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Letters
Metal carbene N–H insertion of chiral a,a0-dialkyl a-diazoketones.
A novel and concise method for the stereocontrolled synthesis

of fully substituted azetidinesq
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Abstract—The syntheses of all cis substituted azetidines were accomplished in few steps from LL-serine in modest to high yields. The
key step was based on a rhodium or copper carbenoid N–H insertion of a,a0-dialkyl-a-diazoketones to furnish cis-2,4-dialkyl-
azetidin-3-ones as the only observable diastereoisomers.
� 2004 Elsevier Ltd. All rights reserved.
Azetidine alkaloids are rather rare substances mostly
found in nature as sphingosine-like compounds con-
taining an azetidin-3-ol nucleus.1 Azetidine alkaloids
such as penaresidin A and B and penazetidin A were
isolated from the marine sponges Penares sp.2a and
Penares sollasi,2b respectively, and possess remarkable
pharmacological activities (Fig. 1). Penaresidin A and B
have shown potent actomyosin ATPase-activating
activity,2a whereas penazetidin A displays protein kinase
C inhibitory activity.2b

In view of their unique structure and pharmacological
properties, there are several reports on the synthesis of
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Figure 1. Sphingosine type azetidine alkaloids isolated from marine

sponges Penares.
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these azetidine alkaloids and structural analogues (Fig.
2) in the literature.3 With the exception of De Kimpe’s
synthesis,3l;n which involves the alkylation of azetidin-3-
ones4 derivatives, all other syntheses of these azetidine
containing compounds are based on the cyclization of a
suitable 3-amino-1,2-diol intermediate containing all the
stereocenters already fixed.

Herein, we describe our preliminary results toward the
synthesis of azetidine containing compounds in few
steps from 2,4-dialkyl-azetidin-3-ones, prepared from
rhodium or copper carbenoid N–H insertion of a,a0-
dialkyl-a-diazoketones.

Metal carbene chemistry has been widely used as an
efficient tool in organic chemistry.5 Although there are
many examples in the literature in which rhodium and
copper catalysts are employed in N–H insertion reac-
tions of a-diazoketones, few examples describe an
intramolecular metal N–H cyclization to form a
N

OH

HO
H

N

OH

HO
H

nor-Penazetidin

"mini-Penazetidin"

Figure 2. Some synthesized azetidine alkaloids analogues.
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Scheme 3. The synthesis of the azetidin-3-ones 4 and 6 from a-di-
azoketone 3 and 5 employing different catalysts.
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four-membered ring (azetidin-3-ones),6 and to the best
of our knowledge, these are restricted to the preparation
of 2-substituted azetidin-3-ones only (Scheme 1).

Moreover, in addition to the synthesis of 2,4-disubsti-
tuted azetidin-3-ones, the stereochemical outcome
resulting from the carbenoid insertion arising from a,a0-
dialkyl-a-diazoketones was also a matter of investiga-
tion in our studies.

We started by preparing the a,a0-dialkyl-a-diazoketone
3 from LL-serine as described in Scheme 2. The synthesis
of diazoketone 3 involved the appropriate protection of
N-Boc serine7 and addition of diazobutane to a mixed
anhydride of carboxylic acid 2. The diazoketone 3 was
obtained with an overall yield of 50–55%.

The diazoketone 3, was then submitted to rhodium
carbenoid N–H insertion reaction in the presence of
rhodium acetate Rh2(OAc)4 (1mol%) in CH2Cl2 at 0 �C
for 1 h to furnish a single diastereomeric azetidin-3-one,
identified as the cis-azetidin-3-one 4, in a somewhat
modest yield of 35%.8 The modest yield obtained in the
cyclization step can be ascribed to the formation of
3-furanones in competition with O–Si and N–H inser-
tion and other side products.

Aiming at improving the yield for N–H insertion reac-
tion, we then started a study employing different diazo-
ketones and copper-acetylacetonate (Cu(acac)2) as an
alternative catalyst. Best results (45–61% in the cycliza-
tion step) were obtained after the combination of the
copper catalyst (5–10mol%) and a N-tosyl diazoketone9

(see table in Scheme 3). N-Tosyl diazoketone 5 was
prepared from N-tosyl serine10 in a way similar to that
described in Scheme 2 in comparable yields. In the case
of N-tosyl diazoketone 5 an acyl chloride was used
instead of a mixed anhydride for the reaction with
diazobutane.
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Scheme 2. Preparation of diazoketone 3 from N-Boc serine. a: Imid-

azole, DMF (4M solution), TBDPSCl, rt, 36 h, quantitative; b: (1)

ClCOOEt, Et3N, THF, )20 �C; (2) diazobutane in Et2O, 0 �C to rt, 50–

55%.
The cis stereochemistry outcome observed for the
cyclization reaction was strongly suggested by NOE
experiments of the reduced azetidin-3-ones 4 and 6.
Since the hydrogens at C2 and C4 of these azetidin-3-
ones have almost identical chemical shifts, NOE experi-
ments could not be carried out directly on 4 and 6. To
circumvent this problem and to provide convincing
evidence of the cis cyclization process described above,
we synthesized the azetidin-3-one 7 (Scheme 4). Aze-
tidinone 7 showed distinguishable chemical shifts for H2
and H4. Irradiation of H2 in azetidinone 7 showed a
NOE with H4 of 0.8%, whereas irradiation of the H4,
showed a NOE with H2 of 0.8% (Scheme 4).

This interesting stereochemical outcome was rational-
ized considering a transition state where both bulk
groups, CH2OTBDPS and MLn (Rh2(OAc)4 or
Cu(acac)2), are positioned trans to each other as illus-
trated in Figure 3. Despite intense investigation on the
mechanism of C–H insertion of rhodium carbenoid,11

the N–H insertion has not been investigated to the same
extent. For C–H insertion, Nakamura12 et al. have
recently reported a complete theoretical study assuming
a concerted but nonsynchronous (three-centered hydride
transfer) transition state. A synchronous three-centered
concerted transition state was proposed by Doyle and
co-workers.11b The N–H insertion is a quite different
case because of the nonbonding electron pair on the N
Cu(acac)2
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Scheme 4. Synthesis and NOE experiments in azetidin-3-one 7.
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Figure 3. (a) Three-centered concerted mechanism for the cis and trans

products in the metal carbene N–H insertion of diazoketones 3 and 5.

(b) Ylide mechanism for the cis isomer.
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atom. The N–H insertion mechanism is still uncertain,
but a stepwise mechanism involving ylides5 as well as a
concerted three/four-centered transition state13 have
been proposed as possible mechanisms. As depicted in
Figure 3a and b, both the concerted three-centered and
the ylide process can explain the observed stereochemi-
cal results.

To construct the fully-substituted azetidine ring, we
continued our synthesis with the azetidin-3-one 4.
Introduction of the alcohol functionality at C3 was
carried out by reducing azetidin-3-one 4 with NaBH4 at
)21 �C in CH3OH (Scheme 5). The only detectable
diastereoisomer, the all cis azetidin-3-ol 8 (Re face
attack of the hydride at C3), was already expected to be
the major or the unique diastereoisomer, since the Si
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Scheme 5. Reduction of azetidin-3-one 4 followed by deprotection. (a)

NaBH4, MeOH, )21 �C, 30min, 46%; (b) TBAF, THF, 0 �C to rt, 1 h,

71%; (c) TFAA, CH2Cl2, 0 �C, 1 h, quantitative.
face of the carbonyl in azetidinone 4 was congested by
both C2 and C4 groups. Some other results from the
literature6d also demonstrate this trend. Cleavage of the
TBDPS group of 8 with tetrabutylammonium fluoride
(TBAF) followed by treatment of the free diol 9 with
trifluoroacetic acid furnished the azetidine alkaloid
analogue 10 in 71% over two steps (Scheme 5).

The determination of the cis,cis stereochemistry was
accomplished by NOE experiments of azetidin-3-ols 8
and 9 (Fig. 4). An intense NOE of 6.1% was observed
between H3–H4 and H3–H2 when H3 is irradiated,
whereas irradiation of the CH2 at C4, permitted the
observation of a NOE with the secondary hydroxyl of
1.8%.

For azetidinol 9, it was observed a NOE with H2 (1.5%)
and H4 (1.4%) when H3 was irradiated and a NOE with
the secondary hydroxyl group (0.5%) when the CH2 of
the CH2OH group was irradiated.

To show the applicability of this methodology, we also
have synthesized the azetidine compound 10 from
N-tosylazetidin-3-one 6. It is worth noticing that during
the N–H insertion of diazoketone 5 (Cu(acac)2 as cata-
lyst) to provide 6, we also observed two side products
characterized as the a,b unsaturated ketones 11 and 12
(Scheme 6). Reduction of 6 with NaBH4 at )21 �C in
CH3OH furnished a separable mixture of the cis aze-
tidinol 13a (50%) and trans azetidinol 13b (20%)
(Scheme 6). Cleavage of the tosyl group of 13a with
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Scheme 6. Reaction of diazoketone 5 in the presence of Cu(acac)2.
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Na/naphthalene in DME followed by treatment of the
crude amine 14 with tetrabutylammonium fluoride
(TBAF), furnished, after acidification with trifluoro-
acetic acid, the azetidine salt 10 in 50% yield14 after the
two steps (Scheme 7).

In summary, we have demonstrated that metal carbe-
noid insertion of a,a0-dialkyl-a-diazoketones can be a
viable and powerful tool for the construction of fully
substituted azetidines in few steps from commercially
available amino acids. The combination of N-tosyl
diazoketones with the cheap Cu(acac)2 catalyst provided
the best results for the N–H insertion reactions. The use
of amino acids other than LL-serine and other higher
diazoalkanes (to prepare different diazoketones) are
under investigation for the construction of other azeti-
dines in our research group.
Supplementary material

1H NMR and 13C NMR spectroscopic data for com-
pounds 2, 3, 4, 5, 6, 7, 8, 9, 15a, and 15b and ESI-MS
and IV for compounds 2, 3, 4, 7, 8, and 9.
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