
Carboxybenzyl Group as an O‑Nucleophile in the C−H Allylic
Oxidation: Total Synthesis of (−)-Castanospermine
Michał Malik,* Grzegorz Witkowski, and Sławomir Jarosz*

Institute of Organic Chemistry, Polish Academy of Sciences, Kasprzaka 44/52, 01-224 Warsaw, Poland

*S Supporting Information

ABSTRACT: The first palladium-mediated C−H allylic oxidation with a Cbz group acting as an O-nucleophile is reported. It
was found that this transformation is promoted by rare-earth metal triflates: Yb(OTf)3 or Sc(OTf)3. A possible catalytic cycle is
proposed. This reaction was applied in the synthesis of a D-xylose derived oxazolidinon, a versatile intermediate used further in
the stereoselective synthesis of unnatural (−)-castanospermine. Cyclization of the key intermediate with PhSeBr afforded the
desired bicyclic scaffold. In an alternative route, hydroboration/oxidation followed by DPPA-mediated cyclization was used.

Iminosugars, i.e. polyhydroxylated cyclic (or bicyclic)
structures containing the nitrogen atom in the ring(s), are

continuing to attract the attention of the scientific community
due to their interesting biological properties.1 Many of these
products are potent glycosidase inhibitors and also exhibit
antiviral activity.2 Numerous methodologies for the effective
synthesis of various mono- and polycyclic iminosugars have
been proposed.3

(+)-Castanospermine is preeminent among the bicyclic,
naturally occurring iminosugars, and its synthesis has been
accomplished by many groups.4 There is, however, only one
reported synthesis of (−)-castanospermine.5 As a consequence,
the biological activity of this particular stereoisomer remains
unknown. Therefore, (−)-castanospermine is an interesting
synthetic target.
Synthesis of sugar mimics is one of the main research areas in

our laboratory.6 Recently, we put forward a methodology that
enables a facile preparation of the precursors of some novel
iminosugars: 2-allylpiperidine 1 and 2,2-diallylpiperidine 2,
from the D-xylose-derived ω-bromonitrile (Scheme 1).7

We also envisaged that, after oxidation of the allylic position,
piperidine 1 might be transformed into (−)-castanospermine
(Scheme 2). The standard approach for executing such a
transformation requires the use of selenium or chromium
reagents.8 Other transition metals were also explored in the
context of the C−H allylic oxidation,9 but the only general
methodology, which can be applied to a wide variety of
compounds, has been elaborated by the White group. During
the past decade, White’s Pd-catalyst (Scheme 3a) has
established its position as a powerful tool for the allylic C−H
oxidation.10

The catalyst’s versatility is best reflected by the fact that it can
mediate intramolecular reactions11 including macrocyclizations,

equally well as intermolecular ones.12 It is particularly
interesting and useful in the synthesis of polyoxygenated
derivative, an idea accomplished with much success by the
White group itself.13

Encouraged by these facts, we decided to take advantage of
this catalytic system to install an oxygen function at the allylic
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Scheme 1. Synthesis of Allyl-Substituted Piperidines
(Previous Work)

Scheme 2. Retrosynthetic Analysis of (−)-Castanospermine
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position of compound 1. Since an intermolecular variant would
more likely suffer from poor diastereoselectivity than an
intramolecular one, we initially opted for White’s N-nosyl
urea methodology (Scheme 3b). Although it seemed suitable
for our purposes, we were wondering if it would be possible to
use much more available carbamates (such as Cbz- or Boc-)
instead of N-nosyl ureas (Scheme 4). In such a case, the lack of

a nucleophilic nitrogen would eliminate the risk of N-
functionalization. As a result of the process, an oxazolidinone
scaffold would be formed. It can be regarded as a masked β-
amino alcohol, a moiety found in compounds of medicinal
importance.14

A related C−H oxidation was reported by Shimamoto and
Ohfune,15 who generated the benzylic cations from the L-
tyrosine derivatives by treatment with K2S2O8/CuSO4 and
trapped them with the oxygen atom of a Boc-group. There are
some reports on the use of carbamates as O-nucleophiles in
intramolecular reactions involving “classical” leaving groups.16

A Tsuji−Trost-type approach leading to 5-vinyl-oxazolidinones
has been also developed.17 We have found no reports on the
use of an oxygen atom of a carbamate as a nucleophile in the
allylic C−H oxidation.
To verify this novel approach, we transformed 1 into

carbamates 3a, 3b, and 3c (Scheme 5) and subjected them to
the oxidative conditions as reported in Table 1.

It turned out that the reaction leading to 4 proceeded best
with 3a in the presence of catalytic amounts of Yb(OTf)3
(entry 1). In the case of ethyl carbamate 3b, the time of the
reaction was much longer and full conversion required a
substantially higher loading of the catalyst (entry 8), whereas
conversion of the t-Bu carbamate was as fast as in the case of
3a, but the yield was much lower (entry 11; a complicated
mixture of products was formed).

The presence of a Lewis acid was crucial; without it, only
traces of 4 were isolated (entry 6).18 Under the oxidative
conditions, but without the White catalyst, the reaction did not
proceed at all (entry 2).
When Pd(OAc)2 was used instead of the White catalyst

(entry 3, Table 1), the Wacker oxidation product (methyl
ketone) was isolated as the main product (42%), along with
only small amounts (16%) of the desired compound.
Notably, when the reaction was conducted analogously to

entry 1 (Table 1), but with 10 mol % of Sc(OTf)3 instead of
Yb(OTf)3 (entry 4), 4 was obtained in similar yield (69%). Use
of Zn(OTf)2 was much less successful and yielded the desired
product in only 21% yield (entry 5, 26% conversion).
In all cases, oxazolidinone 4 was formed as a single

diastereoisomer. The configuration of the new stereogenic
center was confirmed by 1D-NOE (Table 1). Formation of the
anti-product is in accordance with White’s observations
regarding intramolecular C−H oxidations.11f,13a

In the case of 3a, monobenzyl hydroquinone ether was
isolated as the major byproduct in 35% yield. Moreover, the
reaction did not proceed in the presence of molecular sieves 4
Å (entries 7, 10, 12), which indicated that water may be
involved in the process.
Based on these observations and the mechanistic aspects

already discussed by White, we have proposed a possible
catalytic cycle leading to 4 (Scheme 6). The oxophilic Lewis
acid additive is probably promoting the reaction by enhancing
the susceptibility of π-allyl-Pd(BQ) species to undergo the SN2-
type cyclization.19 As proposed by White, the Lewis acid binds
through a benzoquinone molecule.12b The role of water is, at
this moment, unclear. We suppose, that it is somehow involved
in the removal of a benzyl moiety, because the former steps, i.e.
C−H oxidation and SN2-type cyclization, do not require a water
molecule to proceed.

Scheme 3. C−H Allylic Oxidation Methodology by White

Scheme 4. Carbamates as O-Nucleophiles in C−H Allylic
Oxidation (This Work)

Scheme 5. Synthesis of Carbamates 3a, 3b, and 3c

Table 1. Optimization of the Reaction Conditionsa

entry substrate
cat. load.
(mol %)

Yb(OTf)3
(mol %)

time
(h)

yieldb

(%)

1 3a 10 10 4 71
2c 3a 0 50 15 0
3d 3a 0 10 8 16
4e 3a 10 0 4 69
5c,f 3a 10 0 15 21
6c 3a 20 0 15 6
7c,g 3a 20 20 15 0
8 3b 20 30 20 47
9d 3b 10 10 24 29
10c,g 3b 20 50 20 0
11 3c 10 10 4 30
12c,g 3c 20 20 20 0

aAll reactions were carried out in dioxane (0.2 M) at 75 °C under air,
with 2 equiv of BQ, until total consumption of the starting material,
unless otherwise stated. bIsolated yields. cFull conversion was not
achieved. dPd(OAc)2 (10 mol %) was used as a catalyst. eSc(OTf)3
(10 mol %) was used as a promoter. fZn(OTf)2 (10 mol %) was used.
gReaction carried out in the presence of molecular sieves 4 Å.
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Once the conditions of this late-stage oxidation were
optimized, we turned our attention to the final steps of the
synthetic route. Methanolysis of 4 afforded β-amino alcohol 5
in very good yield (Scheme 7). Treatment of the latter with
phenylselenyl bromide20 afforded two bicyclic isomeric
products: 6a and 6b (as a separable mixture) in a 7:1 ratio.

The five-membered structure of the newly formed ring was
confirmed by the 13C-HMBC and 1D-NOE experiments. Only
the major product was used in the next step.
The subsequent deselenylation of 6a turned out to be not as

straightforward as expected. Standard procedures with tin and
silicon hydrides (n-Bu3SnH, Ph3SnH, (TMS)3SiH in toluene,
80−110 °C) under free radical conditions (AIBN as initiator)
suffered from very low conversions. Only a rarely used
methodology, involving in situ produced nickel boride,21

furnished the desired alcohol 7 (Scheme 8).
The subsequent hydrogenation over Pd(OH)2/C yielded,

after acetylation−deacetylation, the title alkaloid 9. All spectral
and physical data matched those reported for (−)- and
(+)-castanospermine (see Supporting Information). This
compound was also characterized as tetraacetate 8.
In an alternative approach, compound 4 was subjected to a

hydroboration/oxidation procedure (Scheme 9). The use of
BH3·THF gave a complicated mixture of products, whereas 9-
BBN did not react at all, even at elevated temperatures. Only
rhodium-catalyzed hydroboration with catecholborane afforded

the desired alcohol 10. Subsequently, 11 was formed by a
standard procedure and finally cyclized to 7 by treatment with
diphenyl phosphoryl azide (DPPA).
In summary, we have presented a novel approach for Pd-

mediated C−H allylic oxidation. In this transformation,
promoted by Yb(OTf)3 or Sc(OTf)3, simple carbamates
(most notably the Cbz group) serve as O-nucleophiles to
generate an oxazolidinone scaffold. Further studies of the
applicability of the described process are currently in progress.
This reaction was used as a key, late-stage step in the

synthesis of unnatural (−)-castanospermine. Starting from D-
xylose, the whole synthetic route was accomplished in only 11
steps. To our knowledge, this is the second reported approach
to the title compound and appears to be much more efficient.
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Scheme 6. Possible Catalytic Cycle Leading to 4
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Scheme 8. Synthesis of (−)-Castanospermine
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F.; Peŕez-Luna, A. Eur. J. Org. Chem. 2010, 2921. (c) Liu, G.; Wu, T.-J.;
Ruan, Y.-P.; Huang, P.-Q. Chem.Eur. J. 2010, 16, 5755. (d) Bowen,
E. G.; Wardrop, D. J. Org. Lett. 2010, 12, 5330. (e) Ritthiwigrom, T.;
Nash, R. J.; Pyne, S. G. Tetrahedron 2010, 66, 9340. (f) Kalamkar, N.
B.; Puranik, V. G.; Dhavale, D. D. Tetrahedron 2011, 67, 2773.
(5) Mulzer, J.; Dehmlow, H.; Buschmann, J.; Luger, P. J. Org. Chem.
1992, 57, 3194.
(6) For recent papers, see: (a) Magdycz, M.; Jarosz, S. Tetrahedron:
Asymmetry 2013, 24, 1402. (b) Magdycz, M.; Jarosz, S. Tetrahedron:
Asymmetry 2013, 24, 1412. (c) Witkowski, G.; Jarosz, S. Synlett 2013,
1813.
(7) Malik, M.; Witkowski, G.; Ceborska, M.; Jarosz, S. Org. Lett.
2013, 15, 6214.
(8) For a review, see: Nakamura, A.; Nakada, M. Synthesis 2013, 45,
1421.
(9) (a) Nicolaou, K. C.; Toh, Q.-Y.; Chen, D. Y.-K. J. Am. Chem. Soc.
2008, 130, 11292. (b) Trzoss, L.; Xu, J.; Lacoske, M. H.; Mobley, W.
C.; Theodorakis, E. A. Org. Lett. 2011, 13, 4554. (c) Jeker, O. F.;
Carreira, E. M. Angew. Chem., Int. Ed. 2012, 51, 3474.
(10) CAS no.: 858971-43-4; commercially available. Its utility was
highlighted many times: (a) Davies, H. M. L. Nat. Chem. 2009, 1, 519;
(b) Synfacts 2010, 9, 1050;(c) Synfacts 2011, 11, 1207.
(11) (a) Fraunhoffer, K. J.; Prabagaran, N.; Sirois, L. E.; White, M. C.
J. Am. Chem. Soc. 2006, 128, 9032. (b) Fraunhoffer, K. J.; White, M. C.
J. Am. Chem. Soc. 2007, 129, 7274. (c) Stang, E. M.; White, M. C. Nat.
Chem. 2009, 1, 547. (d) Rice, G. T.; White, M. C. J. Am. Chem. Soc.
2009, 131, 11707. (e) Qi, X.; Rice, G. T.; Lall, M. S.; Plummer, M. S.;
White, M. C. Tetrahedron 2010, 66, 4816. (f) Strambeanu, I. I.; White,
M. C. J. Am. Chem. Soc. 2013, 135, 12032.
(12) (a) Chen, M. S.; Prabagaran, N.; Labenz, N. A.; White, M. C. J.
Am. Chem. Soc. 2005, 127, 6970. (b) Reed, S. A.; Mazzotti, A. R.;
White, M. C. J. Am. Chem. Soc. 2009, 131, 11701. (c) Vermeulen, N.
A.; Delcamp, J. H.; White, M. C. J. Am. Chem. Soc. 2010, 132, 11323.
(13) (a) Gormisky, P. E.; White, M. C. J. Am. Chem. Soc. 2011, 133,
12584. (b) Covell, D. J.; White, M. C. Tetrahedron 2013, 69, 7771.
(14) (a) Yendapally, R.; Lee, R. E. Bioorg. Med. Chem. Lett. 2008, 18,
1607. (b) Cossy, J.; Pardo, D. G.; Dumas, C.; Mirguet, O.; Deśchamps,
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