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The use ofL-proline (30 mol %) and MW irradiation (13
W) with cooling promotes in a few hours the almost
guantitative anomerization of-C-glycosylmethyl aldehydes

Note

compounds such &s-glycopeptide$and C-oligosaccharidés

as well as modified PNA%Nevertheless, while stereoselective
syntheses ofi-anomersl—2 are straightforward for the most
commonC-glycopyranosides witlgluca galactg andmanno
configuration, synthetic procedures to the correspon@iago-
mers appear to be much more complicated in terms of number
of steps, stereoselectivity, and general applicabilitherefore,

a facile as well as efficient anomerization @fC-glycosides
1-2 to the f-anomers3—4 is quite attractive. The group of
Zou has recently addressed this issue reporting on the use of
MeONa/Zn(OAc) mixture in a first instanc® and then, more
simply, MeONa alone as anomerization promoting agent.
Nevertheless, reported yields are not always satisfactory and
isolation of targef-C-glycosylmethyl aldehyde3appears often
impractical as demonstrated by the need for in situ reduction
to the corresponding alcohols. Additionally, the proposed
methodology is incompatible with the presence of base sensitive
functionalities installed in the sugar fragments such as the ester
protective groups (Ac, Bz, Piv, Lev, etc.). Therefore, with the
aim to overcome these major limitations, we thought it quite
convenient to replace the stoichiometric, strongly basic MeONa
promoter with a mild and almost neutral catalyst. Accordingly,
we hypothesized that an-C-glycosylmethyl aldehydel or
ketone2 (kinetic product) can react with-proline (Figure 1)

into B-isomers. An open-chain enamine-based mechanismio generate an intermediate enamineapable of promoting

is postulated for this transformation. The anomerization of
a-ketones was instead achieved by the pyrrolidine/TFA
couple and MW irradiation at 120 (enamine mechanism)
and by DBU as Brgnsted base (enolate mechanism).

B-elimination via intramolecular hydrogen-bonding activation
and form an acyclie,S-unsaturated carbonyl protected species
II. The less crowded and more stalffeC-glycosylmethyl
carbonyl derivatived or 4 (thermodynamic product) would then
result from an intramolecular hetero-Michael reaction through
the intermediatdll in a domino process, being the proline

The number of studies based on organocatalytic strategiescatalyst released via hydrolysis.

has expanded exponentially within the last 7 yédrawever,

A study of the designed proline-catalyzed anomerization

despite this widespread interest, the use of organocatalysis inprocess was initially carried out using the perbenzylate®-

carbohydrate chemistry is still quite scanty. Two main topics
can be identified in this area. The first involves the development
of biomimetic strategies for the de novo carbohydrate syntResis;

galactosylmethyl aldehydd.a as a model substrate (Table 1).
Experiments in different solvents with 30 mol % of catalyst at
room temperature (entries—#) showed variable extents of

the second deals with the use of sugar derivatives as readilyanomerization and the formation of two byprodubtsnd 6.

available chiral scaffolds for the preparation of new classes of The former was tentatively assigned as a diastereomeric mixture
organocatalystdVery recently, our group has embarked on a of C-glycosylmethyl 1-oxapyrrolizidines as shown. On the basis
still-neglected research topic via organocatalysis that is the of previous observatiorfscompound$ may be formed through
preparation of carbohydrate-based building blocks and biologi- an azomethine ylide intermediate arising from the addition of

cally relevant glycoconjugates. As a first example of our
incoming work we report herein the results on the organocata-
lyzed anomerization oé-C-glycosylmethyl aldehyde& and
ketones to their corresponding-isomers3 and4 (Figure 1).
These simpleC-glycosides in both anomeric forms are known
to be valuable precursors to important nonnatural complex
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FIGURE 1. Envisaged catalytic cycle for anomerization{C-glycosylmethyl aldehydes and ketonksand 2.

TABLE 1. Optimization of the Reaction Conditions for the

Anomerization of 1a2

BnO ,OBn

=

by-products: OBn OBn

OBn

Bhno OBn BnO 0

BnO ,OBn

%Y

catalyst (mol%)

solvent temp.

entry catalyst solvent time BloP 3a& 5° 6°
1 L-proline DMF 24h 12 20 15
2 L-proling! DMSO 24h 1:2 15 18
3 L-proline? MeOH 24h 19:1 45 17
4 L-prolineg® MeOH 8h 8:1 40 8
5 L-proline® MeOH  24h 0:1
6  L-proling MeOH 12h 51 70
7  L-prolind MeOH 24h 1911 95
8  L-prolind MeOH 48h 19:1 65 10
9 L-proline9 MeOH 24h 19:11 51 12
10 pyrrolidiné MeOH 24h 19:11 65 10
11 pyrrolidine/ AcCOHM MeOH 24h 1911 72 8
12 EgNd MeOH  24h 0:1
13 EgNdi MeOH  24h 0:1

a All reactions were run with 0.40 mmol dfaand 30 mol % of catalyst.

b Determined by'H NMR analysis of the crude reaction mixtufdsolated
yield (see note 10f Reaction run at room temperatufeReaction run at
0 °C.fReaction run at OC for 1 h then at 30°C for the stated time.

9 Reaction run with 50 mol % of catalystRatio amine-protic acid 1:1.

i Reaction run with 100 mol % of catalyst.

proline to the aldehydda and decarboxylation, followed by
1,3-dipolar cycloaddition of the ylide to the carbonyl of a second
molecule ofla The formation of6 should instead arise from
the consumption oBa via self-aldolization and dehydration.

window by keeping the mixture dfa and proline in MeOH at
0 °C for 1 h and then warming the reaction mixture at°&8)
for 24 h (entry 7). Under these optimized conditions, dteo
p-anomer conversion was excellefitd 19:1) and the formation
of 6 was suppressed so that the isolated yiel8afvas excellent
as well (95%)L°

As indicated by the yellow color of the solution afG, the
enamine intermediate can be generated at low temperature,
whereas the ring opening/closure process necessitates more
thermal energy. In addition, it appears that the anomerization
process as a whole is faster than the self-aldolizatiaafnder
optimized conditions. Accordingly, a longer reaction time (48
h) or higher loading of the catalyst (50 mol %) afforded
appreciable amounts &f (entries 8-9). The anomerization of
lawas also carried out with pyrrolidine and pyrrolidine/AcOH
couple as the catalysts (entries111). Both catalysts induced
the anomerization to a great extent but gave rise also to the
formation of the self-aldolization produ&, thus resulting in
low yields of isolatedBa.l® Quite notably, with the tertiary amine
base triethylamine in catalytic and even stoichiometric amount
no epimerization did take place (entries—13). This result
excluded a reaction mechanism via enolate generation while
the proposed mechanism via enamine intermediate by proline
catalysis appears quite reasonable.

Aiming at decreasing the long reaction time needed to carry
out the anomerization dfa, we considered the use of microwave
(MW) dielectric heating in the warming step of our protocol.
The beneficial effect of MW irradiation on the rate enhancement
of organocatalytic reactions has been described in three reports
from different laboratories! A recent revisitation of earlier
studies by Kappe and co-workers demonstrated that the results

(10) The reported yields ¢f-C-glycosyl methyl aldehydes and ketones
3 and4 refer to their isolation by aqueous work up of the crude reaction
mixtures whenp/o ratio was higher than 10:1. A chromatographic
purification was performed to isolate the pyfeanomers for lowep/o
ratios and when by-products and the DBU promoter contaminated the
anomerization mixtures.

(11) (a) Westermann, B.; Neuhaus,Ahgew. Chem., Int. EQ005 44,

While the decrease of the reaction time and temperature (entriesyo77-4079. (b) Rodriguez, B.; Bolm, Q. Org. Chem2006 71, 2888~
4—5) had marked negative effects, we found a suitable reaction 2891. (c) MosseS.; Alexakis, A.Org. Lett.2006 8, 3577-3580.
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TABLE 2. MW-Assisted Proline-Catalyzed Anomerization of 1& TABLE 3. Proline-Catalyzed Anomerization of a-Aldehydes B

mol% of poweP time @ temp time  vyield®

entry  catalyst (W)  (min) (°C) plod 3¢ 6 enty g-anomer product Bla® ) %)
1 30 45 100 191 41 20 1a 3a 19:1 1 %5
2 30 15 120 58 191 65 10 1 (see Table 1) (see Table 1) '
3 30 15 60 58 191 78 5
4 30 10 120 22 0:1 OBn OBn
5 30 13 60 50 19:1 95 BnO o)
6 1d 13 60 50 12 22 2 oA B"S,M/Yo oot %
7 10 13 240 50 51 75 "0 BnO
8 3¢ 13 60 50 19:1 95 H H
9 30 13 60 60 19:1 95 1b 3b
10 30 60 61 18:1 95 BnO
OBn BnoO.
a All reactions were run with 0.40 mmol dfa and the stated amount of 3 B"gno -0 BnO 0_%“ 10:1 2 80
L-proline in MeOH at O°C for 1 h; then the mixture was warmed by MW o BnO o
irradiation for the stated timé.Application of a constant powef.All b
temperatures were measured externally by an IR sensor; simultaneous air- 1c H 3c
cooling was applied using compressed air with a constant pressure of 4
bar.d Determined by!H NMR analysis of the crude reaction mixture. BnOo OAc OAc
¢lsolated yield (see note 10)Experiment run in Biotage Initiator. o} BnO
9 Experiment run in CEM Discovef. Temperature measured with internal 4 BnO B0 Bno&&/\(o 10:1 2 78
fiber-optic probe! Experiment run in a conventional preheated oil bath. 0 BnO !
H
1d 3d

obtained with MW irradiation can be reproduced at the same Ao OAc

reaction temperature and time simply by heating the reaction o Aco  Ohc

in an oil bath!? The results of our study on the MW-assisted ~ ° A== A°°§&/\(° 125 907
anomerization olaare summarized in Table 2. All experiments ° A

were conducted under optimized conditiongp¢oline 30 mol e M 30

%, MeOH, 0°C for 1 h, and then warming) in septum-sealed (lo. 1:10)

reaction vessels with the single-mode cavity dedicated reactor aAll reactions were run with 0.40 mmol af-aldehydeP Determined
Biotage Initiator. All reaction temperatures were measured by 'H NMR analysis of the crude reaction mixtufdsolated yield (see
externally on the outside vessel wall by an IR sensor, as note 10).“Homogeneous by chromatography.

permitted only by the conventional setup of the above MW

reactor. With a temperature-controlled program at 10Ghe 11°C was detected with the two different probes in the presence
maximum conversionFo 19:1) was observed after only 45  of simultaneous cooling of the vial by compressed air (entries
min, but a low yield of3awas obtained owing to the formation  8—9). Hence, the final run was performed fbh in a oilbath

of 6 (entry 1). Consequently, we adopted irradiation at constant preheated at 61C (entry 10). The results of this experiment
power using simultaneous external cooling of the vial by almost exactly matched the data from optimized MW experi-
compressed air. After some experimentations (entrie$) 2ve ments (entries 5 and-®) in terms of both isolate@a and /o
found that with a MW power of 13 W (58C) for 1 h the sole  ratio, thus excluding the occurrence of any possible nonthermal
B-anomer3a was obtained in almost quantitative yield (entry Mw effects in this type of transformation.

5).10 This transformation was performed up to 1 gram scale.  \yith the above information in hand, we examined the
Hence the absence of byproducts and the high anomeric ratio,

; ; - 7 ) substrate generality of the anomerization reaction with respect
(p/o. 19:1) enable the use Gain preparative experiments just 4 the sygar configuration and the hydroxyl protective groups
after a simple aqueous work up without the need of any

Table 3). To our great delight, exposure of perbenzylatés
chromatographic purificatiot. This is a significant result due ( ) 9 g P P y

. . o glucosylmethyl aldehydé 1b and a-C-mannosylmethyl alde-
to the substantial degradation Bfaldehydes3 over silica gel. | 4 1¢ 1o the optimized reaction conditions established for
Triggered by previous observations on the beneficial effect of 1a did indeed provide high levels of conversion into the

MW irrladiegion on égﬁ reduction r?f catglyst algnount in 9f9<'3' correspondings-anomers3b and 3c and no formation of any
nocatalyzed reactioris;we next performed the above optimized 1, 4y ct (entries 23). Significantly, the evaluation of mono

procedure using 10 mol % af-proline. Unfortunately, low — 5pq peracetylated-C-galactosylmethyl aldehyddsi4 and1€'®
levels of conversion were detected within reasonable reaction revealed the compatibility of the proposed anomerization

times (gntries 67.)' . _ ., procedure with ester protective groups of the sugar moiety, as
Our final experiment involved performing in a preheated oil the targef-aldehyde®d and3ewere recovered in high yields.

bath the run conducted under optimal MW conditions. Since The oroline-catalvzed anomerization strateay was next lied
an accurate measurement of the internal reaction temperature € proline-catalyzed anomerization strategy was next applie

was needed for this comparative study, preliminary experimentst0 a-(?—glycogylmethyl ketone&. The substratg gengrallty was
(entries 8-9) consisted in reproducing optimized results (entry examined with respect to_the nonsugar residue linked to the
5) by using the CEM Discover single-mode MW reactor carbonyl group. Hencew-linked methyl, allyl, and phenyl
equipped with either the conventional IR sensor for external
measurement of reaction temperature or a fiber-optic probe for (13) (a) Sparks, M. A.; Panek, J. Betrahedron Lett1989 30, 4017~
direct monitoring of the internal temperature. A difference of 410. (0) Nolen, E. G.; Watts, M. M.; Fowler, D. Qrg. Lett. 2002 4,

3963-3965.
(14) This aldehyde was prepared from theC-allyl precursor ofla by
(12) Hosseini, M.; Stiasmi, N.; Barbieri, V.; Kappe, C.DOrg. Chem. selective 60-acetolysis as detailed in Supporting Information.
2007, 72, 1417-1424. (15) Liu, S.; Ben, R. NOrg. Lett.2005 7, 2385-2388.
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TABLE 4. Anomerization of o-C-Glycosylmethyl Ketones 2 under B). Finally we observed that anomerization induced by pyrro-
Lewis- and Bransted-Base Catalysfs lidine/TFA couple was compatible with the peracetylated
entry w-anomer product ;ﬁm o yi(f/gd galactosyl residue d2d, whereas the use of DBU as a strong

base resulted in substantial degradation of the forfaadomer

4d (entry 4).

o s In summary, anomerization @-Bn andO-Ac o-C-glyco-

Bn o BnO sylmethyl aldehydes and ketones has been shown to occur in
B 2 45 good yields under a set of optimized, MW-assisted organocata-

lytic conditions.

BnO _OBn Bno OBn

1 BnO

‘<ig\

@

3

e}

o
5

e}

>

2a Me 4a

Bno OBn Bno OBn . .
Experimental Section

A® 0:1 78
1:3 80 General Procedure for the Anomerization of Aldehydes 1a
e. A 0.5-2.0 mL process vial was filled with the sugar aldehyde
1 (0.40 mmol) and MeOH (1.5 mL). The resulting solution was
cooled to 0°C, and then-proline (14 mg, 0.12 mmol) was added

2 BnO BnO

BnO B

2b

o)
=/ o
~ 3

I<Sg\
/o
@

BnO OBn BnOo OBn

o &/\( in one portion. The vial was sealed with the Teflon septum and
3 BnO BnO 0 A / / aluminum crimp by using an appropriate crimping tool. The mixture
B0 (o B oy B 191 85 was then vigorously stirred at @ for 1 h, and then the vial was
5 Ph 4 placed in its correct position in the Biotage Initiator cavity where
irradiation at constant power (13 W) was performed for the stated
time (Table 3) with simultaneous cooling of the vial by means of
AcO OAc AcO OAc pressurized air (4 bar). After the full irradiation sequence was
4 Aco%%\( Aco&/\(o A 191 75 completed, the vial was cooled to room temperature and then
AcO | o AcO opened. The mixture was diluted with AcOEt (80 mL) and washed
g Me ad Me B 118 with s_aturated NaHCQ(Z x 15 mL)_ and brine (2x 5 mL). The
aAll reactions were run with 0.40 mmol afi-ketone.” Method A: organie phase was dried (m)' flltered_, and concentrated to
pyrrolidine/TFA (1:1, 30 mol %), DMF, MW, 120C, 4 h. Method B: give crude aldehyd@ (ffa. ratio report_ed I_n Table 3y,
DBU (100 mol %), MW, 120°C, DMF, 2 h.c Determined by*H NMR General Procedure for the Anomerization of Ketones 2a-d.
analysis of the crude reaction mixtufeisolated yield (see note 10).  Method A. A 0.5-2.0 mL process vial was filled with the sugar
e Reaction time 1 hf Reaction time 2 h. ketone2 (0.40 mmol), pyrrolidine (1Q:L, 0.12 mmol), trifluoro-

acetic acid (L, 0.12 mmol), and DMF (1.5 mL). The vial was
C-galactosylmethyl ketone®a—d shown in Table 4 were  sealed with the Teflon septum and aluminum crimp by using an
prepared as detailed in the Supporting Information. Quite appropriate crimping tool. The vial was then placed in its correct
disappointedly, the anomerization of the model ket@aelid position in the Biotage Initiator cavity where irradiatiorr # h at

not take place at all under the optimized conditions established ;l:cz)r%;I%tévgstﬁgr{?iglm\i?ésAét;czlézetcf)ulrlogﬁd{gg:);e f;g?g”;r?d V‘t’ﬁzn
for the conversion of the-aldehyded (Table 2, entry 5). After P : .

some experimentations (see Supporting Information, Table 1S),opened. The mixture was diluted with AcOEt (80 mL) and washed

S . with saturated NaHC®(2 x 15 mL) and brine (2< 5 mL). The
we found that the couple pyrrolidine/TFA (30 mol %) in DMF organic phase was dried (D&0,), filtered, and concentrated to

at 120°C MW, 4 h promoted the anomerization 2 to _4a_to give crude ketond (f/a. ratio reported in Table 4¥. Method B.

a significant extent (Table 4, entry 1, method A). Aiming at A 9.5-2.0 mL process vial was filled with the sugar ket@ .40
increasing the efficiency of the process, we also considered themm0|), 1,8-diazabicyclo[5.4.0Jundec-7-ene (A9 0.40 mmol) and

use of organic Brgnsted bases of different strength (DABCO, DMF (1.5 mL). The vial was sealed with the Teflon septum and
quinine, PS-BEMP, and DBU) to catalyze the epimerization of aluminum crimp by using an appropriate crimping tool. The vial
ketones2 through enolate generatidh.Only stoichiometric was then placed in its correct position in the Biotage Initiator cavity
DBU (DMF, MW, 120°C, 2 h) promoted the anomerization of =~ where irradiation fo4 h at 120°C was performed. After the full
2ato 44a, although with low efficiencyf/a. 2:1, entry 1, method irradiation sequence was completed, the vial was cooled to room
B). temperature and then opened. The mixture was diluted wid Et

Methods A and B were then applied to ketor@#s-d. As (80 mL) and washed with D (2 x 15 mL). The organic phase
expected on the basis of Zou resditsnder both Lewis and was drled_(NaSO4), fllt_ered, and concentrated to give crude ketone
Brgnsted base catalysis, double bond migration took place in# (f/e ratio reported in Table 4f.
the allyl ketone2b to form the more stable conjugated derivative ] ]

7 (entry 2) although with still preferential-configuration. The Acknowledgment. We gratefully acknowledge University
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intermediate using DBU as the base promoter (entry 3, method
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(16) Anomerization ofa through the enolate has been reported using Characterization data, and selected examples of temperature, pres-
NaOMe (ref. 8). Similarly, KCOs; and KOH were used in an earlier ime ~ sure, and MW power profiles. This material is available free of
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