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A de novo synthesis of novel polyhydroxylated N-alkoxypiperidines based on the ring-closing double reductive amination of 1,5-dialdehydes,
obtained by oxidative cleavage of cyclopentene derivatives, with O-substituted hydroxylamines is reported. Isofagomine was accessed by

cleavage of the N—O bond of an N-alkoxypiperidine.

In connection with ongoing projects in our laboratory we
required a rapid entry into optically pure polyhydroxy-
lated piperidines and their N-substituted analogues with
particular emphasis on the N-alkoxy derivatives. We re-
port here on the development of such a method based on
the ring-closing double reductive amination of protected
hydroxylated 1,5-dialdehydes and its application to the
synthesis of the potent glycosidase inhibitor isofagomine.

Inspired by the first synthesis of isofagomine by Bols in
1994," which employed a ring-closing double reductive
amination of a dialdehyde with ammonia, we envisaged the
preparation of N-alkoxy analogues by a related strategy
employing O-substituted hydroxylamines as the amine
component. With the exception of a single example
described by Hindsgaul® using hydroxylamine itself, to
our knowledge such a protocol has not been reported
previously.
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The Bols isofagomine synthesis accessed the requisite
dialdehyde in four allegedly difficult steps® from the Cerny
epoxide,* which itself was traditionally obtained some-
what laboriously from glucose until an improved protocol
was reported by Guo in 2003 starting from p-glucal.” Requir-
ing a maximum of flexibility and a concise synthesis, we
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opted instead for a de novo asymmetric synthesis from
readily available starting materials. In particular, we were
attracted to an approach revolving around the desymme-
trization of cyclopentadiene to give an optically enriched
functionalized cyclopentene derivative followed by oxida-
tive cleavage to yield the necessary dialdehyde.

The cyclopentene derivative (+)-2 has been described
several times in the literature, mainly in the course of the
synthesis of nucleoside analogues.® Its preparation begins
with the alkylation of the cyclopentadienyl anion with
benzyloxymethyl chloride, leading to intermediate 1,
known to be prone to isomerization when generated from
sodium cyclopentadienylide, followed by desymmetrizing
enantioselective hydroboration with (—)-diisopinocam-
pheylborane ((—)-Ipc,BH).” As reported by Corey, this
problem can be avoided by means of thallium cyclo-
pentadienylide,’® but we preferred the recent Gellman
procedure,® which overcomes the racemization problem
with the sodio derivative by working in DMF at —40 °C.
In our hands, this afforded the required cyclopentene
(+)-2 with a satisfactory 60% yield and 99% enantiomeric
purity on a 40 mmol scale (Scheme 1). Subsequent
protection of 2 as the benzyl ether 3,°¢® in the standard
manner, provided a model with which to evaluate the
overall strategy.

Scheme 1. Preparation of the Model Dialdehyde 4

recent modification'® that employs osmium tetroxide/
N-methylmorpholine N-oxide followed by treatment with
phenyliodine diacetate (PIDA) afforded diol 5 in 82%
overall yield after reduction with sodium borohydride.
The key ring-closing double reductive amination of
dialdehyde 4 was validated under classical Borch condi-
tions with benzylamine,'' when the targeted piperidine 6
was obtained in 71% yield (Table 1, entry 1). We then turn-
ed to the use of alkoxyamines, whose use in ring-closing
double reductive aminations appears not to have been
reported previously. O-Benzylhydroxylamine was investi-
gated first with 1.1 equiv of freshly prepared dialdehyde,
affording the N-alkoxypiperidine 7 in 46% yield (Table 1,
entry 2). When 1.5 equiv of dialdehyde was employed
(Table 1, entry 3), the cyclic alkoxyamine 7 was obtained
in 54% yield, while the use of 2 equiv of dialdehyde gave a
57% vyield (Table 1, entry 4). Using such conditions,
however, we were unable to improve the yield beyond
60%, and consequently we moved to a two-step process.
In this higher yielding protocol 2.5 equiv of hydroxylamine
was first added to generate the intermediate dioxime (Table 1,
method B) and on completion (LC-MS, ~ca. 2.5 h) the re-
ductant was added, resulting in the clean formation of the
target alkoxyamine 7 in 81% yield (Table 1, entry 5). The
presence of molecular sieves was necessary for the efficient
generation of the double oxime (Table 1, entry 6).

Table 1. Ring-Closing Double Reductive Amination of 4 with

1) (-)-1pc,BH, . .
g BOMCI BnO 1-7,_8":0 o100 BRO. Benzylamine and O-Benzylhydroxylamine
o DMF - o-
_— _— ", OBn oH Method A OBn
240 °C 2) NaOH, H,0O, BnO BnO
60%, 99% ee 0 RNH,.HCI (1 equiv) N.o
1 BnBr, NaH (+)_2: R=H OH NaBH3CN, AcOH 6.7
DMF = 3: R = Bn (83%) 4 -
i OBn OBn OBn
(i) OsO,, Nalo, Method B
dioxane-H,0 OH NaBH, BnO
—  ~ s BnO —» BnO OCI)-|H RNH,.HCI \\ NR  NaBH;CN
or (ii) 00,4, NMO, o EtOHH,0 (2.5 equiv) NR AcOH
gfgt:”e'Hzo then 4 5 (i: 79%; ii: 82%)
. . ) entry method” R R'CHO/RNH, product yield (%)°
Oxidative cleavage of olefin 3 was first evaluated under
classical conditions, with sodium periodate and osmium L refllb  Bn L2/ 6 i
. . . . 2 A OBn 1.11 7 46
tetroxide in a mixture of dioxane and water. The so- 3 A OBn 151 7 54
fqrmed diald.ehyde exists in admi?iture with the various 4 A OBn 21 7 57
diastercomeric forms of the cyclic hydrate 4 and was 5 B OBn 1/2.5 7 81
reduced to the diol 5 with sodium borohydride’ to assess 6 B OBn 1/2.5 7 0°

the efficiency of the oxidative cleavage. In this manner diol
5 was formed in 79% yield, whereas the use of Nicolaou’s
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“Method A: RNH,-HCI (1 equiv), NaBH3;CN (5 equiv), AcOH
(20 equiv), MS 3 A, MeOH (0.04 M). Method B: RNH,-HCI (2.5 equiv),
MS 3 A, MeOH (0.25 M) then NaBH:CN (5 equiv), AcOH (10 equiv).
bIsolated yields. ¢ Reaction performed without molecular sieves.

With conditions for the ring-closing double reductive
amination established, we next focused on the synthesis of
more functionalized dialdehydes, for which double reductive
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Scheme 2. Preparation of a Highly Functionalized Cyclopen-
tane
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amination with hydroxylamines would provide trisubsti-
tuted N-alkoxypiperidines analogous to isofagomine. The
synthesis commenced from (—)-2, obtained analogously
to its enantiomer (+)-2 (Scheme 1). Subsequently, on the
basis of a recent strategy developed by Meier,* alcohol
(—)-2 was converted to the mesylate 8 in excellent yield,
and the double bond was subjected to epoxidation with
m-CPBA (Scheme 2), leading to the formation of two
diasteromeric epoxides 10 in a 1:3 ratio in favor of
the undesired isomer 10b. Fortunately, hydroxyl-directed
m-CPBA epoxidation of cyclopentene (—)-2, in a manner
analogous to a related Sharpless epoxidation,®® furnished
in good yield a separable mixture of epoxides 9a,b in a
3:1 ratio favoring the desired isomer. Mesylation then af-
forded the compound 10a in 94% yield, which, on treat-
ment with benzyl alcohol in the presence of BF;-
OEt,, underwent regioselective opening of the epoxide
to give 11 as a single diastereoisomer in good yield. Pro-
tection of the resulting alcohol function with benzyl bro-
mide in the presence of NaH then provided the functio-
nalized cyclopentane 12 in 82% yield (Scheme 2).

The base-assisted elimination of the mesylate from 12
was first investigated with potassium ferz-butoxide in
polar aprotic solvents, as Meier® had identified -BuOK
to afford the Hofmann product preferentially in a series
of closely related compounds, due to the sterically hin-
dered nature of the base. Under the Meier conditions
(-BuOK, DMF, 100 °C) mesylate 12 gave three different
products, namely the Hofmann and Saytzeff products
13 and 14, respectively, and a product 15 resulting from
the elimination of the benzyloxy group. As determined by
"H NMR spectroscopy on the crude reaction mixture, the
required regioisomer 13 was favored under these condi-
tions (Scheme 3), and decreasing the temperature to am-
bient improved the ratio further to 1:0.1:0.02. Surprisingly,
however, the best results were obtained with the less
basic, less hindered sodium methoxide as base at room
temperature,12 when formation of the over-elimination

(12) Jones, M. F.; Myers, P. L.; Robertson, C. A.; Storer, R.;
Williamson, C. J. Chem. Soc., Perkin Trans. 1 1991, 2479-2484.
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Scheme 3. Synthesis of Functionalized Dialdehyde 16
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product 15 was suppressed and the Hofmann and Saytzeff
products were obtained in a ratio of 1:0.13, enabling the
isolation of cyclopentene 13 in 72% yield. Subsequent
oxidation with the NMO/OsO4/PIDA system gave the
corresponding hydrated dialdehyde 16, which was char-
acterized after reduction to the diol 17 with sodium
borohydride (Scheme 3). Interestingly, diol 17 was ob-
tained as a 6:1 mixture of two unassigned diastereoisomers
but, as revealed by the subsequent ring-closing cyclizations
which were epimerization free, the loss of stereochemical
integrity occurred during the reduction step. In subsequent
work, the dialdehyde was used without characterization in
the ring-closing reductive amination step immediately
following flash chromatography over silica gel.
Ring-closing double reductive amination was first in-
vestigated with benzylamine in the presence of sodium
cyanoborohydride, which resulted in formation of the
protected isofagomine derivative 18, albeit in a low 18%
yield (Table 2, entry 1). Interestingly, in view of this low
yield, the N-benzyloxypiperidine 19 was prepared by ring-
closing double reductive amination with O-benzylhy-
droxylamine under the previously optimized conditions
in an excellent 84% yield (Table 2, entry 2). The subse-
quent use of a variety of N-substituted hydroxylamines in
this manner demonstrates that this protocol nicely accom-
modates the presence of protected sugar, ester, alkyne,
allyl and benzyl functionalities in the hydroxylamine
component, giving a range of novel piperidine derivatives.
Thus, O-(p-methoxybenzyl)hydroxylamine and O-allyl-
hydroxylamine provided the piperidines 20 and 21 in
excellent 90% and 89% yields, respectively (Table 2,
entries 4 and 5). Reductive amination with the sugar-
derived hydroxylamine'? furnished the corresponding
pseudodisaccharide 22 in 70% yield (Table 2, entry 6).
The functionalized piperidines 23 and 24 were obtained
uneventfully in 76% and 72% yields from ester- and

(13) See the Supporting Information.

(14) Raban, M.; Kost, D. Tetrahedron 1984, 40, 3345-3381.

(15) Compain, P.; Martin, O. R. Iminosugars: From Synthesis to
Therapeutic Applications; Wiley: Chichester, U.K., 2007.
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Table 2. Synthesis of Isofagomine and Some N-Alkoxy Deri-
vatives

OBn ., DRA OBN geprot. OH
BnO > BnO — "HO
BnO 0 BnO HO N.q

N.
OH R’
16 18-24 25-30
entry R! yields” R’ yields”
1 Bn 18, 18% H ]
2 OBn 19, 84% H 25, 72%°
3 OBn 26, 90%"
4 OPMB 20, 90% OH 27, 96%"
5 OAll 21, 89% OAll 28, 88%°
~ -
6 Béo%g\ 22,70% Hooﬁg\i 29, 61%°
z0 HO
BzO Gute HO  “ome
" -
7 o 23, 76% 0— 30, 45%*
CO,Et CO,Et
Ao
8 ) 24, 72% £ £
=

“Isolated yields. ® Isofagomine 25 was obtained from 19 (entry 2).
¢ BBr3, CH,Cl,. Y BCl3, CH,Cl,. (i) NaOMe, MeOH; (ii) BCls, CH,Cl,.
/Obtained as a 1.9:1 mixture of ethyl and methyl esters, respectively
(see the Supporting Information).  The presence of alkyne is not
compatible with BCl; deprotection.

alkyne-carrying hydroxylamines, respectively (Table 2,
entries 7 and 8). From a practical standpoint, it must be
noted that the '"H NMR spectra of the various N-alkoxy-
piperidines obtained in this manner were complex when
recorded at room temperature, due to the existence of
several conformers, but showed a single time-averaged
structure when recorded at 100 °C in d,-DMF.'*
Exposure of these N-alkoxypiperidine derivatives to
BCl; cleanly removed the benzyl groups, resulting in the
formation of the target N-alkoxypiperidines, all of which

(16) (a) Bols, M. Acc. Chem. Res. 1998, 31, 1-8. (b) Biilow, A.;
Plesner, I. W.; Bols, M. J. Am. Chem. Soc. 2000, 122, 8567-8568.
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Demuth, H.; Pawlas, J.; Torres Candela, M. P.; Andersen, B.;
Westergaard, N.; Lundgren, K.; Asano, N. Bioorg. Med. Chem.2001,
9, 733-744.

(18) (a) Chang, H.-H.; Asano, N.; Ishii, S.; Ichikawa, Y.; Fan, J.-Q.
FEBS J.2006, 273, 4082-4092. (b) Zhu, X.; Sheth, K. A.; Li, S.; Chang,
H.-H.; Fan, J.-Q. Angew. Chem., Int. Ed. 2005, 44, 7450-7453.
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are analogues of isofagomine characterized by the pre-
sence of a N—O bond linked to various functional groups
(Table 2, entries 3—7). The simple N-hydroxyisofagomine
27 was obtained from 20 in excellent yield, as the PMB
group of the hydroxylamine was labile to the BCl; con-
ditions (Table 2, entry 4). The PMB group can also be
orthogonally removed from 20 by simple treatment with
TFA (see the Supporting Information). Finally, depro-
tection of 19 with BBr; rather than BCl; removed
the ether functionality in the standard manner and
additionally effected cleavage of the hydroxylamine
N-O to afford isofagomine itself (25) in 72% yield
(Table 2, entry 2).

Overall, a de novo asymmetric entry into two series of
N-hydroxy- and N-alkoxypiperidines, analogues of isofa-
gomine, has been developed on the basis of a novel
strategy of ring-closing double reductive amination on a
functionalized dialdehyde with O-substituted hydroxyla-
mines. Isofagomine, a non-natural aza sugar'> analogous
to fagomine, with a spectrum of biological activities that
includes inhibition of S-glucosidase'® and hepatic glyco-
gen phosphorylase'” with potential for the treatment
of Gaucher’s disease,'® was obtained by cleavage of
the N—O bond of an N-alkoxy derivative with BBr;.
This synthesis of isofagomine compares favorably with
many of the numerous approaches described in the
literature.”"”

Acknowledgment. We thank J.-F. Gallard (ICSN) for
assistance with the recording of variable-temperature NMR
spectra.

Supporting Information Available. Text and figures
giving experimental procedures and characterization data
for all new compounds. This material is available free of
charge via the Internet at http://pubs.acs.org.

(19) (a) Jespersen, T. M.; Dong, W.; Sierks, M. R.; Skrydstrup, T.;
Lundt, I.; Bols, M. Angew. Chem., Int. Ed. 1994, 33, 1778-1779. (b)
Ichikawa, Y.; Igarashi, Y.; Ichikawa, M.; Suhara, Y. J. Am. Chem. Soc.
1998, 720, 3007-3018. (c) Kim, Y. J.; Ichikawa, M.; Ichikawa, Y. J. Org.
Chem. 2000, 65, 2599-2602. (d) Andersch, J.; Bols, M. Chem. Eur. J.
2001, 7, 3744-3747. (e) Pandey, G.; Kapur, M. Tetrahedron Lett. 2000,
41, 8821-8824. (f) Zhao, G.; Deo, U. C.; Ganem, B. Org. Lett. 2001, 3,
201-203. (g) Ouchi, H.; Mihara, Y.; Takahata, H. J. Org. Chem. 2005,
70, 5207-5214. (h) Ouchi, H.; Mihara, Y.; Watanabe, H.; Takahata, H.
Tetrahedron Lett. 2004, 45, 7053-7056. (i) Banfi, L.; Guanti, G.;
Paravidino, M.; Riva, R. Org. Biomol. Chem. 2005, 3, 1729-1737.

599



