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ABSTRACT: A series of 2,4-disubstituted 1H-1-benzazepines,
2a−d, 4, and 6, were studied, varying both the substituents at
C2 and C4 and at the nitrogen atom. The conformational
inversion (ring-flip) and nitrogen-atom inversion (N-inver-
sion) energetics were studied by variable-temperature NMR
spectroscopy and computations. The steric bulk of the
nitrogen-atom substituent was found to affect both the
conformation of the azepine ring and the geometry around
the nitrogen atom. Also affected were the Gibbs free energy
barriers for the ring-flip and the N-inversion. When the
nitrogen-atom substituent was alkyl, as in 2a−c, the geometry
of the nitrogen atom was nearly planar and the azepine ring
was highly puckered; the result was a relatively high-energy
barrier to ring-flip and a low barrier to N-inversion. Conversely, when the nitrogen-atom substituent was a hydrogen atom, as in
2d, 4, and 6, the nitrogen atom was significantly pyramidalized and the azepine ring was less puckered; the result here was a
relatively high energy barrier to N-inversion and a low barrier to ring-flip. In these N-unsubstituted compounds, it was found
computationally that the lowest-energy stereodynamic process was ring-flip coupled with N-inversion, as N-inversion alone had a
much higher energy barrier.

■ INTRODUCTION

Recently, we reported a method for the regioselective alkylation
of 2,4-diphenyl-3H-1-benzazepine (1).1 A series of N-alkylated
1H-1-benzazepines, 2a−c, were produced (Scheme 1). The
azepine rings of both 1 and 2 are nonplanar, and because the
nitrogen atom breaks symmetry, they exhibit planar chirality.2

We have shown that the enantiomers of 3H-benzazepine 1 and
its derivatives interconvert rapidly at room temperature by a
ring-flipping process.3,4 The case of N-alkylated 1H-benzaze-
pines such as 2 might be complicated by the nitrogen atom,

which, if it is nonplanar, becomes a chiral center that could
undergo stereochemical inversion. Thus, benzazepines 2 could
exist as a mixture of four stereoisomersthat is, two pairs of
enantiomersinterconverting at rates which may depend
strongly on the surrounding structural features. For the N-
alkylated 1H-1-benzazepines, interconversion of enantiomers
requires both a flip of the azepine ring and a N-inversion/C−N
bond rotation process;5 the flip and the inversion−rotation
processes may be interdependent or occur independently,
subject to structural constraints of the ring system.
We became interested in the stereochemical issues above

with the realization that these simple 1-benzazepines can be
seen as model compounds for the pharmacologically important
benzazepines and benzodiazepines.6,7 The plethora of stereo-
dynamic processes that characterize these molecules is
garnering much attention.8 Knowledge of how structure affects
the Gibbs free energy of activation (ΔG⧧) and thus the rate of a
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Scheme 1. Previous Synthesis1 of N-Alkylated 1H-1-
Benzazepines 2a−c
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stereodynamic process is crucial if the molecule is to be
developed into a drug.9,10 More and more biologically active
molecules that possess two stereogenic elementsa nonplanar
azepine ring and a potentially chiral nitrogen atomare being
discovered.11−20 It is often not clear whether the two processes
(rotation−inversion and ring-flip) are interrelated or whether
they occur independently of each other. In many cases, the
latent chirality of the nitrogen atom either is not recognized or
commented upon,11,12,17−20 is not taken into account when the
energetics of enantiomerization are studied,13−15 or is
considered too planar to have an impact on the energetics.21,22

A notable exception is the study by Clayden et al.23 of the
enantiomerization energetics of the non-nucleoside reverse
transcriptase inhibitor nevirapine (Scheme 2). In this butterfly-
shaped molecule, the non-amide nitrogen atom is significantly
pyramidalized (the sum of the C−N−C bond angles is 347°)
and thus chiral. The ΔG⧧ of enantiomerization determined by a
dynamic NMR method was found to be 17.6 kcal/mol, which
means that interconversion of enantiomers is fast at room
temperature, and thus they do not have an atropisomeric
relationship. The calculated N-inversion barrier closely matched
the experimental ΔG⧧ above, which is significantly higher than
the typical enantiomerization value for a simple amine, typically
≤9 kcal/mol.5,24 The calculated barrier to rotation around the
N−cyclopropyl-group bond in nevirapine, which completes the
enantiomerization, was significantly lower. A separate barrier
for the ring-flip was not calculated, perhaps because the
assumption was made that N-inversion and ring-flip are
interdependent, considering the highly constrained nature of
the system.
An example of a system with less constraints is ACAT

inhibitor 3, studied by Tabata et al.16 The higher saturation
level of the diazepine ring versus that of nevirapine’s makes it
possible that ring-flip and N-inversion are not associated. The
seven-membered ring in 3 is significantly puckered, while the
non-amide nitrogen atom is more pyramidalized (the sum of
the C−N−C bond angles is 340°) than the corresponding
nitrogen atom in nevirapine. The ΔG⧧ of enantiomerization of
3 is 25 kcal/mol, causing the two enantiomers to have an
atropisomeric relationship.25 This barrier is almost certainly due
to the ring-flip and not the N-inversion because when the
aminomethyl moiety is replaced by a methylene group or a
sulfur atom, the barrier does not vary appreciably. Thus, the
barrier to N-inversion (which was not determined) is most
likely lower than the ring-flip, or perhaps N-inversion and ring-
flip are interdependent.
The impact of the sense of planar chirality on the

pharmacological behavior of seven-membered-ring benzo-
fused heterocycles is becoming increasingly evident. Recent
examples include a bombesin receptor subtype 3 (BRS-3)

agonist, where one planar-chiral enantiomer is much less active
than the other,22 and the ACAT inhibitor 3,16 which shows the
same sort of eutomer/distomer relationship between the
planar-chiral atropisomeric enantiomers. Even when the two
planar-chiral enantiomers interconvert rapidly, it has been
noted that one of the enantiomers can be bound preferentially
to a receptor, as is the case for many members of the
benzodiazepine class of heterocycles.26

A systematic experimental and computational study of the
relationship between ring-flip and N-inversion and how these
affect the energy barrier to enantiomerization is desirable
considering the ever increasing importance of seven-mem-
bered-ring heterocycles in pharmacology.8 It is well-known that
varying the steric bulk of the groups attached to atoms around
the ring juncture of the 1,4-benzodiazepine system27 and other
benzodiazepine16 and benzazepine systems4,16 will strongly
affect the rate of the ring-flip. A systematic study of the steric
effects of groups around the ring juncture, where one of the
atoms bearing those groups is stereolabile, is lacking. Relatively
simple 1H-1-benzazepines like 2 are ideal model compounds
for the study of the intricacies inherent to enantiomerization in
these systems. The computational approach will be to dissect
the enantiomerization process into its components of ring-flip
and N-inversion. The experimental approach will be to
determine the ΔG⧧ of enantiomerization by variable-temper-
ature NMR spectroscopy, monitoring the coalescence of
diastereotopic protons of methylene groups in the molecules.28

■ RESULTS AND DISCUSSION
Preparation of Compounds Chosen for Study. The

compounds chosen initially for study were diphenylbenzaze-
pines 2a−c and the N-unsubstituted analogues 2d and the
diester 4. The N-alkylated 2a−c were prepared by alkylation of
benzazepine 1, according to our procedure of Scheme 1.1

Diester 4 is a known substance and obtainable by a multistep
procedure.29 We prepared 4 in a novel and expeditious manner
(Scheme 3), analogous to our earlier synthesis of benzaze-
pines.30 Treatment of 2-fluoroaniline with ethyl pyruvate and a

Scheme 2. Enantiomerization of Nevirapine and ACAT Inhibitor 3

Scheme 3. Synthesis of Diester 4 from 2-Fluoroaniline and
Ethyl Pyruvate
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catalytic amount of p-toluenesulfonic acid (pTsOH) in xylene
at reflux gave diester 4. It is possible that the 1H-benzazepine 4
is stabilized by the hydrogen bond indicated in 4 in Scheme 3.
Such an effect has been noted in a simpler 1H-azepine.31

The diphenylbenzazepine unsubstituted at nitrogen, namely,
2,4-diphenyl-1H-1-benzazepine (2d), would have been ideal to
complete the series of benzazepines, including 2a−c. However,
this compound is not known and not obtainable by either of
our methods for benzazepine synthesis.3,30 We have found that
this N-unsubstituted benzazepine is much less thermodynami-
cally stable than its 3H-isomer 1 and is therefore not detected
in the reaction mixture containing 1.3 So the N-unsubstituted
2d remained a compound for computations only, and for
experimental work, we used diester 4 to complete the series of
1H-benzazepines, bearing in mind that the carboalkoxy groups
of 4 could cause unexpected changes in properties.
Geometries of the Ground States. B3LYP/6-31G(d)

optimized structures of benzazepines 2a−d, 4, and 6 are
displayed in Figure 1 (see Supporting Information data set 1 for
energies and Cartesian coordinates). With benzazepine 2a as an
example, if both the azepine ring and the nitrogen atom were
planar, then the sum of the azepine internal bond angles would
be 900° and the sum of the three C−N−C bond angles would
be 360°. Deviations from these numbers give an idea of how
puckered the ring is, how pyramidalized the nitrogen atom is,
and a rough idea of how much ring strain might be present.32

We have previously determined the X-ray crystal structures of
benzazepines N-methyl 2a and N-benzyl 2c.1 In 2a, the sum of
the azepine internal bond angles is 856°, while the sum of the
C−N−C bond angles is 353° (Table 1). The corresponding
values for the benzylated 2c are nearly identical. The nitrogen
atom in both benzazepines is at the apex of a very shallow
trigonal pyramid and is close to being sp2-hybridized. The
calculated structures (Figure 1) have somewhat higher
corresponding values (Table 1). The theoretical N-unsub-
stituted analogue 2d shows marked differences in its ground-
state structure. Here, the azepine ring is less puckered, and
most significantly, the sum of the angles around the nitrogen
atom is only 347°, which makes the nitrogen atom about
halfway between sp2 and sp3 hybridization and a significant
center of chirality. Another interesting feature of 2d is the

pseudoequatorial orientation of the N−H hydrogen atom. The
isomer with a pseudoaxial N−H hydrogen atom (the product of
N-inversion) is calculated to be 3.2 kcal/mol higher in energy,
so the amount of this form would be negligible.
In common with N-unsubstituted 2d, calculations on diester

4 reveal a slightly puckered azepine ring and a significantly
pyramidalized nitrogen atom with its attached hydrogen atom
in a pseudoequatorial orientation. Thus, the presumed
hydrogen bond in 4 has little effect on the geometry of the
nitrogen atom. However, the physical state of 4 makes it
unamenable to X-ray crystallographic analysis. Experimental
verification of the calculated results for N-unsubstituted 2d and
diester 4 came with the preparation of the analogue diester 6
(Scheme 4). It was anticipated at the outset that use of the p-
nitrobenzyl group would not only give a crystalline derivative
suitable for X-ray analysis but would also allow dynamic NMR
studies relying on differences in the chemical shifts of the
diastereotopic methylene protons of either p-nitrobenzyl group.
Esterification33 of pyruvic acid with p-nitrobenzyl alcohol gave
p-nitrobenzyl pyruvate 5. Treatment of this with 2-fluoroaniline
as in Scheme 3 gave crystalline diester 6. Diester 6 crystallized
as two closely related forms in a 68:32 ratio (Figure 2). The
two forms differed only in the amount of disorder, which could
not be improved upon by growing the crystals at lower
temperatures (see Supporting Information data sets 8−14 for
additional data and discussion). In the crystal, diester 6 shows a
puckered azepine ring and a significantly pyramidalized
nitrogen atom with its attached hydrogen atom in a
pseudoequatorial orientation, features it has in common with
N-unsubstituted 2d. The nonplanarity of both the azepine rings

Figure 1. B3LYP/6-31G(d) optimized ground-state structures of benzazepines 2a−d, 4, and 6.

Table 1. B3LYP/6-31G(d) Calculated and Experimental
Sums of Bond Angles around the Nitrogen Atom and
Internal Angles of Azepine Ring

sum, N anglesa sum, azepine anglesb

cpd calcd expc calcd expc

2a 356° 353° 860° 857°
2b 357° d 861° d
2c 356° 353° 859° 855°
2d 347° e 870° e
4 343° d 875° d
6 344° f 875° 869°

aSum of angles around the nitrogen atom. bSum of internal angles of
the azepine ring. cFrom X-ray crystal structures. dCompound is a
liquid, so X-ray structure cannot be obtained. eTheoretical compound.
fPosition of the N−H hydrogen atom was not able to be precisely
ascertained.
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and the nitrogen atoms of 2d, 4, and 6 results in a complicated
stereochemical picture. With diester 6 as an example, it could
exist as a mixture of four stereoisomers, that is, two pairs of
enantiomers. Figure 2 shows arbitrarily the isomer with R
absolute stereochemistry of the nitrogen atom and S absolute
stereochemistry of the azepine ring; thus, its descriptors would
be R and SP.

2,34 The enantiomer of this, namely, (S)-(RP)-6,
must also be present. The diastereomer of (R)-(SP)-6, namely,
(R)-(RP)-6 isomer (plus its enantiomer, (S)-(SP)-6), is not
present because the compound would most likely have
crystallized as the most stable pair of enantiomers, which
have their N−H hydrogen atoms in the pseudoequatorial
orientation.
Energetics of N-Inversion and Ring-Flip. Enantiomeri-

zation of these benzazepines involves a ring-flip, inversion of
the nitrogen atom, slight rotations of the substituents at C2 and
C4, and, in the case of the N-alkylated 2a−c, rotation around
the exocyclic C−N bond. The latter two are incidental
processes which will not be considered here (see Supporting
Information data set 6 for rotation scans and discussion). Table
2 shows the calculated ΔG⧧ values for N-inversion and ring-flip,
and Figure 3 shows the transition-state structures (see
Supporting Information data sets 2−5 for energies, Cartesian
coordinates, and negative frequencies). Compared to their N-
inversion barriers, the N-alkylated 2a−c all have relatively high
ring-flip energy barriers. Considering how nearly planar the
nitrogen atom is and how highly puckered the ring is, this trend
is not surprising. The trend in ΔG⧧ values is a reflection of how
close to the transition state the nitrogen atom and ring
geometries are. In the three N-unsubstituted compounds, 2d, 4,
and 6, the trend is reversedthe ring-flip ΔG⧧ values are very

small, while the N-inversion ΔG⧧ values are appreciably larger.
In comparison to the N-alkylated 2a−c, the azepine ring is less
puckered in the N-unsubstituted analogues and, therefore,
nearer to the transition state; the nitrogen atom is more
pyramidal, so it is farther from the transition state. We believe
that the marked differences in ring-flip ΔG⧧ values between the
N-substituted and N-unsubstituted benzazepines can be
rationalized using arguments involving ring strain. The fact
that the N-substituted 2a−c are more highly puckered than
their N-unsubstituted analogues 2d, 4, and 6 indicates that 2a−
c suffer from less ring strain.32 Since in the transition states of
both types of benzazepines the azepine ring is nearly planar
(i.e., the ring will have the maximum amount of ring strain), the
benzazepine type with the least ring strain (2a−c) will be
further away in energy from the transition state, and thus the
ΔG⧧ values will be relatively large; the converse argument can
be made for the N-unsubstituted benzazepines. We note that, in
many cases, the transition states deviate somewhat from
planarity. This is a common phenomenon in seven-membered
heterocycles of these types.4,35,36

A comparison between the transition states of the N-
alkylated 2b,c and N-unsubstituted 2d, 4, and 6 shows that, in
the latter three derivatives, ring-flip and N-inversion appear to
be coupled.37 For example, the low-energy pathway that
connects the conformational isomers of N-unsubstituted 2d
(Figure 4), unlike the pathway for the N-substituted derivatives
such as 2c shown in Figure 4 for comparison, involves
simultaneous ring-flip and N-inversion. The barrier to N-
inversion alone in 2d is significantly higher. The differences in
ΔG⧧ values between N-inversion and the combined ring-flip/
N-inversion process in the N-unsubstituted 4 and 6 are even

Scheme 4. Synthesis of Diester 6 from Pyruvic Acid, p-
Nitrobenzyl Alcohol, and 2-Fluoroaniline

Figure 2. ORTEP diagram of the major form of diester 6. Thermal
ellipsoids are at the 50% level.

Table 2. Calculated Gibbs Free Energy of Activation Values
for Nitrogen-Atom Inversions and Ring-Flips Calculated at
the B3LYP/6-31G(d) Level of Theory

ΔG⧧ (kcal/mol)

cpd N-inversion ring-flip

2a 0.9 12.6a

2b 0.8 14.7
2c 4.6 14.5
2d 5.1 3.5a

4 9.3 1.8a

6 11.3 2.0a

aRing-flip and N-inversion are simultaneous.

Figure 3. Saddle points of the ring-flip process (TS-2b and TS-2c)
and the combined ring-flip/N-inversion process (TS-2a, TS-2d, TS-4,
and TS-6), optimized at the B3LYP/6-31G(d) level of theory.
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larger (Table 2). Therefore, in all of the N-unsubstituted
derivatives, the two stereodynamic processes are coupled.
Dynamic NMR Studies. N-Ethyl 2b, N-benzyl 2c, and the

N-unsubstituted 4 and 6 contain methylene groups, the protons
of which are rendered diastereotopic by the stereogenic azepine
rings. The 1H NMR spectrum of N-benzyl 2c at low
temperatures in CDCl3 solvent shows the expected pair of
doublets (J = 14.0 Hz) for the two methylene protons, with a

chemical shift difference between them of 77.1 Hz (Figure 5).
Upon warming, the two protons coalesce at 5 °C and above
that temperature give rise to a singlet. From the Eyring plot,38 a
ΔG⧧ value for enantiomerization of 13.9 kcal/mol is obtained.
This value matches reasonably well with the calculated value for
ring-flip from Table 2. N-Ethyl 2b shows similar behavior and
has a ΔG⧧ value of 13.8 kcal/mol, which also matches the
calculated value for the ring-flip in this compound. Diester 4

Figure 4. (A) Energetics of the ring-flip and N-inversion processes in N-benzyl 2c. (B) Energetics of the N-inversion and combined ring-flip/N-
inversion processes in N-unsubstituted 2d.
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shows both of its methylene groups to be quartets down to −30
°C, indicating fortuitous overlap or fast positional exchange of
the diastereotopic protons. A fast positional exchange was
expected, considering the extremely low calculated free-energy
barriers for the combined ring-flip/N-inversion process (Table
2). The situation is the same for diester 6, the spectrum of
which shows singlets for both methylene groups down to −55
°C (see Supporting Information data sets 29 and 30 for VT
spectra of 4 and 6). The correspondence between computed
and experimental ΔG⧧ values for both N-alkylated compounds
2b and 2c and the indication of fast dynamic processes in the
NMR spectra of N-unsubstituted compounds 4 and 6 lend
confidence to the computational studies of all the compounds.

■ CONCLUSION
The data presented above are tied together by a rigid structural
feature common to all the compounds: the benzo group. The
ground-state geometries and the ΔG⧧ values for ring-flip and
N-inversion are determined primarily by the hydrogen atom at
C9 (ortho relative to the nitrogen atom) of the benzo group.
When the nitrogen atom is substituted by an alkyl group, this
group avoids steric interaction with the C9 hydrogen atom by
going far out of the plane of the benzo group. This results in a
highly puckered azepine ring, and in order to avoid steric
interactions of the alkyl group with any other parts of the
molecule, the nitrogen atom becomes nearly planar. Thus, for
the N-substituted compounds 2a−c, the rate of ring-flip is slow,
while that of N-inversion is fast and nearly barrier-free in the
case of 2a and 2b. On the other hand, when the nitrogen atom
bears a hydrogen atom as in 2c, 4, and 6, steric interactions of
this hydrogen atom with the C9 hydrogen atom are much less
severe. In these molecules, the result is a less-puckered azepine
ring and a pyramidalized nitrogen atom, with the attached
hydrogen atom in the pseudoequatorial orientation (this

orientation perhaps being indicative of the size difference
between a hydrogen atom and a lone pair of electrons). The N-
inversion in the N-unsubstituted compounds now becomes the
slowest stereodynamic process, slow enough to be considered
negligible. The much faster stereodynamic process is shown by
the potential energy surface to be the ring-flip combined with a
simultaneous N-inversion. In fact, in the ring-flip transition
states for all of the N-unsubstituted compounds, the nitrogen
atom is already partially inverted. The rate of the combined
process is predicted to be extremely fast, too fast for
measurement by the NMR method used here.
Future work will focus on C9-substituted varieties of

benzazepines. In these compounds, the rates of the stereo-
dynamic processes described here may be low enough for
experimental determination by NMR or other methods. The
ultimate goal would be to design benzazepines where the
enantiomers have a very slow rate of interconversion, slow
enough for them to be considered atropisomeric. Obtaining
more benzazepines with slow rates of enantiomerization would
allow further experimental inquiry into these fascinatingly
complex systems. Toward this goal, we have performed
computations on compound 7, the C9-methylated analogue
of N-methyl 2a, and found the ΔG⧧ value of the ring-flip to be
25.8 kcal/mol (see Supporting Information data set 7 for a
detailed computational treatment of 7). The enantiomers of 7
would be considered true atropisomers, as the half-life of
enantiomerization would be about 2 weeks at room temper-
ature.39 Future work will be directed at the synthesis of 7 and
further study of a variety of both N-substituted and N-
unsubstituted analogues that also might exhibit atropisomerism.

■ EXPERIMENTAL SECTION
Computational Methodology. Optimization calculations were

carried out with the Gaussian program package.40 The B3LYP
functional41,42 and the 6-31G(d) basis set43 were used together with
standard protocols. The combination of the B3LYP functional and the
6-31G(d) basis set reproduces the geometries and energetics of the
ring-flip of benzazepines well.4 All structures were optimized without
constraints. Optimizations were followed by harmonic vibrational
analyses to verify that the structures were minima or first-order saddle
points. The intrinsic reaction coordinate44 calculations and/or analysis
of the displacement vectors were utilized to confirm the reaction paths.

Diethyl 1H-Benzo[b]azepine-2,4-dicarboxylate (4). A solution
of 2-fluoroaniline (2.69 g, 24.2 mmol), ethyl pyruvate (2.81 g, 24.2
mmol), and p-toluenesulfonic acid monohydrate (43 mg) in 108 mL
of o-xylene was heated at reflux under N2 for 1 h in a Dean−Stark
apparatus. After being cooled to rt, the solution was washed with 2 ×
30 mL of aqueous 5% NaHCO3 solution and dried over MgSO4.
Removal of the solvent under reduced pressure gave 3.98 g of crude
product, which was purified by radial chromatography (silica gel, 5%
EtOAc/hexane). Isolated was 1.84 g (53% yield) of product as a dark
viscous liquid, TLC Rf = 0.36 (10% EtOAc/hexane, silica gel). Spectral
data were consistent with those reported previously (see Supporting
Information data set 31 for 1H NMR spectrum).29

4-Nitrobenzyl Pyruvate (5). A solution of pyruvic acid (1.39 mL,
20.0 mmol), 4-nitrobenzyl alcohol (3.06 g, 20.0 mmol), and 4-

Figure 5. (A) Variable-temperature NMR spectra of the methylene
group protons in N-benzyl 2c. (B) Variable-temperature NMR spectra
of the methylene group protons in N-ethyl 2b.
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(dimethylamino)pyridine (105 mg) in 20 mL of anhydrous CH2Cl2
under N2 was cooled to 0 °C, and dicyclohexylcarbodiimide (20 mL,
1.0 M in CH2Cl2, 20 mmol) was added over a period of 1 min. After
the reaction mixture was stirred for 5 min at 0 °C, the ice bath was
removed for 25 min, and the mixture was gravity-filtered. The filtrate
was washed with 2 × 10 mL aqueous 0.5 M HCl and 20 mL of
aqueous 5% NaHCO3. Drying over MgSO4 and removal of solvent
under reduced pressure gave 3.94 g of crude product as a yellow-
orange viscous oil. Recrystallization from 30 mL of 33% EtOAc/
hexane gave 1.77 g (40% yield) product as a beige powder: mp 71−72
°C; 1H NMR (CDCl3, 500 MHz) δ 2.47 (s, 3H), 5.32 (s, 2H), 7.54 (d,
J = 8.7 Hz, 2H), 8.19 (d, J = 8.7 Hz, 2H); 13C NMR (CDCl3, 125
MHz) δ 26.7, 66.3, 124.1, 128.8, 141.4, 147.9, 160.0, 190.9; HRMS
(CI/TOF-Q) m/z [M]+ calcd for C10H9NO5+H 224.0553, found
224.0560 (see Supporting Information data sets 15−20 for NMR
spectra).
Bis(4-nitrobenzyl) 1H-Benzo[b]azepine-2,4-dicarboxylate

(6). A solution of 2-fluoroaniline (260 μL, 2.67 mmol), p-nitrobenzyl
pyruvate (598 mg, 2.68 mmol), and p-toluenesulfonic acid
monohydrate (5 mg) in 12 mL of o-xylene was heated at reflux
under N2 for 1 h in a Dean−Stark apparatus. After being cooled to rt,
the solution was washed with 2 × 15 mL of aqueous 5% NaHCO3
solution and dried over MgSO4. Removal of the solvent under reduced
pressure at a maximum temperature of 45 °C gave 871 mg of crude
product as a dark brown semisolid. This was stirred with 6 mL of a
mixture of 10% EtOAc/33% CH2Cl2/hexane, causing precipitation of
146 mg dark-brown solid, which was dissolved in approximately 1 mL
of CH2Cl2 and passed through a plug of silica gel. After removal of the
CH2Cl2 by evaporation, recrystallization from 12 mL of 60% EtOAc/
hexane gave 69 mg (10% yield) of product as a dark crystalline solid:
mp 161−162 °C; TLC Rf = 0.56 (40% EtOAc/hexane, silica gel); 1H
NMR (CDCl3, 500 MHz) δ 5.33 (s, 2H), 5.34 (s, 2H), 6.32 (d, J = 6.9
Hz, 1H), 6.52 (d, J = 1.0 Hz, 1H), 6.79 (dd, J = 7.5, 1.9 Hz, 1H), 6.83
(td, J = 7.5, 1.1 Hz, 1H), 7.11 (td, J = 7.5, 1.9 Hz, 1H), 7.39 (s, 1H),
7.54 (d, J = 8.8 Hz, 2H), 7.56 (d, J = 8.8 Hz, 2H), 8.25 (d, J = 8.7 Hz,
4H), NH proton not observed; 13C NMR (CDCl3, 125 MHz) δ 65.4,
66.2, 116.0, 120.2, 123.89, 123.94, 124.1, 127.9, 128.39, 128.44, 129.2,
133.4, 133.6, 137.2, 142.4, 143.0, 147.0, 147.8, 147.9, 162.4, 164.6;
HRMS (ESI/TOF-Q) m/z [M]+ calcd for C26H19N3O8+H m/z
502.1250, found 502.1253 (see Supporting Information data sets 21−
28 for NMR spectra).
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