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ABSTRACT: We describe a synergistic catalysis strategy for the
asymmetric direct addition of simple aldehydes to 4-vinylpyridines.
By means of independent activation of weakly electrophilic 4-
vinylpyridines by the Brønsted acid CF3SO3H (TfOH) and
aldehydes by chiral diphenylprolinol tert-butyldimethylsilyl
(TBDMS) ether-catalyzed formation of nucleophilic enamines in
a cooperative manner, the previously unattainable highly
enantioselective addition process has been realized for the first
time. Notably, the power of the addition process is fueled by its
high efficiency in the production of synthetically valued chiral
pyridines. 1H NMR studies of the process suggested that the nucleophilic enamine formed in situ from the chiral amine catalyst
and the aldehyde is directly added to the trimeric 4-vinylpyridinium-derived species as a highly active electrophile generated from
the 4-vinylpyridine in the presence of TfOH. Moreover, inspired by the similar electronic natures of pyridine and nitrobenzene,
we have achieved an unprecedented chiral diphenylprolinol TBDMS ether-promoted, highly enantioselective direct addition of
aldehydes to 2-nitrostyrenes without the use of TfOH as a cocatalyst. In this approach, introducing a strong electron-withdrawing
group such as NO2, CF3, SO2Me, etc. on the 2-nitrostyrene creates a highly electrophilic vinyl moiety, which enables the direct
addition of the in situ-formed enamine derived from the chiral amine promoter and the aldehyde. This method significantly
expands the scope of the enantioselective addition process. While the electron-withdrawing nitro group is essential for activation
of the vinyl group, we have demonstrated that it can be readily transformed to diverse functionalities. Furthermore, as shown, a
chiral pyridine adduct serves as a key building block in the synthesis of the potent fibrinogen receptor antagonist L-734,217.

■ INTRODUCTION

Twelve therapeutics containing a pyridine moiety in the top
200 pharmaceutical products by U.S. retail sales in 2012,
including the top one, Nexium, manifest the “privileged” status
of the heteroaromatic structure in synthesis and medicinal
chemistry.1 Among the heteroarenes, pyridine perhaps is the
most studied system because of its broad utility. In addition to
their ubiquitous distribution in biologically active natural
products, pharmaceuticals, and agrochemicals,2 pyridines are
also widely employed as ligands in catalysis and molecular
recognition.3 Therefore, the capacity to functionalize the
privileged structure would leverage new broad-ranging
applications.4

Direct addition of nucleophiles to electrophilic alkenylpyr-
idines is a viable strategy for the facile synthesis of pyridine
derivatives.5 In this context, readily available 2- and 4-
vinylpyridines have been subjected to intensive studies in a
nonasymmetric fashion. It is noteworthy that as a result of their
lower reactivity compared with classic α,β-unsaturated systems
as Michael acceptors in conjugate additions, strong nucleo-

philes such as indoles,6 malonates and their derivatives,7

amines,8 and thiols9 are generally used. Moreover, these
processes are often performed under basic or acidic conditions
or with the assistance of transition metals and/or at high
temperature for effective transformations.
Despite the significant value and broad application of chiral

pyridine building blocks in organic synthesis and medicinal
chemistry, the development of catalytic enantioselective 1,4-
conjugate addition processes with 2- and 4-vinylpyridines has
been difficult. To date, to the best of our knowledge, only four
catalytic processes to effect enantioselective conjugate addition
processes have been investigated. In 1993, Houpis and co-
workers reported the first asymmetric addition reaction of
Grignard and organozinc reagents to 4-alkenylpyridines
catalyzed by a nickel catalyst, but the products were obtained
with less than 15% ee.10 The breakthrough in this field came 16
years later, when Lam and colleagues uncovered the Cu(II)−
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Josiphos complex-catalyzed highly enantioselective reduction of
electron-deficient β,β′-disubstituted 2-alkenylpyridines and
other heteroarenes with PhSiH3 (Scheme 1, eq 1).11 More

recently, the same group reported an elegant arylation reaction
of alkenylpyridines and -heteroarenes catalyzed by a chiral Rh
complex with high enantioselectivity (up to 98% ee).12 Similar
chemistry has been nicely carried out by Lautens and co-
workers13 in a Rh/Pd-cocatalyzed cascade process for the one-
pot synthesis of chiral aza-dihydrodibenzoxepines. Unfortu-
nately, these chiral transition-metal-catalyzed processes display
poor efficiency on 4-alkenylpyridines because of the difficulty of
complexation with the Lewis acid for activation of these
substrates.
Herein we report an alternative catalytic strategy using a

Brønsted acid and chiral amine as cocatalysts in promoting the
enantioselective direct addition of aldehydes to 4-vinylpyridines
for the first time (Scheme 1, eq 2).14 The Brønsted acid (e.g.,
CF3SO3H (TfOH)) activates the 4-vinylpyridine to generate a
highly active electrophilic trimeric 4-vinylpyridinium ion, while
the amine promotes the formation of a nucleophilic enamine
from the corresponding aldehyde. Notably, the cooperative
catalysis achieves high enantioselectivities (up to 97% ee) and
good yields (up to 83%). Furthermore, trigged by the similar
electronic natures of pyridine and nitrobenzene, we have
successfully designed electron-deficient-substituted 2-nitrostyr-
enes as effective acceptors for the highly enantioselective
addition of aldehydes using a chiral amine as the catalyst.
Although the electron-withdrawing nitro group is essential for
activation of the vinyl group, it can be conveniently
transformed to new diverse functional groups. Furthermore,
as demonstrated experimentally, a chiral pyridine adduct serves
as a key building block in the efficient synthesis of the potent
fibrinogen receptor antagonist L-734,217.

■ RESULTS AND DISCUSSION
1. Conjugate Addition to 4-Vinylpyridines. a. Design

Plan. In light of the poor reactivity of 4-vinylpyridines in
nucleophilic addition reactions, we proposed a synergistic

catalysis approach.15 Through independent activation of
separate electrophilic and nucleophilic substrates by two
distinct catalysts, this synergistic catalytic strategy may enable
a new, previously unattainable addition process. Specifically, a
Brønsted acid activates the 4-vinylpyridines through acid−base
interactions16 while a chiral amine promotes the formation of
highly active nucleophilic enamines from their precursor
aldehydes17 (Scheme 1, eq 2). The two resultant active species
may allow for an unprecedented enantioselective addition
reaction of 4-vinylpyridines with aldehydes.

b. Exploration and Optimization of the Reaction
Conditions. To demonstrate the feasibility of the novel
process, we embarked on the model reaction of 4-vinylpyridine
(1a) (1.0 mmol) and n-octanal (2a) (3.0 mmol) in the
presence of diphenylprolinol trimethylsilyl (TMS) ether (I) (30
mol %) and CF3SO3H (0.5 equiv) as cocatalysts in 1 mL of
N,N-dimethylformamide (DMF) at room temperature (rt) for
48 h (Table 1, entry 1). Under the reaction conditions, fast

racemization of the aldehyde product was observed. Accord-
ingly, it was reduced to alcohol 3a by NaBH4 for character-
ization. To our delight, the desired product 3a was obtained in
good yield (75%), but the enantioselectivity was poor (23%
ee). Various amine catalysts were then screened (entries 2−4).
L-Proline (II) and (S)-pyrrolidine sulfonamide III failed to
promote this process (entries 2 and 3). The more hindered

Scheme 1. Catalytic Enantioselective Addition Reactions
with Alkenylpyridines

Table 1. Optimization of Reaction Conditions for the
Addition of Aldehydes to 4-Vinylpyridinesa

entry cat acid solvent yield (%)b ee (%)c

1 I CF3SO3H DMF 75 23
2 II CF3SO3H DMF trace nd
3 III CF3SO3H DMF trace nd
4 IV CF3SO3H DMF 74 33
5 IV CF3SO3H THF 45 41
6 IV CF3SO3H toluene 33 35
7 IV CF3SO3H DMF/H2O (9:1) 77 80
8 IV CF3SO3H DMF/H2O (8:2) 81 86
9 IV CF3SO3H DMF/H2O (7:3) 76 86
10 IV − DMF/H2O (8:2) 0 nd
11 IV AcOH DMF/H2O (8:2) 0 nd
12 IV HCl DMF/H2O (8:2) 45 90
13 IV HNO3 DMF/H2O (8:2) 52 88
14 IV H2SO4 DMF/H2O (8:2) 50 91
15d IV CF3SO3H DMF/H2O (8:2) 81 92
16d,e IV CF3SO3H DMF/H2O (8:2) 56 91
17d,f IV CF3SO3H DMF/H2O (8:2) 72 92
18g IV CF3SO3H DMF/H2O (8:2) 73 92

aUnless otherwise specified, a mixture of 1a (1.0 mmol) and 2a (3.0
mmol) in the presence of the catalyst (30 mol %) and CF3SO3H (0.5
equiv) in the indicated solvent (1.0 mL) was stirred at rt for 48 h.
bIsolated yields. cDetermined by chiral HPLC analysis. dIV (10 mol
%) was used. eCF3SO3H (0.4 equiv) was used. fCF3SO3H (0.6 equiv)
was used. gIV (5 mol %) was used.
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catalyst diphenylprolinol tert-butyldimethylsilyl (TBDMS)
ether (IV) afforded better enantioselectivity without loss of
yield (33% ee, 74% yield; entry 4). Although a slight
improvement in the enantioselectivity was observed in less
polar solvents (tetrahydrofuran (THF) and toluene), lower
yields were obtained as a result of the poor solubility of the
formed pyridinium salt, which was precipitated out during the
course of the reaction (entries 5 and 6). Further optimization of
the reaction conditions revealed H2O to be critical for the
enantioselectivity (entries 7−9). A mixture of DMF and H2O
(9:1 v/v) as the solvent led to a dramatic increase in the
enantioselectivity (80% ee; entry 7). Further fine-tuning of the
ratio showed 8:2 to be the optimal choice (entries 8 and 9).
The acid catalyst had a significant impact on the reaction. No
reaction took place without acid or with a weaker acid (AcOH)
(entries 10 and 11). This suggests that activation of the 4-
vinylpyridine is essential in this synergistic catalysis, proving our
working hypothesis. Strong acids such as HCl, HNO3, and
H2SO4 afforded the alkylation products with excellent
enantioselectivities in moderate yields (entries 12−14). When
the loading of the amine catalyst was decreased to 10 mol %,
the reaction gave rise to a significantly improved yield while
maintaining excellent enantioselectivity (entry 15). Further
decreasing the catalyst loading to 5 mol % led to a lower
reaction yield despite similarly high enantioselectivity (entry
18). In contrast, using a smaller (0.4 equiv) or larger amount
(0.6 equiv) of CF3SO3H deteriorated the yield (entries 16 and
17).
c. Reaction Scope. With the optimal conditions in hand, we

then probed the scope of the new addition process (Table 2).

The results showed that the catalytic addition reaction serves as
a general approach to structurally diverse products 3. A wide
range of aldehydes and various 4-vinylpyridines could engage in
the process, affording the corresponding products with
excellent enantioselectivities in overall good to high yields.
Structure variation of the aldehyde reactant could be tolerated.

The length and size of the aldehyde have a limited effect on the
enantioselectivity (entries 1−6), and it appears that sterically
demanding branched aldehydes are beneficial to the enantio-
selectivity (entries 5 and 6). Furthermore, aldehydes bearing a
diverse array of functional groups, including aromatic ring,
ester, and amine, reacted smoothly under the optimal
conditions to give the desired products (entries 7−10). It is
recognized that 4-vinylpyridines with electron-donating sub-
stituents on the pyridine ring delivered excellent results in
terms of yield and enantioselectivity (entries 11−13). However,
electron-withdrawing moieties decreased the reactivity of the 4-
vinylpyridine, presumably because of a reduction in the basicity
of the pyridine for activation by CF3SO3H. A low yield but still
a high level of enantioselectivity were achieved (entry 14). The
absolute configurations of the products were determined on the
basis of single-crystal X-ray diffraction analysis of compound 4
derived from aldehyde 5i by two-step conversion (Figure 1;
also see the Supporting Information).18

We then turned our attention to 2-vinylpyridine (1b) as the
reactant in the IV-promoted enantioselective addition process
(Scheme 2). It was found that under the same reaction

conditions, the process proceeded with good enantioselectivity
(85% ee) but low yield (24%). This outcome is consistent with
that observed by Gray and co-workers in their studies of the
acid-catalyzed morpholine−isobutyraldehyde-derived enamine,
where only a 13% yield was obtained.14b It is believed that the
poor reactivity of 2-vinylpyridine is attributable to its much
lower basicity (pKa = 4.92) compared with 4-vinylpyridine (pKa
= 5.62).19 Its poor protonation efficiency makes it difficult to
form the more active pyridinium ion. This is also in agreement
with what was observed in our mechanistic investigations (see
below). In the presence of CF3SO3H, it is difficult for 2-
vinylpyridine to form the corresponding pyridinium trimer, the
actual active species for the catalytic addition process.

Table 2. Scope of the Asymmetric Addition of Aldehydes to
4-Vinylpyridinesa

entry X R yield (%)b
ee
(%)c

1 H n-hexyl 81 (3a) 92
2 H Et 70 (3b) 93
3 H n-butyl 74 (3c) 93
4 H n-octyl 82 (3d) 93
5 H isopropyl 62 (3e) 97
6 H cyclohexyl 62 (3f) 96
7 H Bn 83 (3g) 90
8 H (CH2)3CO2Me 73 (3h) 92
9 H (CH2)4NHBoc 71 (3i) 94
10 H (CH2)3NH(Cbz)CH2CO2Et 76 (3j) 95
11 2-Me n-hexyl 83 (3k) 97
12 2-HOCH2 n-hexyl 76 (3l) 97
13 3-NHAc n-hexyl 73 (3m) 92
14 3-CO2Me n-hexyl 43 (3n) 93

aSee the Supporting Information for the experimental protocol.
bIsolated yields. cDetermined by chiral HPLC analysis.

Figure 1. X-ray crystal structure of compound 4.

Scheme 2. IV-Catalyzed Addition of n-Hexanal (2c) to 2-
Vinylpyridine
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Finally, we probed ketones, including acetone and cyclo-
hexanone, as nucleophiles in the IV-catalyzed addition reaction
with 4-vinylpyridine. Unfortunately, the processes did not take
place. This is presumably due to the lower reactivity of ketones
compared with aldehydes that is often seen in enamine
catalysis. Other pyridine-derived heterocycles such as 2- and 4-
vinylpyrimidines and 2-vinylpyrazine also were explored in this
reaction, but no reactions were observed either. We reasoned
that similar to 2-vinylpyridine, these heterocycles cannot form
the corresponding active trimers because the basicity is
diminished by the electron-withdrawing “N” atoms.
2. Conjugate Addition to Substituted 2-Nitrostyrenes.

a. Design Plan. Having established the organocatalyzed
enantioselective direct addition of aldehydes to electron-
deficient 4-vinylpyridine CC double bonds with the
assistance of the Brønsted acid CF3SO3H for the synthesis of
useful chiral pyridine derivatives, we questioned whether this
strategy could be applied to other vinyl structures, as the
successful realization of these processes would significantly
expand the scope of the useful asymmetric addition reaction. In
the addition of aldehydes to 4-vinylpyridines, the acid cocatalyst
was necessary for activation of the pyridine. It is accepted that
the electronic nature of pyridine is similar to that of
nitrobenzene. To make the vinyl group have reactivity
comparable to that of the vinyl group in 4-vinylpyridines,
which is further activated by CF3SO3H, we surmised that
introducing into 2-nitrostyrene an additional strong electron-
withdrawing group such as NO2, CF3, or SO2Me may lead to a
highly active vinyl group for the addition reaction (Scheme 3).

Such activation may sufficiently polarize the vinyl moiety to
enable the addition reaction with aldehydes. Subsequently, a
chiral enamine formed in situ from its corresponding aldehyde
precursor as an electron donor could be added to the CC
double bond.
b. Exploration and Optimization of the Reaction

Conditions. In the exploratory study, we conducted a model
reaction between 2,4-dinitro-1-vinylbenzene (5a) (0.2 mmol)
and n-hexanal (2c) (0.6 mmol) in the presence of 30 mol %
organocatalyst I in CH3CN at rt (Table 3). To our delight, the
process was complete in 30 min and gave the desired alkylation
product 6a in high yield with good enantioselectivity (entry 1).
The more bulky catalysts V and IV significantly improved the
enantioselectivity from 83% to 92% and 94%, respectively
(entries 2 and 3), while II failed to promote this process (entry
4). Probing the solvent effects with catalyst IV revealed that a
lower reaction yield and enantioselectivity were obtained when

the reaction was performed in DMF, and a significant amount
of self-condensation product from the aldehyde was obtained
(entry 5). Other solvents such as THF, CH2Cl2, and toluene
gave high levels of enantioselectivity but lower yields (entries
6−8). Lowering the loading of catalyst IV from 30 to 20 mol %
and increasing the reaction concentration afforded both high
enantioselectivity and yield (entry 9). Further decreasing the
catalyst loading to 10 mol % led to decrease in reaction yield
and enantioselectivity (entry 10). Moreover, a drop in the ee
value was observed when the 2c:5a ratio was decreased (entries
11 and 12). Therefore, we chose the following reaction
conditions to probe the scope of the reaction: 1.0 equiv of 5a
with 3.0 equiv of 2c in the presence of 20 mol % organocatalyst
IV in CH3CN at rt.

c. Reaction Scope. We first examined the impact of the
structural features of aldehydes 2 on the IV-catalyzed process.
As shown in Table 4, the reactions proceeded smoothly in high
yields (65−90%) with excellent levels of enantioselectivity
(93−98% ee). It appears that significant structural variation in
the aldehyde can be tolerated. Linear (entries 2−4) and
branched (entries 5 and 6) systems efficiently participate in the
process. Furthermore, a similar trend was observed with
aldehydes bearing various functional groups (entries 7−12).
For example, aromatic (entries 8 and 9), heterocyclic (entry
10), ester (entry 11), and Boc-protected amino (entry 12)
moieties were included in these studies. Therefore, structurally
diverse chiral arylethyl aldehydes 6 are produced.
Next, we probed the reaction scope with respect to structural

variation of the aromatic system 5 (Table 5). In addition to 2,4-
dinitrobenzene as a reliable electron acceptor (entry 1), 2-nitro-
3-trifluoromethyl and 2-nitro-4-methylsulfonyl were also
effective ones (entries 2 and 3). High enantioselectivities (96
and 94% ee, respectively) and good yields (57 and 63%) were
obtained. It should be noted that 30 mol % IV and 3.0 equiv of
2c added in three portions were required for efficient
transformation. This may be attributed to the weaker
electron-withdrawing capacity of CF3− and MeSO2− compared

Scheme 3. Catalytic Enantioselective Addition Reactions
with Electron-Deficient Styrenes

Table 3. Optimization of the Reaction Conditions for the
Addition of Aldehydes to 2-Nitrostyrenesa

entry cat (mol %) solvent yield (%)b ee (%)c

1 I (30) CH3CN 82 83
2 V (30) CH3CN 83 92
3 IV (30) CH3CN 85 94
4 II (30) CH3CN 0 −
5 IV (30) DMF 34 70
6 IV (30) THF 56 96
7 IV (30) CH2Cl2 73 95
8 IV (30) toluene 51 97
9d IV (20) CH3CN 85 98
10d,e IV (10) CH3CN 65 91
11d,f IV (20) CH3CN 87 89
12d,g IV (20) CH3CN 92 86

aReaction conditions: unless otherwise specified, see the Experimental
Section in the Supporting Information. bIsolated yields. cDetermined
by chiral HPLC analysis. dMeCN (0.2 mL) was used. eThe reaction
mixture was stirred for 2 h. f2c (0.4 mmol) was used. g2c (0.3 mmol)
was used.
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with −NO2. Finally, heterocyclic 5-nitro-2-vinylpyridine was an
effective acceptor, providing a high yield with high
enantioselectivity under the optimized reaction conditions
(entry 4). The absolute configurations of the products were
determined on the basis of single-crystal X-ray diffraction
analysis of compound 7 derived from aldehyde 6i by two-step
conversion (Figure 2; alos see the Supporting Information).20

3. Synthetic Applications. a. Synthesis of Key Inter-
mediate 9 of Fibrinogen Receptor Antagonist L-734,217
from Chiral Pyridine Adducts. Chiral pyridines are versatile

synthetic building blocks in organic synthesis. To probe the
utility of the chiral pyridine adducts produced from this
addition process, we developed a synthetic approach to the
important chiral intermediate 9, which serves as a key
component of the synthesis of L-734,217, a potent fibrinogen
receptor antagonist (Scheme 4).21 The reported synthetic

method relies on resolution, and the highest yield for the
synthesis of this chiral intermediate was very low (ca. 26%).
The strategy we developed is much more efficient, involving
one single purification operation. The required chiral aldehyde
ent-3j was rapidly accessed from simple 4-vinylpyridine 1a and
the N-Cbz-protected aldehyde precursor in the presence of
CF3SO3H (0.5 equiv) and ent-IV (10 mol %). The resulting
crude product was directly used for the subsequent oxidation
without purification. Treatment of the aldehyde with the
oxidant NaClO2 and NaH2PO4 furnished the corresponding
acid. After Pd-catalyzed hydrogenation to remove the Cbz
group, intramolecular cyclization of the amine and the
carboxylic acid using 1-ethyl-3-(3-dimethylaminopropyl)-
carbodiimide (EDCI) as a coupling reagent afforded chiral
lactam 9 in 68% yield for the total four-step transformation
without isolation of these intermediates. It is noted that no ee
erosion was observed in these conversions. By means of the
reported procedures, the lactam can be readily converted to the
target L-734,217 in three steps.21

Table 4. Scope of the IV-Catalyzed Enantioselective
Alkylation of Vinylarenesa

entry R, 6 yield (%)b ee (%)c

1 n-C4H9, 6a 85 98
2d C2H5, 6b 68 94
3e n-C6H13, 6c 90 95
4e n-C8H17, 6d 92 97
5d,f i-Pr, 6e 65 96
6e cyclohexyl, 6f 82 97
7 Bn, 6g 84 94
8 4-MeOC6H4CH2, 6h 83 95
9 4-ClC6H4CH2, 6i 84 93
10 2-furanyl, 6j 86 93
11e MeO2C(CH2)3, 6k 90 95
12d BocNH(CH2)4, 6l 76 95

aReaction conditions: unless otherwise specified, see footnote a of
Table 3 and the Experimental Section in the Supporting Information.
bIsolated yields. cDetermined by chiral HPLC analysis. dCatalyst (30
mol %) was used. eThe reaction finished in 20 min. f5a (0.4 mmol)
and aldehyde (1.2 mmol) were used.

Table 5. Scope of IV-Catalyzed Enantioselective α-
Arylethylation of n-Hexanal with Different Styrenesa

aReaction conditions: unless otherwise specified, see the Experimental
Section in the Supporting Information. bIsolated yields. cDetermined
by chiral HPLC analysis. dCatalyst (30 mol %) was used. eThree 1.0
equiv portions of aldehyde were added at 30 min intervals; the total
reaction time was 90 min. fThe product 6 was directly reduced to the
alcohol 6′ by BH3 for chiral HPLC analysis. gThree 1.0 equiv portions
of aldehyde were added at 10 min intervals.

Figure 2. X-ray crystal structure of compound 7.

Scheme 4. Synthesis of Chiral Intermediate 9 Leading to L-
734,217
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b. Synthetic Elaboration of Chiral Adducts 6. The strong
electron-withdrawing nitro group(s) on the aromatic ring is
essential for creating highly active electronic acceptors in the
IV-promoted α-arylethylation of aldehydes. Nevertheless, from
the synthetic utility point of view, the nitro moiety should be
conveniently transformed into new functionalities. Therefore,
we carried out studies using products 6a and 6m as examples
(Schemes 5 and 6).
The BH3-mediated reduction of aldehyde 6a gave the

corresponding alcohol, which was then converted to esters 10
and 12 in high yields by treatment with AcCl and TsCl,
respectively (Scheme 5). Pd-catalyzed reduction of both nitro

groups in 10 with H2 gave rise to amine 11 in 91% yield. The
amine formed by reduction of 12 underwent a cyclization in the
presence of K2CO3 to afford benzazepine 13, one member of a
class of biologically important “privileged” molecules.22 It is
noteworthy that in these transformations, no or minimal
racemization was observed.
Furthermore, the nitro group can be removed or transformed

to H or I, as demonstrated using compound 6m (Scheme 6).

By means of similar strategies, the aldehyde was converted to
ester 14 in two steps by reaction with BH3 and then AcCl.
Hydrogenation of the nitro moiety catalyzed by Pd/C offered
an amine. Diazotization of the amine in the presence of NaNO2
under acidic conditions with reflux led to denitronation to
afford compound 15 in 73% yields in two steps. The nitro
group could also be transferred to iodide using a similar
protocol in the presence of KI, affording 16 in 76% yield. In
these transformations, only slight racemization was observed.

4. Mechanistic Studies. Singerman and Danishefsky
proposed a cycloaddition pathway involving pyridylcyclobutane
intermediates for the conjugate addition reactions of enamines
with 2- and 4-vinylpyridines.14a The intermediates were then
observed by Gray and co-workers only with enamines of α,α-
diasubstituted aldehydes and only under conditions of acid
catalysis.14b Preformed enamines were used in their cases, while
we employed a catalytic process for in situ formation of the
enamines. We questioned whether the catalytic process
involved a similar cycloaddition process with the pyridylcyclo-
butane intermediate. Therefore, 1H NMR studies were
performed using the reaction of n-hexanal 2c and 4-vinyl-
pyridine 1a as an example under the standard reaction
conditions we identified, except for the use of DMSO-d6
instead of DMF-d7 as the reaction medium (Figure 3).

However, we did not observe the pyridylcyclobutane
intermediate. Instead the pyridinium trimer species B (as a
mixture of protonated and unprotonated forms) was formed on
the basis of 1H NMR analysis. The unexpected outcome
prompted us to carry out a deeper investigation. First, to verify
the formation of the intermediate from TfOH-catalyzed
trimerization of 4-vinylpyridine, we performed the experiment
by simply mixing 1a (0.5 mmol) with TfOH (0.25 mmol) in
DMSO-d6 (0.5 mL) and then shaking the mixture for 1 h. 1H
NMR monitoring (Figure 3a). It was found that the trimer of 4-
vinylpyridinium ion, B, was quickly formed as the dominant
species with the copresence of the protonated form of 4-

Scheme 5. Synthetic Elaboration of Compound 6a

Scheme 6. Synthetic Elaboration of Compound 6m
Figure 3. 1H NMR studies of the reaction of 4-vinylpyridine (1a) with
n-hexanal (2c) cocatalyzed by IV and TfOH. (a) Spectrum of a
mixture of 1a (0.5 mmol) and TfOH (0.25 mmol) in DMSO-d6 (0.5
mL) after 1 h. (b−d) A mixture of 1a (0.5 mmol), TfOH (0.25
mmol), and DMSO (0.17 mmol) in DMSO-d6 (0.5 mL) was shaken
for 10 min, and then catalyst IV (0.05 mmol) and 2c (0.5 mmol) were
added; the reaction was monitored by 1H NMR spectroscopy after (b)
15 min, (c) 4 h, and (d) 26 h.
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vinylpyridine, A, which was first observed by Fife and
colleagues.23 The trimer structure B was determined by 3:8
ratio of the vinyl protons to the alkyl protons. Without TfOH,
no B was produced, indicating that the acid plays a key role in
the formation of B through A. To confirm that B was the actual
active electrophile for the direct addition reaction with the in
situ-formed chiral enamine without the involvement of a
pyridylcyclobutane, we added catalyst IV and aldehyde 2c into
the mixture and monitored the reaction process by 1H NMR
spectroscopy (Figure 3b). The cyclobutane intermediate was
not observed by 1H NMR analysis. Trimer B disappeared
rapidly and was transformed to the dimeric adduct E. After 4 h,
both A and B were consumed, and the new protonated product
3′ was generated. The ratio of E to 3′ was about 1:1 (Figure
3c). This suggests that 3′ was produced from E. Furthermore,
the transformation of E to 3′ seems to be the rate-determining
step (Figure 3d). Even after 48 h of reaction, there was still
about 10% E left (see the Supporting Information).
On the basis of the 1H NMR experimental studies of the IV-

catalyzed conjugate addition of 2c to 1a, we propose a catalytic
cycle for this reaction (Scheme 7). TfOH catalyzes the

formation of the more electrophilic trimeric pyridinium salt B
from protonated 4-vinylpyridinium species A. The resulting
highly active electrophile enables the addition of the
nucleophilic enamine created from the chiral amine catalyst
IV and the corresponding aldehyde to form the adduct D. Since
water is employed as the cosolvent for the reaction, D is facilely
hydrolyzed to recycle the catalyst and concurrently release the
dimer aldehyde adduct E and 1a. Finally, the aldehyde salt
product 3′ and 1a are slowly released from E. Workup of the
reaction mixture by treatment with a mixture of aqueous
Na2CO3 and EtOAc gives a relatively clean 1H NMR spectrum
of product 3. We found that under the same reaction
conditions, mixing 2-vinylpyridine with TfOH in DMSO-d6
did not lead to the expected trimer of 2-vinylpyridine. This can
help to rationalize its poor reactivity in the IV-cocatalyzed
process. Moreover, the acidity of the acid is critical for the
formation of trimeric pyridinium salt B. On the basis of 1H
NMR studies, strong acids such TfOH and nitric acid can
promote the formation of B, while it is difficult for the weak
acid AcOH to do so.

■ CONCLUSION
We have developed a synergistic catalysis strategy to realize for
the first time a catalytic asymmetric direct addition of simple
aldehydes to 4-vinylpyridines. Activation of weakly electrophilic
4-vinylpyridines by the Brønsted acid CF3SO3H and aldehydes
by the chiral diphenylprolinol TBDMS ether-catalyzed
formation of nucleophilic enamines in a cooperative manner
enables the new, previously unattainable highly enantioselective
addition process. The power of the addition process is
underscored by its mild reaction conditions and high efficiency
in the production of synthetically valued chiral pyridines with a
broad substrate scope. 1H NMR studies of the reaction process
revealed a trimeric 4-vinylpyridinium species as the actual
highly active electrophile for the direct addition of the chiral-
amine-promoted nucleophilic enamine. Moreover, inspired by
the similar electronic natures of pyridine and nitrobenzene, we
have successfully expanded the reaction scope beyond 4-
vinylpyridines, realizing the novel chiral diphenylprolinol
TBDMS ether-promoted, highly enantioselective direct addi-
tion of aldehydes to substituted 2-nitrostyrenes without the use
of CF3SO3H as a cocatalyst. In this approach, introducing a
strong electron-withdrawing group such as NO2, CF3, SO2Me,
etc. on 2-nitrostyrene creates a highly electrophilic vinyl moiety,
which displays reactivity comparable to that of protonated 4-
vinylpyridines in the chiral-amine-catalyzed addition of
aldehydes. The processes exhibit a broad substrate scope for
both electron donors and acceptors. While the electron-
withdrawing nitro group is essential for activation of the vinyl
group, we have demonstrated that it can be readily transformed
to diverse functionalities. Furthermore, a chiral pyridine
adducts serves as a key building block in the synthesis of the
fibrinogen receptor antagonist L-734,217. Further exploration
of the strategy and the application of this methodology in the
synthesis of biologically relevant molecules are under
investigation in our laboratory.
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