purification
on silica gel. Furthermore, it should be noted that most of
these phosphinyloximes may also potentially serve as the
substrates for the generation of substituted pyridines pro-
vided with suitable catalytic conditions favoring 6-endo
cyclization. At the present time, the studies to find such
reaction conditions and the application of the protocol into
the preparation of other types of heterocyclic compounds
are ongoing in our group.
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