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Abstract: Enantioselective aldol reac-
tions between substituted pyridine car-
baldehydes and o-ketoacids were
shown to provide isotetronic acids or
their corresponding pyridinium salts,
depending on the nature of the sub-
stituents on the pyridine ring. The pyri-
dinium salts were generated through
nucleophilic attack of the pyridine ni-

functional group. Moderate-to-good
yields of both compounds were typical-
ly obtained and high levels of enantio-
selectivity were observed by using ben-
zimidazole pyrrolidine I as a catalyst.

Keywords: aldol reaction - enantio-
selectivity - heterocycles - indolizi-
dines - organocatalysis

Hydrogenation of the resulting pyridi-
nium salts led to new indolizidines with
high ee values and diastereocontrol.
X-ray diffraction studies allowed the
determination of the relative configura-
tion of the products. Finally, DFT cal-
culations were performed to rationalize
the divergent pathway as a function of
the pyridine substituents.

trogen atom onto the reactive keto

Introduction

The organocatalyzed aldol reaction has been at the onset of
the “renaissance” of aminocatalysis'!! and it is still the sub-
ject of intense research activity, with the development of
more-efficient catalysts and their utilization in the total syn-
thesis of natural products.” In this context, some years ago,
we reported the development of a readily available benzim-
idazole pyrrolidine catalyst (I, “BIP”) that was derived from
L-proline and exhibited remarkable reactivity in various re-
actions, including aldol reactions.’)’ Whereas most catalysts
require the use of an excess of one of the reagents (usually
the ketone donor), catalyst I has been shown to catalyze
aldol processes by using an equimolar amount of the ketone
and aldehyde partners. Amongst the various aldol processes
that have been catalyzed by compound I, a straightforward
synthesis of isotetronic acids 3 from a-ketoacids (e.g. 2) and
aromatic or aliphatic aldehydes was developed, thus leading
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to the desired five-membered rings in high yields and with
high enantioselectivities.[! This work complemented previ-
ous approaches to isotetronic acids by using chiral auxilia-
ries, organometallic catalysis, and proline-catalyzed pyruvate
homo-aldol reactions and represents one of the few exam-
ples of organocatalyzed asymmetric aldol reactions that ex-
ploit 1,2-dicarbonyl compounds as pronucleophiles.”!

Naturally occurring isotetronic acids exhibit relevant bio-
logical properties,® including inhibitory activity of aldose re-
ductase®™ and antitumor activity against various carcino-
mas.[®® These simple motifs are also found as key fragments
in more-complex targets, such as erythronolide A.°! During
the course of our studies on organocatalyzed aldol reactions,
we made some unexpected observations in the aldol reac-
tions between pyridine-2-carbaldehydes 1 and various a-ke-
toacids 2 (Scheme 1). The long-standing interest of this class
of compounds and recent efforts towards their synthesis’!
prompted us to provide a full report on these unexpected
results herein.
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Scheme 1. Aldol reactions between pyridine carbaldehydes 1 and
a-ketoacids 2 catalyzed by compound L.
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Depending on the nature of the substituents on the pyri-
dine skeleton, the reactions between compounds 1 and pyr-
uvic-acid derivatives 2 were shown to effectively provide the
desired isotetronic acids 3 or, more surprisingly, their corre-
sponding pyridinium salts 4 (Scheme 1). To the best of our
knowledge, this transformation has never been reported
before. Interestingly, complete hydrogenation of the pyridi-
nium salts 4 eventually led to the corresponding non-natural
indolizidines®™ in good yields and with high enantiocontrol
in only two steps from commercially available precursors.
This reaction likely proceeded through the stereoselective
addition of an enamine that was formed from the o-ketoacid
2 and catalyst I onto the aldehyde functional group of pyri-
dine 1; subsequent lactonization provided compound 3.1 Al-
ternatively, the resulting aldol product may evolve through
the attack of the pyridine nitrogen atom onto the electro-
philic a-keto group to provide compound 4. Herein, we de-
scribe the development of this unusual organocatalyzed
aldol reaction, which results in the formation of new C—C
and C—N bonds and the generation of up to five stereogenic
centers in only two steps. We discuss the scope and limita-
tions of our method, provide a rationalization of the effects
that favor the formation of compound 4 over compound 3,
supported by DFT calculations, and describe some useful
transformations of aldol products 4. Finally, the configura-
tions of some pyridinium salts, both in the solid state and in
solution, are discussed based on IR and vibrational circular
dichroism (VCD) studies, associated with theoretical calcu-
lations.

Results and Discussion
Preliminary studies were performed by reacting pyridine

carbaldehyde 1a with a-ketobutyric acid 2a in the presence
of 10 mol % of catalyst I (Table 1; an optimized synthesis of

Table 1. Aldol reaction between pyridine 1a and o-ketobutyric acid 2a.

N o cat. | OH
| . (10 mol%) | S\
Nig ] HJ\COZH solvent N
o) 20°C Hd coy

1a 2a 4a

Entry Solvent Yield of  Optical rotation of Estimated ee of
4a %] 4a (o)™ 4a [%]*

1 neat 0 - -
2 toluene 57 —11.3 (0.52, MeOH) 33
3 Et,0 74 —26.9 (0.505, MeOH) 78
4 DMF 0 - -
5 water 34 —26.9 (0.52, MeOH) 62
6 CH,Cl, 70 —27.3 (0.52, MeOH) 80
7 1,4-dioxane 60 0.9 (0.52, MeOH) -3
8 MeOH 78 —28.2 (0.52, MeOH) 82
9 THF 75 —34.3 (0.56, MeOH)  >99

[a] Yield of isolated compound 4a after column chromatography
(CH,Cl,/MeOH). [b] Reaction was performed at 25°C. [c] Enantiomeric
excess of compound 4a: ee=[a]p exp/[Ab pure 4ax100» DY USING [AUp pure 40 =
—34.3 (¢=0.51, MeOH) (see text).
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catalyst I is given in the Supporting Information). In con-
trast with previous results, the corresponding isotetronic
acid 3a was not observed with this particular aldehyde; in-
stead a pyridinium salt 4a was isolated in various amounts,
depending on the reaction conditions and on the isolation
process. The enantioselectivity of compound 4a could not
be obtained through chiral HPLC and, thus, was evaluated
by measuring the optical rotation of the sample in various
solvents. The optical rotation of enantiomerically pure pyri-
dinium 4a was estimated based on the observation that a
sample of compound 4a in THF (Table 1, entry 9) led to in-
dolizidine 6a, after reduction under PtO, catalysis” and
benzylation of acid 5a, with an ee value of >99%
(Scheme 2). In all cases, after evaporation of the solvent at

oH b OH b OH
X Hz 3 BnBr 3
| —_— | | . — | S
_N PO H / Cs,CO3 N~
Ho CO2 COoy CO,Bn
4a 5a 6a 45% (2 steps)
>99% ee

X-ray structure of 4a X-ray structure of 5a

Scheme 2. Reduction of compound 4a and X-ray structures of com-
pounds 4a and Sa.

room temperature and column chromatography on silica gel
(CH,Cl,/MeOH), compound 4a was obtained as a single
isomer and its structure was unambiguously determined
through X-ray diffraction studies (see below; Scheme 2).
The relative and absolute configurations of zwitterion 5a
were also determined by X-ray diffraction studies. As shown
in Table 1, the best results were obtained in THF, CH,Cl,,
Et,0, and MeOH, with better optical purity in the former
solvent. Interestingly, pyridinium 4a was found to precipi-
tate out of THF, thereby allowing its isolation by simple fil-
tration. The reaction also proceeded in water, although it
provided compound 4a in a mixture of unidentified prod-
ucts, whereas, in 1,4-dioxane, compound 4a was almost race-
mic. No trace of compound 4a could be detected when the
reaction was performed without solvent (Table 1, entry 1).
Small amounts of compound 4a were formed in DMF, but
evaporation of the solvent essentially led to degradation
(Table 1, entry 2). When the reaction was performed in the
absence of a catalyst or with L-proline, no trace amounts of
isotetronic acids or pyridinium salts could be detected. We
previously showed that under acidic conditions, proline
proved to be poorly reactive.’” Finally, attempts to extend
this method to o-ketoesters instead of their corresponding
acids were unsuccessful.

Chem. Eur. J. 0000, 00, 0-0
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With these results in hand, we varied the nature of the
substituents on the pyridine carbaldehyde by using com-
pound 2a as the enamine precursor. The results shown in
Table 2 indicate that the nature of the substituents on pyri-

Table 2. Aldol reactions between pyridines 1la-1k and 2a.
OH OH
R'—\ ° cat. | NV l=<A\
C A+ 2a —> R— Suu or /
2N e T WUNy T T Pyr2R0” 0
0 20°C > Ho CO;
1a-k 4a-d 3e-k
Entry 1 R 3 Yieldof3 eeof3 4 Yieldof4
[%][a,b] [%][c] [%][a.b]
1 la H - - - 4a 75 (82)
2 1b 5-Me - - - 4b 73 (80)
3 le 2-Me - - - 4c 77 (41)
4 1d S5-F - - - 4d 29 (41)
5 le 2-Br 3e 73(52) 93 - -
6 1f 2-CHO 3f 42 (20) n.d. - -
7 1g 2-p-CNPh 3g 69 (72) 75 - -
8 1h 2-OMe 3h 84 (82) 89 - -
9 1i 2-pyrrolidinyl 3i 55 (14) 82 - -
10 1j 3-Br 3j  75(90) 98 - -
11 1k 3-CN 3k 63 (50) 90 - -

[a] Yield of isolated product after column chromatography (see the Sup-
porting Information). [b] Yield of isolated compound as a racemate (re-
action performed with (+/-)-I) is given in parentheses. [c] Enantiomeric
excesses were measured by chiral HPLC (Chiralpak AD-H and IA col-
umns). n.d. =not determined.

dine 1 has a strong influence on the outcome of the reaction.
The presence of hydrogen, methyl, or fluorine groups at the
C5 position (1a, 1b, and 1d; Table 2, entries 1, 2, and 4) ex-
clusively afforded the corresponding pyridinium compounds
(4a, 4b, and 4d, respectively), in generally good yields as a
single diastereomer for both the enantiomeric and racemic
series. Changing the position of the Me substituent (to the
C2 position) as in compound 1¢ also led to pyridinium 4¢
(Table 2, entry 3). In contrast, other electron-withdrawing
substituents (Table 2, entry 5-7) and also electron-donating
substituents (Table 2, entries 8 and 9) exclusively led to their
corresponding isotetronic acids in good yields and high
enantioselectivities (measured or estimated by chiral
HPLC). As above, the enantiomeric excesses for pyridini-
ums 4a-4d could not be directly determined by HPLC anal-
ysis and, thus, were estimated after further functionalization
(see below). Similar to compound 4a, the relative configura-
tions of compounds 4b and 4c¢ were determined by X-ray
diffraction (see the Supporting Information), after further
elaboration of the pyridine ring (see below).

Having established the reactivity of a-ketoacid 2a in the
presence of various pyridine carbaldehydes, we studied the
effects of the nature of a-ketoacid substituents on the for-
mation of pyridinium salts 4. The reactions of pyridine car-
baldehydes 1a and 1b with a-ketoacids 2b-2d led to salts
4e-4h in moderate-to-good yields with high levels of dia-
stereocontrol  (except for compounds 4f and 4h;
Scheme 3)."! Moderate yields resulted from the formation
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THF, 20°C, 3-56d

R? o]
J\/\i HL
EON” + COH
1 2!
RN 1 R3

1a:R'=R%=H 2b:R®=H 4e:R'=R%=H, R?=Me (63%)
1b:R'=H,R?=Me 2c:R®=Et 4f:R'=R?=H, R®=Et(20%, d.r. 65:35)
2d: R®=Ph 4g:R'=R?=H, R® = Ph (30%)
4h:R' = H, R? = Me, R® = Et (45%, d.r.7:3)

X-ray structure of 4e

Scheme 3. Access to pyridinium salts 4e—4h from pyruvic-acid derivatives
2b-2d and the X-ray structure of pyridinium salt 4e.

of unidentified by-products, which were discarded upon
crystallization. To the best of our knowledge, the reaction
that provided pyridinium 4e represents the first example of
organocatalyzed aldol process that exploits pyruvic acid as a
pronucleophile.!!! The relative configuration of the C7 and
C8 stereocenters in pyridinium salts 4a—4h was assumed
based on the configurations in compounds 4a and 4e that
were obtained by X-ray diffraction studies (Scheme 2 and
Scheme 3). However, it is worthy of note that, in the solid
state, a cis-C7-C9 relative configuration is found in com-
pound 4a, whilst it is frans in compound 4e (see below).
Then, the pyridinium ring was fully hydrogenated as
above, under PtO, catalysis,”) thereby affording the corre-
sponding indolizidines 5a-5d (Scheme 4). Esterification of

By oH
M 3 . ‘7""R3
PtO, N £
R COy”
4a-c, 4e 5a:R'=R?=H, R®=Me

5b:R"=H,R?=R®=Me
5¢:R'=R®=Me, R?=H
5d: R'=R3=H, R>=Me

RZ
i H 9H BnBr
7
8 \,.R3 <J Cs2C03
2 N/?
X-ray structure of 5b R  COBn
6a:R'=R?=H,R®=Me
6b:R'=H,R2=R%=Me

6c:R'=R%®=Me, R?=H
6d: R'=R®=H, R?=Me

45%, 99% ee)
67%, 99% ee)
42%, 99% ee)
67%, d.r. 8:2, 99% ee)

Scheme 4. Access to indolizidines 6a—6d from pyridinium salts 4 and the
X-ray structure of pyridinium salt 5b.

the products with TMSCHN, furnished their corresponding
methyl esters in good yields, but their enantiomeric excesses
could not be measured by chiral HPLC. Better results were
obtained by performing the direct benzylation of com-
pounds 5a-5d after hydrogenation of compounds 4a—4c

www.chemeurj.org
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and 4e, thus affording UV-active benzyl esters 6a-6d in
good yields (Scheme 4). Enantiomeric excesses, as measured
by chiral HPLC, showed that compounds 6a—6d were essen-
tially pure. The relative configuration of acid 5b, which was
obtained through the catalytic reduction of compound 4b,
was determined by X-ray diffraction analysis, which allowed
us to assign similar configurations for benzyl esters 6a—6d.

Crystallographic studies on compounds 4a and 4e (con-
firmed by X-ray analysis of compounds 5a and 5b) showed
that the secondary alcohol at the C7 position in pyridinium
salts 4a—4h possessed an R configuration, in good agree-
ment with that in isotetronic acids that were previously pre-
pared through BIP-I-catalyzed aldol reaction between a va-
riety of aldehydes and a-ketoacids.! Consequently, we can
assume that isotetronic acids 3e-3k bear a similar R config-
uration. The aldol process provides a second stereogenic
center at the C8 position (e.g., intermediate B), which, ac-
cording to transition state A, should possess an S configura-
tion (Scheme 5). This stereochemistry is lost through enoli-

N
t. | 37 "H H
vz S e RISTL L
‘ +

THF O
& 07N
A
R®  OH R? R OH
~— | 2Pyr g A_COMH|— k . R
2PyrS0” 0 U NY/®
H OH O HO COy
3e-k B 4a-h
~H "
R Ry oH
OH 3 7
4a-c,4e — \+ |"OH — B[, S R3
—N N ‘G’R3 2 H +/ 8
T AR H z
R -0,C Rl CO,
C 5a-d

Scheme 5. Transition-state models for the aldol and hydrogenation
processes.

zation during the subsequent lactonization step into isote-
tronic acids 3e-3k, but it is retained upon the formation of
pyridinium salts 4. Based on transition state model A 1%
we can conclude that the cyclization of aldol adduct B into
pyridinium salts 4a—4h occurs with retention of the configu-
ration at the C8 position. Finally, the relative configuration
of the stereocenters at the C2/C5 and C6 positions on the
six-membered ring in compounds 6a-6d is fully consistent
with the PtO,-catalyzed hydrogenation step occurring from
the top face (e.g., model C), that is, anti to the OH and R?
substituents on the five-membered ring. Similarly, the ster-
eochemistry at the C9 position is fixed during the hydroge-
nation from the same face of an iminium intermediate.
Disappointingly, efforts to partially reduce the pyridinium
ring in compounds 4 by using borohydrides (NaBH;CN),!"*!

www.chemeurj.org
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dithionite,"" or Hantzsch esters!"™ failed, whilst hydrogena-
tion by using [Ir(cod),CL]/H, (cod=1,5-cyclooctadiene)!®!
led to complete hydrogenation. Most interestingly, the treat-
ment of pyridinium salts 4a,b with H,O, in MeOH led to
esters 7a,b in excellent yields after conversion of their cor-
responding acids with TMSCHN, (Scheme 6).['”) The forma-

2
R OH 1. H,0,, MeOH R
| A 12h, 20°C o
N 2. TMSCHN, RN COMe
rtHO COy OH

4b: R'=H, R? = Me
4c:R'=Me, R2=H

7a: R' =H, R? = Me (87%, 99% ee)
7b: R' = Me, R2 = H (87%, 99% ee)

| XV A~BrIn
=Nt H,0, 2h, 20°C
HO COy
4a:R=H 8a: R = H (36%, d.r. 9:1, 99% ee)
4b: R = Me 8b: R = Me (52%, d.r. 9:1, 9% ee)

Scheme 6. Further transformations of pyridinium salts 4a—4c.

tion of compounds 7a,b through oxidative decarboxylation
likely involves the oxidation of the carboxylic acid into a
peracid, followed by a Baeyer—Villiger-type process.'¥! Ten-
tative allylation of the pyridinium salts in the presence of al-
lylindium™ in water did not give the expected allyldihydro-
pyridine, but rather afforded the highly substituted butyro-
lactones (8a,b), which resulted from nucleophilic addition
onto the a-keto group, with good diastereocontrol and high
enantioselectivity, albeit in modest yields.” Finally, the
enantiomeric excesses of compounds 7ab and 8ab con-
firmed the high enantiopurity of pyridinium salts 4a,b, as es-
timated above.

At this point, several questions remained unanswered,
that is, 1) the difference in reactivity between pyridine car-
baldehydes 1a-1d and 1e-1k; 2) the behavior of pyridinium
salts 4c and 4d, which were prone to afford isotetronic acids
after standing for a short period of time in solution (whereas
compound 4b was indefinitely stable for at least one year!);
and 3) the observation that compound 4a crystallized as its
7-OH/9-OH cis isomer, whereas pyridinium 4e crystallized
as its 7-OH/9-OH trans isomer (Scheme 2 and Scheme 3).2!
To answer these questions and to gain a better insight into
the mechanism of pyridinium formation and the nature of
the equilibria that are involved in the process, DFT compu-
tational studies were performed (see the Experimental Sec-
tion and the Supporting Information). Starting from ketoa-
cid 9, which was formed from the organocatalyzed aldoliza-
tion reaction, two different pathways were envisaged. The
pyridine nitrogen center could attack the ketone group,
thereby affording the pyridinium salts (4) as cis or trans iso-
mers, depending on which diastereotopic face of the ketone
was attacked. Alternatively, the alcohol function could react
with the carboxylic acid group, thereby affording compound

Chem. Eur. J. 0000, 00, 0-0
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10 and, finally, the isotetronic acid 3, after dehydration and
keto/enol isomerization (Scheme 7).

Computation of the energies of all of the species, as well
as the transition states, in the reaction of pyridine-2-carbal-

OH
N
|/v/'\,l e
R Ho €O,
4cis TS¢is
NS P
H TSet OH
2-Pyr”7 COH = 2-Pyr=iNg~ ~OH
9 H 10
OH |- H0
R 7 Tstrans OH
| IIIIIII ¢>\_L
/N3 —
R -0,c OH 2-Pyr"TNg 0
4trans H 3

Scheme 7. Equilibria and species that are involved in the reaction.

dehyde 1a led to the following results. Whereas in the gas
phase, pyridinium salts were much higher in energy than iso-
tetronic acids, calculations in THF (the optimal solvent ex-
perimentally) by using IEFPCM as the continuum solvation
model revealed that pyridinium trans isomer 4a,,,, was
almost isoenergetic with the isotetronic acid and should be
the compound present in solution (Figure 1).”) The energy
of the transition state between compound 9 and the pyridini-
um salts was very low (3-7 kcalmol™'); thus, the equilibrium
should be very fast. In contrast, the much-higher calculated
energy barrier (TS,,) for the conversion of the free acid 9
into intermediate 10 was in good agreement with the sole
formation of the pyridinium salt from this aldehyde.

The energies of the 2-pyridinium salts, the free acid, and
the isotetronic acid were computed for eight different alde-

OH Tscis
N H f—— +7
| i :: "‘ 10
N3 § e, 135 — 3.1
HO COy & & trans o '§ 9 0 %
S8 — >
27 Acis .’:::: (:)H O
s X O
: B
4atrans 5 |
-6.9 _NH" O
OH
e
N
0,C OH

Figure 1. Energy profile [kcalmol '] of the reaction pathway at the M06-
2X/6-314+ G(d,p) level of theory in THF for aldehyde 1a.
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hydes, four of which led to the pyridinium salts (1a-1d),
whilst the other four afforded isotetronic acids (1e, 1h, 1j,
and 1Kk). A clear picture emerges when comparing the three
particular cases shown in Figure 2. For aldehyde 1b, the ex-

+12.1
—_
o) K
|
S
_N
Br Te
F o
|
| X
2N 44
7
PSS
N OH OH OH
~N 1b m i P
i | i |
/2N C:’Q /2 NH*
s + 8 &z
R 0, OH R pyo'co, R
4trans 4cis 9 3

Figure 2. Comparison of the energy profiles [kcalmol '] at the M06-2X/6-
314+ G(d,p) level of theory in THF for aldehydes 1b, 1d, and 1e.

clusive formation of the pyridinium salt 4b,,,, may be ex-
plained by its greater stability compared to that of its iso-
tetronic form (—2.8 kcalmol™'). In contrast, the computed
energies of pyridinium salt 4d,,,, which was obtained from
aldehyde 1d, revealed that isomer 4d,,, was the kinetic
product, thus explaining its strong tendency to isomerize
into the thermodynamically more stable isotetronic 3d upon
standing in solution. Finally, with aldehyde 1e, the free acid
form 9 was more stable than the 2-pyridinium salt 4 (8.3
versus 6.1 kcalmol™); thus, the compound has no option
other than forming the isotetronic acid 3e.

When comparing the values of eight aldehydes (Table 3),
the difference between the two sets of aldehydes is clear
and is in good agreement with the experimental observa-
tions. Although the isotetronic acids are always the more-
stable compounds (except for compound 1b, for which pyri-
dinium salt 4b is more stable), a clear difference can be
seen in terms of the energy difference between the isote-
tronic acids and the pyridinium salts (AGums-3)- The energy
difference between the aldehydes that afford pyridinium

Table 3. Differences in Gibbs free energy (in kcalmol™') between the
species that were involved in the reactions of eight different aldehydes.

1 AGs, AG trans—o AGuyisy AG ytrans—3
1a -72 —6.9 -2 0.3
1b -9.6 —12.4 =71 —-2.8
1c -74 -55 -11 1.9
1d -9.8 -73 -23 25
le —6.1 22 59 8.3
1h -7 -3.1 1.9 39
1j —6.8 -33 1.0 35
1k -72 -1.1 2.8 6.1
www.chemeurj.org
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salts is small, whilst it is much larger between those that
afford isotetronic acids, thus confirming the experimentally
observed difference in reactivity. The energy difference be-
tween the free acids 9 and the isotetronic acids 3 (AG;_y)
were within the same range for all of the aldehydes that
were considered; the difference in reactivity was due to sta-
bilization/destabilization of the pyridinium forms by the pyr-
idine substituents. The destabilization of the pyridinium
salts was striking in terms of the energy difference between
the free acid and the cis/trans pyridinium (AGy o,
AG 4rans9), for which marked differences between the eight
aldehydes were observed.

Thus, the calculations and experimental results strongly
suggest that the pyridinium salt that is present in solution is
the trans isomer. Interestingly, single-crystal X-ray diffrac-
tion established a cis-C7-C9 relative configuration in com-
pound 4a. To determine which form was present in solution,
IR and VCD studies were performed to determine the rela-
tive and absolute configurations of compound 4b in solu-
tion. These spectroscopic methods, in combination with
DFT calculations, are well-established methods for the de-
termination of the absolute configuration and solution con-
formation of chiral molecules.” Thus, a comparison of the
experimental IR and VCD spectra with the calculated spec-

2500
a

2000
iy 4beis
=
2 1500
St
=3
2
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Figure 3. Comparison of the experimental a) IR and b) VCD spectra in
CD;CN with those calculated at the CAM-B3LYP/aug-cc-pVTZ DFT
level of theory for diastereomers 4b,,,,, and 4b,;.
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tra for isomers 4b,,, and 4b,, should allow us to assess
which diastereoisomer is predominant in solution.

IR and VCD spectra of pyridinium 4b were recorded in
CD;CN and are shown in Figure 3a,b, respectively. Calcu-
lated IR and VCD spectra of isomers 4b,,,,, and 4b,; at the
CAM-B3LYP/aug-cc-pVTZ level of theory are also shown
in Figure 3a,b, respectively. It is clear that the experimental
IR spectrum is well reproduced by the one calculated for
the 4b,,,,, isomer, whereas strong divergences are observed
for the 4b,; isomer. It is noteworthy that a frequency shift is
observed for the stretching nC=0O vibrations of the carboxy-
late groups due to intermolecular interaction with the sol-
vent and that the intense band calculated at 1403 cm™* for
the C-O-H bending appears as a very broad band with weak
intensity in the experimental spectrum. The VCD spectrum
confirmed the presence of the trans isomer in CD;CN solu-
tion, because the calculated bands for the 4b,,,, isomer cor-
related and agreed in sign for most of the vibrational modes
that were observed in the experimental spectrum. Finally,
the IR and VCD spectra were recorded in CD;0D, because
this solvent was used to crystallize compound 4a. DFT cal-
culations were performed on the deuterated hydroxyl form
of pyridinium 4b to take into account the H/D exchange.
Once again, good agreement was obtained between the ex-
perimental IR and VCD spectra and those calculated for
the 4b,,,, isomer (see the Supporting Information), thus re-
vealing its presence in CD;OD solution. Thus, theoretical
analysis of the reaction is valid and the isolation of the cis
isomer by recrystallization is most likely due to a shift in the
equilibrium during the crystallization process.

Conclusion

In summary, asymmetric aldol reactions between pyridine
carbaldehydes and a-keto acids catalyzed by benzimidazole
pyrrolidine I lead to aldol adducts that cyclized through two
different pathways, depending on the substitution pattern of
the pyridine nucleus, thereby affording either pyridinium
salts or isotetronic acids. Further functionalization of the
pyridinium salts 4 was shown to provide access to valuable
building blocks in their enantiomerically pure form, includ-
ing indolizidines, aldol products, and butyrolactones. Ration-
alization of both pathways was provided through DFT stud-
ies, which correlated well with experimental observations.
For example, the formation of pyridinium salt 4b as a
unique compound was explained by its greater stability com-
pared to that of its isotetronic form. In contrast, other less-
stable pyridinium salts, such as compounds 4c¢ and 4d,
tended to rearrange into their corresponding isotetronic
acids, a feature that was also well-illustrated by the DFT
calculations.
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Experimental Section

Preparation of compound 4a: To a solution of 2-ketobutyric acid (2a,
441 mg, 4.3 mmol, 1equiv) in THF (13 mL) were added 2-pyridine car-
boxaldehyde (1a, 409 mg, 4.3 mmol, 1 equiv) and catalyst I (10 mol % ).
The reaction mixture was stirred at RT for 3 days under a N, atmosphere.
Filtration of the precipitate afforded the desired compound (4a) as a
white solid (661 mg, 73 % yield). Single crystals suitable for X-ray diffrac-
tion analysis were grown by the slow diffusion of Et,O into a solution of
compound 4a in MeOH. R;=0.23 (CH,Cl,/MeOH, 97:3); [a]5=-343
(¢=0.56, MeOH); m.p. 138°C; 'H NMR (300 MHz, CD;0D): 6 =8.83 (d,
J=6.0Hz, 1H), 8.58 (dt, /=09, 7.8 Hz, 1H), 817 (d, J=7.8 Hz, 1H),
8.04 (t, J=6.6 Hz, 1H), 5.47 (brs, 1H), 2.99 (brs, 1H), 1.15 ppm (d, /=
6.0 Hz, 3H); "C NMR (50 MHz, CD;0D): 6=170.4 (Cq), 158.7 (Cqa,),
147.9 (CHy,,), 137.8 (CH,,), 128.6 (CH,,), 125.9 (CH,,), 104.2 (Cq), 73.5
(CH), 46.6 (CH), 7.9 ppm (CH;); IR (ATR): #=3255, 2754, 1631, 1213,
1038 cm™'; HRMS (ESI): m/z caled for C,;H;NO,Na: 232.0580
[M+Na]*; found: 232.0585.

Preparation of compound 3e: To a solution of 2-ketobutyric acid (2a,
103 mg, 1 mmol, 1 equiv) in CH,Cl, (3 mL) were added 6-Bromo-2-pyri-
dine carboxaldehyde (le, 103 mg, 1 mmol, 1equiv) and catalyst I
(10 mol % ). The reaction mixture was stirred at RT for 3 days under a N,
atmosphere. After concentration in vacuo, purification by column chro-
matography on silica gel (CH,Cl,/MeOH, 98:2) afforded the desired com-
pound (3e) as a yellow oil (239 mg, 89 % yield). R;=0.2 (CH,Cl,/MeOH,
98:2); [a]5 =+161 (c=0.84, MeOH); 'H NMR (300 MHz, CD;OD): =
7.74 (dd, J=7.8, 7.5 Hz, 1H), 7.59 (dd, J=0.6, 7.8 Hz, 1H), 7.36 (dd, /=
0.6, 7.8 Hz, 1H), 5.73 (br d, J=1.5 Hz, 1H), 1.78 ppm (d, J=1.2 Hz, 3H);
BC NMR (150 MHz, CD;0D): 6=171.4 (Cq), 158.2 (Cqa,), 142.8 (Cqa,),
141.4 (CH,,), 139.6 (Cq), 131.4 (Cq), 129.6 (CH,,), 121.6 (CH,,), 83.0
(CH), 9.5ppm (CH;); IR (ATR): #=1749, 1695, 1206 cm™'; HRMS
(ESI): m/z caled for C;HgBrNO;Na: 291.95852 [M+Na]*; found:
291.9586; HPLC (Chiralpak IA column; n-hexane/iPrOH, 90:10; flow
rate: 1.0 mLmin~'; A=265 nm): t=11.1 (ent-1), t=12.1 min (ent-2).
Preparation of compound 6a: To a solution of pyridinium 4a (66.5 mg,
0.32 mmol, 1 equiv) in MeOH (1 mL) was added PtO, (5 mol%) and the
reaction mixture was pressurized with H, gas (balloon). The reaction
mixture was stirred at RT for 24 h. After filtration over celite and con-
centration in vacuo, the crude residue was dissolved in DMF (0.5 mL).
Cesium carbonate (0.22 mmol, 1.1equiv) and benzyl bromide
(0.20 mmol, 1equiv) were added and the reaction mixture was stirred
overnight. The product was extracted with Et,0O and the organic layer
washed with water (3x25 mL) and dried over sodium sulfate. Concentra-
tion in vacuo, followed by purification by column chromatography on
silica gel (CH,ClL,/MeOH, 99:1), afforded compound 6a as a yellow oil
(35 mg, 45% yield). R;=0.25 (CH,Cl,/MeOH, 98:2); [a]} =+38 (c=0.95,
MeOH); 'H NMR (300 MHz, CDCLy): 6 =7.44-7.23 (m, 5H), 5.15 (ABgq,
J=123 Hz, 2H), 3.67 (dt, J=3.0 Hz, 1H), 3.26 (d, /=10.5 Hz, 1H), 2.94
(brd, /=10.5Hz, 1H), 2.52-2.11 (m, 4H), 1.91-1.44 (m, 5H), 1.31-1.07
(m, 1H), 0.95 ppm (d, J=7.5Hz, 3H); "C NMR (75 MHz, CDCL;): 6 =
172.5 (Cq), 134.7 (Cqa,), 127.6 (CH,,), 127.4 (CH,,), 127.3 (CH,,), 74.3
(CH), 67.7 (CH), 66.2 (CH), 65.5 (CH,), 50.7 (CH,), 38.6 (CH), 24.6
(CH,), 24.5 (CH,), 22.7 (CH,), 9.3 ppm (CHj;); IR (ATR): #=23480, 2937,
1733cm™'; HRMS (ESI): m/z caled for C;;H;NO;Na [M+Na]*
290.17562; found: 290.1757, HPLC (Chiralpak IA column; heptane/
EtOH, 95:5; flow rate: 1.0 mLmin~'; A=210 nm): t=9.97 min.

Preparation of compound 8b: To a solution of compound 4b (75 mg,
0.34 mmol, 1 equiv) in water (3.3 mL) were added allyl bromide (47 uL,
0.5 mmol, 1.5 equiv) and indium (58 mg, 0.5 mmol, 1.5 equiv). The reac-
tion mixture was stirred at RT for 4 h. Then, the milky white reaction
mixture was concentrated in vacuo. Extraction with CH,Cl, and washing
of the organic layer with a saturated aqueous solution of NH,Cl, followed
by purification by column chromatography on silica gel (CH,Cl,/MeOH,
99:1) afforded the desired compound (8b) as a colorless oil (32.4 mg,
24% vyield, d.r. 9:1). R;=0.2 (CH,Cl,/MeOH, 98:2); '"H NMR (600 MHz,
CDCl,): 6=843 (dd, /=12, 48 Hz, 1H), 7.70 (ddd, /=04, 1.2, 8 Hz,
1H), 7.31 (dd, J=4.38, 7.6 Hz, 1H), 6.07-5.95 (m, 0.1H; diastercomer 2
(d2)), 5.94-5.82 (m, 0.9H; diastereomer 1 (d1)), 5.50 (d, J=9.6 Hz, 0.9H;
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d1), 5.39 (d, /=9.6 Hz, 0.1H; d2), 5.28-5.11 (m, 2H), 3.08 (dq, J=7.0,
9.7 Hz, 0.1H; d2), 2.85 (dq, /J=6.8, 9.7 Hz, 0.9H; d1), 2.64 (ddt, /=12,
6.9, 14.0 Hz, 1H), 2.57 (ddt, J=1.07, 7.8, 14.0 Hz, 1 H), 2.45 (s, 0.3H; d2),
2.44 (s, 2.7H; d1), 1.11 (d, J=7.2 Hz, 0.3H; d2), 1.01 ppm (d, /=6.8 Hz,
2.7H; d1); ®*CNMR (100 MHz, CD;OD): §=178.8 (Cq), 154.1 (Cq),
148.03 (Cq; d1), 147.97 (Cq; d2), 140.6 (CH; d2), 140.5 (CH; d1), 135.0
(Cq), 133.5 (CH; d1), 133.5 (CH; d2), 125.3 (CH; d2), 125.2 (CH; d1),
119.7 (CH,), 82.7 (CH; d1), 81.4 (CH; d2), 77.2 (C9), 47.3 (CH; d2), 44.0
(CH; d1), 40.5 (CH,; d1), 38.5 (CH,; d2), 18.3 (CHj; d1), 18.2 (CHj;; d2),
9.7 (CHj; d2), 84 ppm (CHj; dl); IR (ATR): #=3441, 2981, 2950,
1734 cm™!; HPLC (Chiralpak IA column; CH,Cl,/n-hexane/EtOH,
70:29:1; flow rate: 1.0 mLmin~'; 1=265 nm): t=5.3 (minor diastereom-
er), 10.0 min (major diastereomer); HRMS (ESI): m/z caled for
C,,H;;NO;: 270.11061 [M+Na]*; found: 270.1102.

X-ray crystallography data: CCDC-943762 (4a), CCDC-943765 (4e),
CCDC-943763 (5a), and CCDC-943764 (5b) contain the supplementary
crystallographic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via
www.ccde.cam.ac.uk/data_request/cif.

IR and VCD measurements: IR and VCD spectra were recorded on a
ThermoNicolet Nexus 670 FTIR spectrometer that was equipped with a
VCD optical bench.”! The light beam was focused onto the sample by
using a BaF, lens (focal length: 191 mm), passed through an optical filter
(which depended on the spectroscopic range to be studied), a BaF, wire-
grid polarizer (Specac), and a ZnSe photoelastic modulator (Hinds In-
struments, Type 1I/ZS50). Then, the light was focused by using a ZnSe
lens (focal length: 38.1 mm) onto a HgCdTe detector (1 x 1 mm?, Thermo-
Nicolet, MCTA* E6032). IR and VCD spectra were recorded at a resolu-
tion of 4 cm™', by co-adding 50 scans and 24000 scans (acquisition time:
8h), respectively. The sample was held in a fixed-path-length cell
(100 pm) with BaF, windows. IR and VCD spectra of compound 4b were
recorded in CD;CN and CD;OD at a concentration of 75 mm. Baseline
corrections of the VCD spectra were performed by subtracting the bare
VCD spectra of the solvents. In all experiments, the photoelastic modula-
tor was adjusted for maximum efficiency at 1400 cm'. Calculations were
performed by using the standard ThermoNicolet software, with Happ
and Genzel apodization, de-Haseth phase-correction, and a zero-filling
factor of one. Calibration spectra were recorded by using a birefringent
plate (CdSe) and a second BaF, wire-grid polarizer, according to a litera-
ture procedure.” Finally, the solvent absorption was subtracted in the
presented IR spectra.

Computational details: The geometry optimizations, vibrational frequen-
cies, absorptions, and VCD intensities were calculated by using the Gaus-
sian 09 program® at the Computer Center “Pole Modélisation” of the
Institut des Sciences Moléculaires (University Bordeaux I). To determine
the energy profiles of the reactions, the M06-2X exchange-correlation
functional® was used with a standard double-{ 6-314G(d,p) basis set.
A polarizable continuum model (IEFPCM), as implemented in Gaussi-
an 09, was used to describe the medium (MeOH, THF, MeCN). All of
the structures were optimized and frequency calculations were performed
to ensure that there were no imaginary frequencies in the local minima
and only one imaginary frequency in the transition states. The connectivi-
ty between the stationary points was established by intrinsic reaction co-
ordinate (IRC) calculations. Additional calculations of the optimized ge-
ometries of diastereomers 4b,;, and 4b,,,,, were performed by using den-
sity functional theory level with the CAM-B3LYP functional® and the
aug-cc-pVTZ basis set. Vibrational frequencies and IR and VCD intensi-
ties were calculated at the same level of theory for the isolated molecule
in vacuo, by utilizing the magnetic-field-perturbation method with gauge-
invariant atomic orbitals.’”’ Calculations were performed with OH and
OD hydroxyl groups for comparison with the IR and VCD spectra in
CD;CN and CD;OD, respectively. For comparison to the experimental
data, the calculated frequencies were scaled by a factor of 0.965 and the
calculated intensities were converted into Lorentzian bands with a half-
width of 7 cm ™.
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Straightforward Route to Indolizidines and Isotetronic Acids
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BIPpity boppity boo: Asymmetric
aldol reactions between pyridine carb-
aldehydes and a-ketoacids were shown
to provide isotetronic acids or their
corresponding pyridinium salts with
high enantioselectivities by using benz-
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imidazole pyrrolidine (BIP) as a cata-
lyst. Hydrogenation of the resulting
pyridinium salts led to new indol-
izidines with high enantioselectivity
and diasterocontrol (see scheme).
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