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David Nuñ́ez Alonso, Marta Peŕez-Torralba,* Rosa M. Claramunt, M. Carmen Torralba,
Patricia Delgado-Martínez, Ibon Alkorta, Jose ́ Elguero, and Christian Roussel

Cite This: ACS Omega 2020, 5, 25408−25422 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Nine 3,5-dihydro-4H-pyrido[2,3-b][1,4]diazepin-4-ones
(17−25), some of which contain fluoro-substituents, have been
regiospecifically prepared by reaction of 2,3-diaminopyridines with
ethyl aroylacetates. In two cases, open intermediates have been isolated
and these are related to the reaction pathway. The X-ray crystal
structure of 1-methyl-4-phenyl-3,5-dihydro-4H-pyrido[2,3-b][1,4]-
diazepin-4-one (23) has been solved (formula, C15H13N3O; crystal
system, monoclinic; space group, C2/c). This is an asymmetric unit constituted by a single nonplanar molecule and its
conformational enantiomer due to the presence of the seven-membered diazepin-2-one moiety, which introduces a certain degree of
torsion in the adjacent pyridine ring. The 1H, 13C, 15N, and 19F NMR spectra were obtained and the chemical shifts, together with
those of the previously published 1,3-dihydro-2H-benzo[b][1,4]diazepin-2-ones (1−16), i.e., a total of 544 values, were successfully
compared with the chemical shifts calculated at the gauge invariant atomic orbital (GIAO)/Becke, three-parameter, Lee−Yang−Parr
(B3LYP)/6-311++G(d,p) level. The seven-membered ring inversion barrier in 5-benzyl-2-phenyl-3,5-dihydro-4H-pyrido[2,3-
b][1,4]diazepin-4-one (25) was determined and, in conjunction with the data from the literature, compared with the B3LYP/6-311+
+G(d,p) computed values. This allowed the determination of several structural effects. The rotation about the exocyclic N1−CR
bond was also calculated and its dynamic properties were discussed.

■ INTRODUCTION

Benzo[b][1,4]diazepin-2-ones are much less important in
medicinal chemistry than benzo[e][1,4]-diazepin-2-ones such
as diazepam and, for this reason, they have been less studied.
However, there are some important drugs that contain the
benzo[b][1,4] structure, for instance, the anxiolytic clobazam
(7-chloro-1-methyl-5-phenyl-1,5-benzodiazepine-2,4-dione)1

and the atypical antipsychotic olanzapine ({2-methyl-4-(4-
me t h y l - 1 - p i p e r a z i n y l ) - 1 0H - t h i e n o [ 2 , 3 - b ] [ 1 , 5 ] -
benzodiazepine}).2 Note that there are compounds like
nevirapine that are both [b] and [e] [1,4]diazepines.3,4 We
have previously published some results in the field of
benzo[b][1,4]diazepines (Figure 1).5−7

Several papers on benzo[b][1,4]diazepines have been
published and these encompass new synthetic method-
ologies8−10 and reactivity studies, including a comprehensive
review11 and a more recent reference.12 The biological
properties of benzo[b][1,4]diazepinones closely related to our
work have been reported and the compounds are potent
noncompetitive metabotropic glutamate receptor antagonists.13

Finally, the ESIPT (excited-state intramolecular proton trans-
fer) mechanism has been observed in the photochemistry of
benzo[b][1,4]diazepinones.14

The biological importance of these compounds contrasts with
the paucity of their structural studies. In this work, we present
the regiospecific synthesis, X-ray crystallography data, andNMR
(static and dynamic) properties of nine pyrido[2,3-b][1,4]-
diazepin-4-ones, together with NMR data from our previous
work concerning a series of sixteen benzo[b][1,4]diazepin-2-
ones. Moreover, theoretical calculations of absolute shieldings
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Figure 1. Structures of some benzo[b][1,4]diazepinones.
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(σ, ppm) and their transformation into chemical shifts (δ, ppm)
have been carried out at the GIAO/B3LYP/6-311++G(d,p)

level to assign all NMR active nuclei (1H, 13C, 15N, and 19F) and
enable the structures to be unambiguously identified. Moreover,

Figure 2. Benzo[b][1,4]benzodiazepin-2-ones and pyrido[2,3-b][1,4]diazepin-4-ones 1−25.

Scheme 1. Substrate Scope for Substituted 2,3-Diaminopyridines
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related theoretical calculations have been carried out to
determine the inversion barriers of the diazepinone seven-
membered ring in the gas phase.

■ RESULTS AND DISCUSSION
The structures of the compounds under study are depicted in
Figure 2. Pyrido[2,3-b][1,4]diazepin-4-ones 17 to 25 have been
synthesized for the first time in this work, and compounds 1−16
were described in our previous publications or elsewhere, a
citation being provided in the corresponding tables.
Regiospecific Synthesis and Structural Studies of 3,5-

Dihydro-4H-pyrido[2,3-b][1,4]diazepin-4-ones. The
standard procedure to obtain 1,3-dihydro-2H-benzo[b][1,4]-
diazepin-2-ones involves a condensation reaction in xylene at
120 °C between benzene-1,2-diamines and β-oxoesters, ethyl
acetate, or ethyl aroylacetates. This method was used for the
preparation of the N-unsubstituted 1,3-dihydro-4H-pyrido[2,3-
b][1,4]diazepin-4-ones 17−22 starting from 2,3-diaminopyri-
dines; in all cases, only one regioisomer was formed (Scheme 1).
Open intermediates resulting from the condensation of the
pyridine 2-amino group with the ester counterpart were isolated
in two cases, 26 and 27, as detailed in Experimental Section.
Compounds 23−25 were obtained by subsequent N-alkylation
under basic conditions.15

Our results differ from those of Israel et al.,16,17 who described
the formation of two regioisomers I and II in the reaction of 2,3-
diaminopyridine with ethyl acetate. However, the results are
consistent with those of Barchet and Merz18 on the reaction of
2,3-diaminopyridine and ethyl benzoylacetate to yield com-
pound 17, albeit without any supporting structural data at that
time (1964), and those of Israel on repeating the same reaction
and establishing the structure of regioisomer I by thermal
degradation of 17 to 1-(1-phenylvinyl)-1,3-dihydro-2H-
imidazo[4,5-b]pyridin-2-one as a result of a [1,3] sigmatropic
rearrangement (Scheme 2).19

The synthesis of 17was also described byMartins et al.20 from
the cyclocondensation reaction of 2,3-diaminopyridine with
1,1,1-trichloro-4-phenyl-4-methoxybut-3-en-2-one under basic
conditions. The same group later isolated and characterized the
open intermediate formed by addition of the 3-aminopyridine
group to the β-olefinic carbon of the vinyl ketone, cyclization of
which led to compound 17 (Scheme 3).21

Characterization and Imino/Enamino Tautomerism.
Characterization of 3,5-dihydro-4H-pyrido[2,3-b][1,4]-
diazepin-4-ones 17−25 was achieved by elemental analysis
and multinuclear NMR spectroscopy. All classical 2D
techniques, as well as spin−spin coupling constants, were used
to assign the chemical shifts and these are consistent with the
results of GIAO calculations (vide inf ra).
The 1H, 13C, 15N, and 19F NMR spectroscopic data in DMSO-

d6 or CDCl3 solution (Table S1) confirmed that even if five
tautomeric forms are possible (Scheme 4), they exist as the oxo-
imino form a with, in some cases, small amounts of form b, as
previously observed in compounds 1−16.6,7
The presence of the oxo-enamino form b was detected in

compounds 17 and 18 in proportions of 7 and 9%, respectively
(Figure 3). The most relevant NMR features allowing the
identification of both tautomeric forms are as follows: oxo-imino
form a, δ of 3-CH2 around 3.60 ppm, δ of 3-CH2 at around 40
ppm; oxo-enamino form b, δ of 3-CH around 4.70 ppm, δ of 3-
CH at around 96 ppm. Note that the atom numbering scheme
used in Figure 3 differs from the IUPAC system but allows
comparison between 1,3-dihydro-2H-benzo[b][1,4]diazepin-2-
ones and 3,5-dihydro-4H-pyrido[2,3-b][1,4]diazepin-4-ones
since, in both cases, the NH and NR nitrogen atom is N1 and
the CO group is on C2.
Note that the multiplicity of H3 in tautomer b differs between

17, a triplet of 4J = 2.2 Hz, and 18, a doublet of 4J = 2.3 Hz. The
triplet corresponds to two identical coupling constants of 2.2 Hz
between H3 and H1 and H5. The doublet of 2.3 Hz is probably
due to the fact that, in 18, one of the coupling constants is much
smaller than the other, although an NH to ND proton exchange
in DMSO-d6 cannot be excluded.

Crystal Structure of Compound 23. Crystals of 5-methyl-
2-phenyl-3,5-dihydro-4H-pyrido[2,3-b][1,4]diazepin-4-one
(23) were grown from ethanol; the compound crystallizes in the
C2/c space group belonging to the monoclinic system. The
asymmetric unit is constituted by a single molecule that is not
planar due to the presence of the seven-membered diazepin-2-
one moiety, which introduces a certain degree of torsion in the
adjacent pyridine ring. In this sense, the defined dihedral angle
between the pyridine and phenyl rings is 49.8(2)° (Figure 4).
The N1 atom is flat and the sum of the angles around it is 359.3°.
BothM conformational enantiomers are present in the unit cell
and these correspond to rotation about the C9A−N1 bond
(−177.97° and +177.97° corresponding to M and P conforma-
tional enantiomers); the same angles calculated theoretically
(gas phase) are ±174.9°.
However, a certain planarity is observed in the molecule in the

pyridine-N1N5 fragment on the one hand and in the 4-phenyl-
C3C4N5 unit on the other. TheC2 carbonyl carbon points away
from these twomoieties and the distances to the aforementioned
planes are 0.719(3) and 1.451(3) Å, respectively. This result,
along with the electronic distribution observed, is consistent
with the crystallographic angle and bond length data obtained
for this compound, which corresponds to tautomer a with a
C4N5 double-bonded imino group. Molecules of 23 can be
considered to be crystallographically isolated since there are no
notable interactions between them, probably due to the
presence of the methyl group on the N1 nitrogen atom, which
prevents the formation of hydrogen bonds. The packing along
the b axis is provided in Figure S1 (Supporting Information).
The structure obtained for pyrido[2,3-b][1,4]diazepin-4-one

(23) has similar characteristics to those previously determined
in benzo[b][1,4]diazepin-2-ones,6,7 but less distortion is

Scheme 2. Regioisomers Formed in the Reaction of β-
Oxoesters with 2,3-Diaminopyridine and Application of a
Thermal Rearrangement Reaction to Establish Their
Structure
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observed in the latter, where the dihedral angle between the
benzo and phenyl rings lies in the range of 4.6(1)−25.8(1)°
depending on the substituents, cf. a value of 49.8(2)° observed
for 23 (Figure 5).
Comparison of Experimental and Calculated NMR

Chemical Shifts. The experimental and calculated chemical
shifts of compounds 1 to 25 (two calculated rotamers of the
benzyl group of 25) are gathered in Table S1 of the Supporting
Information. The chemical shifts and coupling constants of
compounds 17−25 are provided in Experimental Section.
The data for all the nuclei (1H, 13C, 15N, and 19F) in all the

reported solvents (CDCl3, DMSO-d6, acetone-d6, and THF-d8)
were analyzed using simple and multiple regressions. The
resulting 544 values are represented in Figure 6. The fitted
equation is

n

R

experimental(ppm) (0.999 0.001)calculated(ppm),

544, 0.9993, RMS residual 2.7 ppm2

= ±

= = = (1)

An examination of the residuals shows some systematic
deviations. The compounds that present these deviations have
NH protons and C−Br and C−Cl carbons. On introducing
them as dummy variables (1, presence; 0, absence), the
following multivariate equation was obtained

n

R

experimental(ppm) (0.9998 0.0009)calculated

(3.7 0.6)NH (18.2 1.6)C Br

(9.9 1.1)C Cl, 544,

1.000, RMS residual 2.3 ppm2

= ±

+ ± − ± −

− ± − =

= = (2)

The new coefficients show that the 1H NMR signal of the NH
is shifted in different solvents by +3.7 ppm (on average for the
four solvents) and that the C atoms bearing a Br or, to a lesser
extent, a Cl atom, are not well calculated by GIAO because of
relativistic effects, a well-known fact that we and others have
already reported.22−25

Inversion Barriers of the Seven-Membered Rings. An
interesting phenomenon was observed in compounds 23−25

and this concerns the appearance of the two enantiotopic
protons, endo (H3A)/exo (H3B) (see Figure 4) or axial and
equatorial, Hax andHeq, or of the methylene group at position 3
in tautomer a at room (300 K) and low temperatures. These
signals were used to determine the inversion barrier of 5-benzyl-
2-phenyl-3,5-dihydro-4H-pyrido[2,3-b][1,4]diazepin-4-one
(25) by recording the 1H NMR spectra in THF-d8 at different
temperatures (Figure 7). The difference in the chemical shifts of
the methylene protons depends on the structure of the
compound and on the temperature; for instance, this signal is
not observed in compounds 17 and 18 at room temperature.
The inversion process of the seven-membered ring of

[1,4]diazepinones is similar to that of cycloheptatriene
(inversion barrier, 26 kJ·mol−1)26 and 7H-benzo[7]annulene.
We determined the barrier for compound 25 (see Figure 7 and
experimental part) and added other barriers from the literature
and from our previous works (Table 1).
Table 1 is completed by calculating compounds 28 to 33

(Figure 8), for which experimental values are not available.
Derivatives 28 to 32 were selected to cover complementary
situations not found in the studied compounds, and quaternary
salt 33 contributes to the discussion of the barriers.
Our goal is not to achieve precision but proportionality as the

barriers often contain significant errors and various solvents have
been used. An attempt to differentiate the solvents indicated that
dimethyl sulfoxide and tetrahydrofuran increase the barrier by
around 5 kJ·mol−1 with respect to chloroform, acetone, and
toluene. In the discussion, solvent effects will not be considered.
With the data of Table 1, different models were considered,
giving rise to eqs 3−5 (units in kJ·mol−1, Se = standard error)

n Rexp . (7.1 6.2) (1.06 0.11)calc. , 13,

0.900, Se 2.3

2= ± + ± =

= = (3)

n R

exp . (3.3 3.3) (0.95 0.05)calc.

(8.8 1.9)tetraF, 13, 0.970, Se 2.82

= ± + ±

+ ± = = =
(4)

n Rexp . (1.00 0.02)calc. (9.8 1.6)tetraF, 13,

0.998, Se 2.8

2= ± + ± =

= = (5)

The most important conclusion is that a correction term was
necessary for 6,7,8,9-tetrafluoro-substituted compounds, i.e., 9−
16 and 32. Therefore, eq 4 was used to calculate the fitted and
predicted values in Table 1. Since the intercept of eq 4 is not
significant, it was imposed to be 0 to give eq 5.
In the case of compounds 23 and 24, the proton signals of the

methylene group at position 3 in DMSO-d6 are lost in the
baseline, meaning that the coalescence occurs at around 300 K;
however, the signals can be observed in CDCl3 at 300 K (Figure
9). The fitted values reported in Table 1 (52.8 and 53.6 kJ·
mol−1) are related to the experimental Δυ values (see Figure 9
and Table S1, 400.13 and 468.15 Hz, respectively) through the

Scheme 3. Martins’ Reaction of 2,3-Diaminopyridine with Methoxyvinylketones

Scheme 4. Five Tautomeric Forms of 3,5-Dihydro-4H-
pyrido[2,3-b][1,4]diazepin-4-ones
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Eyring equation; the corresponding coalescence temperatures
should be 301 K for 23 and 305 K for 24, i.e., not far from 300 K

(Figure 7) but indicating that the predicted values are
underestimated by eq 4.

Figure 3. 1H NMR spectra of (a) 2-phenyl-3,5-dihydro-4H-pyrido[2,3-b][1,4]diazepin-4-one (17) and (b) 8-fluoro-2-phenyl-3,5-dihydro-4H-
pyrido[2,3-b][1,4]diazepin-4-one (18). The atom numbering is shown in the structures.
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The data in Table 1 (fitted and predicted) were used to
calculate the differences related to the structures of compounds
(see Figure S2 of the Supporting Information) and these are
provided in Table 2. There are six main primary effects:
replacing N1H by N1Me and then replacing N1Me by N1Bn,
replacing C2O by C2S, replacing C4-Me by C4-Ph,
replacing CH6,7,8,9 by CF6,7,8,9, and replacing C9H by N9.
These primary effects are discussed assuming that they are
independent, even if we are aware that, in empirical modeling,

this is an approximation,29,30 because the action of secondary
and even tertiary effects is apparent from the extreme values for
some effects, e.g.,−18.5/−43.7 for NH to NMe, +4.4/−11.6 for
CO to CS, and +5.4/+13.9 for C9H to N9.
The calculations were performed on the CH2 tautomer and

the calculated barriers to inversion quantitatively associate a
barrier in kJ·mol−1 to a single combination of R, X, Y, and R′
(Figure 10), covering a wide range of values. Qualitatively, the
interconversion barrier arises from rotation around the C9a−N1
axis through a quasi-planar transition state (TS) in which R is
facing Y, with the cyclic structure imposing some special features
during the rotation. For instance, the C2X bond is pointing
outward throughout the whole rotation process and, thus, the
well-documented large change in the steric requirement upon
going from C2O to C2S is not operating.31 Replacing C2
O by C2S increases the barrier by 5.5 kJ·mol−1 and the origin
of that weak change is due to the stiffening of the N1−C2 bond
upon going from amide to thioamide. The stiffening of the N1−
C2 bond peaks in salt 33 (Figure 8) yields a barrier of 84.3 kJ·
mol−1.
As one would expect, a large increase of the barrier (28.1 kJ·

mol−1) is observed upon going from R = H to R =Me. A further
increase of the barrier (6.5 kJ·mol−1) occurs upon going from R
= Me to R = Bn. These changes result from the frontal
interaction between Y = CH and R in the TS.
In the case of the 9-aza derivatives (Y = N), for R = H, the

decrease of the barrier is 11.5 kJ·mol−1 on average. For N1 = H
(3/17 pair), the effect is +5.4 kJ·mol−1; for N1 =Me (4/23 pair),
the effect is +12.4 kJ·mol−1; and for N1 = Bn (5/25 pair), the
effect is +13.2 kJ·mol−1. These results seem reasonable, bearing
in mind the lower steric demand of the N atom and the
possibility of forming HBs with the CH of Me and Bn groups.
The lower steric demand and the H-bonding ability of Y = N is
not the only contribution to the decrease of the barrier as the
electron-attracting character of pyridine is prone to stabilizing of
the almost planar transition state through cross-conjugation of
the (thio)amide nitrogen atom.
A similar cross-conjugation is possibly at work when four

desaturating F atoms were introduced on the aromatic part and
this more than compensates for the small but significant steric
effect of the fluorine atom in position 9.32,33 The introduction of

Figure 4.ORTEP plot (20% probability) of compound 23 showing the
labeling of the corresponding asymmetric unit. The N bearing the
methyl group is numbered N1.

Figure 5. Comparative views of the molecular distortion in 23 and 13.

Figure 6. Plot of experimental versus calculated chemical shifts (ppm) for compounds 1 to 25.
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four F atoms increases the barrier by 18.3 kJ·mol−1 (or by 7.9 kJ·
mol−1, excluding compounds 14 and 32) (Table 2). One must
consider the electron-attracting effects of the pyridine nitrogen
and the perfluoro substitution, whichmay stabilize the planar TS
and thus contribute to the lowering of the barrier.34,35

A more complete approach that would include all interaction
terms (primary, secondary, and tertiary) is possible and this
involves the use of complete factorial designs. We will discuss
only the case of compound 14 because 32 is a perturbation of 14
with increasing effects, which has a third-order interaction
involving three terms NMe/tetraF/4Ph. The corresponding 23

matrix is provided in Table 3.
The resulting equation is as follows

G a a a a

a a

a a

NMe tetraF 4Ph

NMe/tetraF NMe/4Ph

tetraF/4Ph NMe/tetraF/4Ph

0 1 2 3

12 13

23 123

Δ = + + +

+ +

+ + (6)

where the reference compound is 1.
Since the matrix has eight independent variables and eight

dependent ones, the correlation coefficient is 1. The results of
the multiregression are as follows: a0 = 43.7 (compound 1); a1 =
20.4; a2 = 0.0; a3 = −4.0; a12 = 7.6; a13 = 5.1; a23 = 8.1; a123 =
10.6.

The primary interactions are 20.4 (NMe), 0.0 (tetraF), and
−4.0 kJ·mol−1 (4Ph) in which, when compared with the results
of Table 2, 25.9, 7.9, and 1.7 kJ·mol−1, respectively (excluding 14
and 32), they are different, although the order is the same
(shifted by 6−8 kJ·mol−1). This finding stresses the danger of
neglecting interaction terms.
Of the secondary interactions, it should be noted that NMe

and tetraF on the one hand and 4Ph and tetraF on the other are
in proximity, but NMe and 4Ph appear to be more remote. One
possible explanation for this result is that the a13 interaction is
transmitted through the four F atoms (Figure 11). Finally, it is
worth highlighting the high values of the tertiary effect, NMe/
tetraF/4Ph, a123 = 10.6 kJ·mol−1. The structures of theminimum
and the TS of 14 are provided in Figure 12 to show the
conformational changes that occur in the TS.

Rotational Barriers of the N-Benzyl Group of Com-
pound 25.Note that the signals of the enantiotopic methylene
protons of the N-benzyl group at 5.44 ppm (Figure 7) are only
broadened at 220 K, but the coalescence should occur far below
200 K. On comparison of the appearance of the two methylene
signals, it is reasonable to assume that the TC for the benzyl CH2
protons is about 170 K. The different behavior of these two
methylene groups is related to the difference in the chemical
shifts. According to the calculated values (Table S2), the
difference for C(3)H2 is 1.60 ppm (experimental, 1.23 ppm),
while for the benzyl group, it is only 0.34 ppm.

Figure 7. 1H NMR spectra (in particular, the methylene protons of the two CH2 groups) of compound 25 in THF-d8 at different temperatures (200−
325 K).
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Taddei et al.28 discussed the possibility that the coalescence of
the methylene ring signals was due to a N1−R pyramidal
inversion, but they rejected this proposal by analogy with results
obtained with benzo[e][1,4]diazepin-2-ones. In fact, the N1
atom is planar as in amides; for the three N-benzyl derivatives,
the sum of the angles around N1 is 359.9° for compounds 5, 8,
and 25. Experimentally, the sum of these angles for theN-methyl
compound 23 is 359.3° (Figure 4).
We calculated the rotation profile of the N-benzyl substituent

of compound 25. The dihedral is defined as Cipso−C(H2)−N1−
C9a (Figure 13).

From 0° to 360°, there are twominima and two TSs: 1st TS,ϕ
= 26.8°, Erel = 32.7 kJ·mol−1; 1st minimum, ϕ = 105.9°, Erel = 6.1
kJ·mol−1; 2nd TS, ϕ = 175.4°, Erel = 35.8 kJ·mol−1; 2nd
minimum, ϕ = 281.8°, Erel = 0.0 kJ·mol−1. The TSs are much
lower in energy than those of the ring inversion, which means
that they do not contribute to the broadening of the signals.
Furthermore, rotation cannot exchange the benzylic protons. As
a consequence, the observed broadening of the benzyl
methylene proton signals is due to the ring inversion (ΔG =
51,700 J·mol−1) and the much lower TC (170 K vs 303 K) to the
marked decrease in Δν (HA/HB separation).
The difference in energy between the two rotamers is 6100 J·

mol−1, which corresponds to 92% of the most stable one at 303
K and to 98% of the most stable one at 170 K. It was decided to
ascertain whether the differences in calculated chemical shifts
(Table S1, mainly affecting signals of the N-benzyl group)
compared with the experimental ones could be sufficient to
determine the structure of the most stable conformer, i.e., the
principal minimum vs secondary minimum. To this end, we
carried out a statistical analysis of the data using simple
regressions. The results are reported in Table 4.
The differences are not dramatic, but all of them point in the

same direction, namely, the largest square correlation
coefficient, slope closer to 1, and intercept closer to 0, thus
indicating that the rotamer present in solution is indeed that of
lower energy (1st minimum).

■ CONCLUSIONS
The main conclusions of this work are as follows:

1. Nine new 3,5-dihydro-4H-pyrido[2,3-b][1,4]diazepin-4-
ones, 17 to 25, have been prepared regiospecifically.

2. Two new examples of oxo-imino/oxo-enamino tautomer-
ism have been reported in the family of pyrido[2,3-
b][1,4]diazepin-4-ones.

3. A large series of experimental chemical shifts, 544 values,
has been successfully correlated with those calculated at
the GIAO/B3LYP/6-311++G(d,p) level and this allows
the prediction of those values that were not determined.

4. The inversion barriers, measured or estimated, of the
seven-membered ring have been compared with those
calculated at the B3LYP/6-311++G(d,p) level. The total
set has been successfully analyzed, taking into account
several structure effects.

5. The effects on the inversion barriers have been discussed
(a) considering the properties of atoms, bonds, and steric
effects and (b) using a complete factorial design that
includes primary, secondary, and tertiary effects. This

Table 1. Experimental (tw = ThisWork, nm =NotMeasured)
and Calculated Barriers of Benzo- and
Pyrido[1,4]diazepinones in kJ·mol−1d

comp. ref. Solvent
TC (K), CH2

ring exp. calc.
fitted &
predicted

1 6, 27 a 203 39.8 42.4 43.7b

2 6, 28 nm nm 63.8 64.1c

3 6, 28 acetone 181 41.8 38.2 39.7b

4 6, 28 acetone 268.5 65.3 65.0 65.2b

5 6, 28 acetone 267 67.0 71.7 71.6b

6 28 acetone 206 46.9 41.9 43.2b

7 28 acetone 306 79.5 77.1 76.8b

8 28 DMSO-
d6

306 82.5 80.1 79.6b

9 6 toluene-
d8

230 42.6 42.4 43.7b

10 6 toluene-
d8

263 69.9 61.9 71.7b

11 7 THF-d8 263 48.9 37.5 47.8b

12 7 THF-d8 251 47.7 38.4 48.7b

13 7 THF-d8 245 47.3 35.8 46.2b

14 7 DMSO-
d6

>373 83.3 91.5c

15 7 toluene-
d8

>373 79.7 88.0c

16 7 DMSO-
d6

>373 81.1 89.4c

17 tw DMSO-
d6

300 K 32.5 34.3c

18 tw DMSO-
d6

300 K 33.6 35.3c

19 tw DMSO-
d6

300 K 37.0 38.6c

20 tw DMSO-
d6

300 K 36.2 37.8c

21 tw DMSO-
d6

300 K 37.7 39.2c

22 tw DMSO-
d6

300 K 39.0 40.5c

23 tw CDCl3 300 K
(broad)

51.9 52.8c

24 tw CDCl3 300 K
(broad)

52.8 53.6c

25 tw THF-d8 303 56.6 57.8 58.4b

28 tw 28.9 30.9c

29 tw 49.2 50.2c

30 tw 37.8 39.3c

31 tw 75.6 75.3c

32 tw 95.0 102.6c

33 tw 85.0 84.3c

aPyridine-d5/CDCl3.
bFitted. cPredicted. dExperimental values

correspond to ΔGTC. Fitted and predicted values from eq 2 are also
reported.

Figure 8. Calculated barriers in kJ·mol−1 for compounds 28 to 33
(compound 28 is the regioisomer I, R = Me, depicted in Scheme 2).
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model shows the importance of secondary and tertiary
interactions that were not previously taken into account.

6. In the case of the N-benzyl derivative 25, the rotation of
the benzyl group has been calculated and discussed in
relation to the experimental evidence.

■ EXPERIMENTAL SECTION

General Information. All chemicals used in the synthetic
procedures were commercial compounds. Melting points were
determined by DSC with a DSC 220 C instrument (SEIKO
Instruments Inc., Torrance, CA, USA) connected to a model
SSC5200H disk station. Thermograms (sample size, 0.003−
0.005 g) were recorded at a scan rate of 5.0 °C. Column
chromatography was performed on silica gel (Merck 60, 70−230
mesh) and elemental analyses were carried out on a LECO-
CHNS-932 apparatus.
NMR Parameters and DNMR. Solution spectra were

recorded on a 9.4 T spectrometer (400.13 MHz for 1H,
379.50 MHz for 19F, 100.62 MHz for 13C, and 40.56 MHz for
15N) at 300 K with a 5 mm inverse detection H-X probe
equipped with a z-gradient coil or with a QNP 5 mm probe
(19F). Chemical shifts (δ in ppm) are referred to the internal
solvent: DMSO-d6, 2.49 for 1H and 39.5 for 13C. External
references were used for 15N and 19F, namely, nitromethane and
CFCl3, respectively. Signals were characterized as s (singlet), d
(doublet), t (triplet), and m (multiplet).
2D experiments (1H-1H) gs-NOESY, (1H-13C) gs-HMQC,

(1H-13C) gs-HMBC, (1H-15N) gs-HMQC, (1H-15N) gs-HMBC,
(19F-19F) gs-COSY, and (1H-19F) gs-HOESY were carried out
with the standard pulse sequences36 to assign the 1H, 13C, 15N,
and 19F signals. The numbering system used in the NMR
assignments is provided in Figure 14.
Variable temperature spectroscopy was performed using a

Bruker BVT3000 temperature unit to control the temperature of
the cooling gas stream and an exchanger to achieve low
temperatures. To avoid problems at low temperatures caused by
air moisture, pure nitrogen was used as the bearing, driving, and
cooling gas. The procedure for calculating the barrier of
compound 25 is reported in Table S2 (Supporting Information).

Synthetic Procedures. Compounds 1−106 and 11−167
were prepared as previously described.

2-Phenyl-3,5-dihydro-4H-pyrido[2,3-b][1,4]diazepin-4-
one (17). 2,3-Diaminopyridine (0.15 g, 1.39 mmol) and ethyl
benzoylacetate (0.25 mL, 1.45 mmol) in anhydrous xylene (8
mL) were heated at 120 °C for 24 h. The mixture was cooled
down and a solid precipitated. This residue was washed with
ethyl ether to give compound 17 (0.20 g, 61%) as a pale yellow
solid: mp 270.7 °C (EtOH), lit. mp 264−266 °C,18 258 °C,19

250−252 °C;21 1H NMR (400.13 MHz, DMSO-d6) δ 10.95 (s,
1H, H1), 8.34 (dd, 3JH7 = 4.6, 4JH6 = 1.8 Hz, 1H, H8), 8.08 (dd,
3JHm = 7.7,

4JHp = 1.2 Hz, 2H, Ho), 7.85 (dd,
3JH7 = 7.9,

4JH8 = 1.8
Hz, 1H, H6), 7.55 (m, 3H, Hm, Hp), 7.32 (dd, 3JH6 = 7.9, 3JH8 =
4.6 Hz, 1H, H7), 3.60 (s, 2H, H3); 13C NMR (100.62 MHz,
DMSO-d6) δ 166.2 (C2), 159.4 (C4), 146.1 (C8), 142.5 (C9a),
136.9 (Ci), 136.5 (C6), 134.6 (C5a), 131.1 (Cp), 128.8 (Cm),
127.8 (Co), 120.1 (C7), 40.3 (C3); 15N NMR (40.54 MHz,
DMSO-d6) δ −231.3 (N1), n.o. (N5), −84.8 (N9); anal. calcd
for C14H11N3O (237.26): C, 70.87; H, 4.67; N, 17.71. Found: C,
70.44; H, 4.59; N, 17.69.

8-Fluoro-2-phenyl-3,5-dihydro-4H-pyrido[2,3-b][1,4]-
diazepin-4-one (18). 5-Fluoro-2,3-diamino-pyridine (0.50 g,
3.94 mmol) and ethyl benzoylacetate (0.71 mL, 4.07 mmol) in
anhydrous xylene (8 mL) were heated at 120 °C for 24 h. The
mixture was cooled down and a solid precipitated. The residue
was washed with ethyl ether to give compound 18 (0.54 g, 54%)
as a pale yellow solid: mp 267.2 °C (EtOH); 1H NMR (400.13
MHz, DMSO-d6) δ 11.03 (s, 1H, H1), 8.39 (d, 4JH6 = 2.8 Hz,
1H, H8), 8.08 (dd, 3JHm = 6.9, 4JHp = 1.7 Hz, 2H, Ho), 7.82 (dd,
3JF7 = 9.2,

4JH8 = 2.8Hz, 1H,H6), 7.55 (m, 3H,Hm, Hp), 3.64 (s,
2H, H3); 13C NMR (100.62 MHz, DMSO-d6) δ 165.4 (C2),
160.6 (C4), 155.2 (C7, 1JF7 = 250.9), 138.9 (C9a), 136.4 (Ci),
134.9 (C5a, 3JF7 = 7.3), 133.4 (C8, 2JF7 = 25.2), 131.1 (Cp),
128.3 (Cm), 127.4 (Co), 121.6 (C6, 2JF7 = 20.0), 40.1 (C3);

15N
NMR (40.54 MHz, DMSO-d6) δ −232.6 (N1), n.o. (N5),
−80.4 (N9); 19F NMR (376.50 MHz, DMSO-d6) δ −133.2 (d,
3JH6 = 9.3 Hz, 1F, F7); anal. calcd for C14H10FN3O (255.25): C,
65.88; H, 3.95; N, 16.46. Found: C, 65.56; H, 3.89; N, 16.46.

9-Methyl-2-phenyl-3,5-dihydro-4H-pyrido[2,3-b][1,4]-
diazepin-4-one (19). 4-Methyl-2,3-diamino-pyridine (0.50 g,

Figure 9. 1H NMR spectra at 300 K of the methylene group at position 3 for compounds 23 and 24.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://dx.doi.org/10.1021/acsomega.0c03843
ACS Omega 2020, 5, 25408−25422

25416

http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c03843/suppl_file/ao0c03843_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c03843?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c03843?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c03843?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c03843?fig=fig9&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://dx.doi.org/10.1021/acsomega.0c03843?ref=pdf


4.06 mmol) and ethyl benzoylacetate (0.72 mL, 4.16 mmol) in
anhydrous xylene (8 mL) were heated at 120 °C for 24 h. The
mixture was cooled down and a solid precipitated. This residue
was washed with ethyl ether to give compound 19 (0.29 g, 28%)
as a pale yellow solid: mp 280.3 °C (EtOH); 1H NMR (400.13
MHz, DMSO-d6) δ 10.80 (s, 1H, H1), 8.20 (d, 3JH7 = 4.7 Hz,
1H, H8), 8.11 (dd, 3JHm = 7.6, 4JHp = 2.0 Hz, 2H, Ho), 7.56 (m,
3H, Hm, Hp), 7.20 (d, 3JH8 = 4.7 Hz, 1H, H7), 3.57 (s, 2H, H3),
2.44 (s, 3H, Me); 13C NMR (100.62 MHz, DMSO-d6) δ 166.3
(C2), 157.9 (C4), 145.6 (C6), 145.4 (C8), 142.0 (C9a), 137.0
(Ci), 133.4 (C5a), 131.2 (Cp), 128.8 (Cm), 127.6 (Co), 121.5

(C7), 40.4 (C3), 17.8 (Me); 15N NMR (40.54 MHz, DMSO-
d6) δ −230.4 (N1), n.o. (N5), −81.0 (N9); anal. calcd for
C15H13N3O (251.29): C, 71.70; H, 5.21; N, 16.72. Found: C,
71.16; H, 5.15; N, 16.60.

9-Chloro-2-phenyl-3,5-dihydro-4H-pyrido[2,3-b][1,4]-
diazepin-4-one (20). 4-Chloro-2,3-diamino-pyridine (0.50 g,
3.48 mmol) and ethyl benzoylacetate (0.62 mL, 3.59 mmol) in
anhydrous xylene (8 mL) were heated at 120 °C for 24 h. The
mixture was cooled down and a solid precipitated. This residue
was washed with ethyl ether to give compound 20 (0.24 g, 25%)
as a pale yellow solid: mp 261.6 °C (EtOH); 1H NMR (400.13
MHz, DMSO-d6) δ 11.16 (s, 1H, H1), 8.29 (d, 3JH7 = 5.1 Hz,
1H, H8), 8.12 (d, 3JHm = 7.4 Hz, 2H, Ho), 7.57 (m, 3H, Hm,
Hp), 7.51 (d, 3JH8 = 5.1 Hz, 1H, H7), 3.69 (s, 2H, H3); 13C
NMR (100.62 MHz, DMSO-d6) δ 166.2 (C2), 160.3 (C4),
146.3 (C8), 143.7 (C9a), 141.1 (C6), 136.5 (Ci), 131.8 (Cp),
131.7 (C5a), 128.9 (Cm), 128.0 (Co), 120.9 (C7), 40.8 (C3);
15N NMR (40.54 MHz, DMSO-d6) δ −230.4 (N1), n.o. (N5),
−89.1 (N9); anal. calcd for C14H10ClN3O (271.70): C, 61.89;
H, 3.71; N, 15.47. Found: C, 61.45; H, 3.72; N, 15.47.

Table 2. Differences Corresponding to Six Effects (in kJ·mol−1)a

number of effects effect pair of compounds ΔΔG (kJ·mol−1) mean value difference mean value excluding 14 and 32 (in italics)

8 N1H to N1Me 1 → 2 −20.4 −28.1 +7.7 −25.9
3 → 4 −25.5 +2.6
6 → 7 −33.6 −5.5
9 → 10 −28.0 +0.1
17 → 23 −18.5 +9.6
28 → 29 −19.3 +8.8
30 → 31 −36.0 −7.9
11 → 14 −43.7 −15.6

4 N1Me to N1Bn 4 → 5 −6.4 −6.5 +0.1 −4.9
7 → 8 −2.8 +3.7
23 → 25 −5.6 +9.0
14 → 32 −11.1 −4.6

4 C2O to C2S 1 → 30 +4.4 −5.5 −9.9 −5.5
2 → 31 −11.2 −5.7
3 → 6 −3.5 +2.0
4 → 7 −11.6 −6.1

7 4Me to 4Ph 1 → 3 +4.0 −4.3 +8.3 −1.7
2 → 4 −1.1 +3.2
9 → 11 −4.1 +0.2
28 → 17 −3.4 +0.9
30 → 6 −4.0 +0.3
31 → 7 −1.5 +2.8
10 → 14 −19.8 −15.5

4 tetrafluoro 2 → 10 −7.6 −18.3 +10.7 −7.9
3 → 11 −8.1 +10.2
4 → 14 −26.3 −8.0
5 → 32 −31.0 −12.7

5 C9H to N9 1 → 28 +12.8 +11.5 +1.3 +11.5
2 → 29 +13.9 +2.4
3 → 17 +5.4 −6.1
4 → 23 +12.4 +0.9
5 → 25 +13.2 +1.7

aΔΔG values were calculated from the fitted and predicted ΔG values of Table 1.

Figure 10. Conformational changes that occur in the seven-membered
ring inversion.
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8-Bromo-9-chloro-2-phenyl-3,5-dihydro-4H-pyrido[2,3-
b][1,4]diazepin-4-one (21). 5-Bromo-4-chloro-2,3-diamino-
pyridine (0.50 g, 2.25 mmol) and ethyl benzoylacetate (0.40
mL, 2.32 mmol) in anhydrous xylene (8 mL) were heated at 120
°C for 24 h. Purified by column chromatography using hexanes
and ethyl acetate in a 15:1 ratio as eluent to give compound 21
(0.28 g, 36%) as a pale yellow solid: mp 277.2 °C (EtOH); 1H
NMR (400.13 MHz, DMSO-d6) δ 11.27 (s, 1H, H1), 8.60 (s,
1H, H8), 8.12 (m, 2H, Ho), 7.58 (m, 3H, Hm, Hp), 3.74 (s, 2H,
H3); 13C NMR (100.62 MHz, DMSO-d6) δ 166.1 (C2), 161.1
(C4), 147.1 (C8), 142.4 (C6), 140.6 (C9a), 136.1 (Ci), 133.2
(C5a), 132.1 (Cp), 128.9 (Cm), 128.1 (Co), 115.3 (C7), 40.9
(C3); 15N NMR (40.54 MHz, DMSO-d6) δ −230.9 (N1), n.o.
(N5), −86.7 (N9); anal. calcd for C14H9BrClN3O (350.60): C,
47.96; H, 2.59; N, 11.99. Found: C, 47.44; H, 2.64; N, 11.69.
8-Bromo-9-methyl-2-phenyl-3,5-dihydro-4H-pyrido[2,3-

b][1,4]diazepin-4-one (22). 5-Bromo-4-methyl-2,3-diamino-

pyridine (0.50 g, 2.48 mmol) and ethyl benzoylacetate (0.44
mL, 2.55 mmol) in anhydrous xylene (8 mL) were heated at 150
°C for 48 h. Purified by column chromatography using hexanes
and ethyl acetate in a 15:1 ratio as eluent to give compound 22
(0.29 g, 35%) as a pale yellow solid: mp 290.4 °C (EtOH); 1H
NMR (400.13 MHz, DMSO-d6) δ 10.98 (s, 1H, H1), 8.44 (s,
1H, H8), 8.11 (dd, 3JHm = 8.0, 4JHp = 1.5 Hz, 2H, Ho), 7.57 (m,
3H, Hm, Hp), 3.62 (s, 2H, H3), 2.53 (s, 3H, Me); 13C NMR
(100.62 MHz, DMSO-d6) δ 166.3 (C2), 159.3 (C4), 146.4
(C8), 144.4 (C6), 141.4 (C9a), 136.6 (Ci), 134.4 (C5a), 131.6
(Cp), 128.9 (Cm), 127.8 (Co), 117.5 (C7), 40.5 (C3), 16.1
(Me); 15N NMR (40.54 MHz, DMSO-d6) δ −232.0 (N1), n.o.
(N5), −87.6 (N9); anal. calcd for C15H12BrN3O (330.19): C,
54.56; H, 3.66; N, 12.73. Found: C, 54.50; H, 3.71; N, 12.77.

5-Methyl-2-phenyl-3,5-dihydro-4H-pyrido[2,3-b][1,4]-
diazepin-4-one (23). Iodomethane (0.062 mL, 1.00 mmol),
K2CO3 (0.138 g, 1.00 mmol), and a catalytic amount of KI were
added to a solution of 17 (0.21 g, 0.89 mmol) in DMF (1.2 mL),
and the mixture was heated at 110 °C for 4 h. After cooling, the
mixture was treated with cold water and extracted with ethyl
acetate (3 × 3 mL). The organic solvent was evaporated to
afford compound 23 (0.19 g, 85%) as a pale yellow solid: mp
124.7 °C (EtOH). 1H NMR (400.13 MHz, CDCl3) δ 8.42 (dd,
3JH7 = 4.6, 4JH6 = 1.8 Hz, 1H, H8), 8.14 (m, 2H, Ho), 7.82 (dd,
3JH7 = 7.9, 4JH8 = 1.8 Hz, 1H, H6), 7.51 (m, 3H, Hm, Hp), 7.26
(dd, 3JH6 = 7.9, 3JH8 = 4.6 Hz, 1H, H7), 4.12 (vb, 1H, H3), 3.52
(s, 3H, Me), 3.12 (vb, 1H, H3); 13C NMR (100.62 MHz,
CDCl3) δ 166.0 (C2), 161.2 (C4), 145.8 (C8), 146.1 (C9a),
136.9 (Ci), 136.6 (C5a), 136.2 (C6), 131.5 (Cp), 128.8 (Cm),
127.9 (Co), 120.5 (C7), 40.1 (C3), 33.0 (Me); 15N NMR
(40.54 MHz, CDCl3) δ −239.1 (N1), n.o. (N5), −85.8 (N9);
anal. calcd for C15H13N3O (251.29): C, 71.70; H, 5.21; N, 16.72.
Found: C, 71.58; H, 5.57; N, 15.75.

8-Fluoro-1-methyl-2-phenyl-3,5-dihydro-4H-pyrido[2,3-
b][1,4]diazepin-4-one (24). Iodomethane (0.054 mL, 0.86
mmol), K2CO3 (0.13 g, 0.94 mmol), and a catalytic amount of
KI were added to a solution of 18 (0.20 g, 0.78 mmol) in DMF
(1.2 mL) and the mixture was heated at 110 °C for 3 h. After
cooling, the mixture was treated with cold water and extracted
with ethyl acetate (3 × 3 mL). The organic solvent was
evaporated to afford compound 24 (0.17 g, 82%) as a pale
yellow solid: mp 144.7 °C (EtOH). 1H NMR (400.13 MHz,
CDCl3) δ 8.28 (d, 4JH6 = 2.8 Hz, 1H, H8), 8.14 (m, 2H, Ho),
7.52 (m, 4H, H6, Hm, Hp), 4.21 (vb, 1H, H3), 3.34 (s, 3H,Me),
3.04 (vb, 1H, H3); 13C NMR (100.62 MHz, CDCl3) δ 165.6
(C2), 156.2 (C7), 152.2 (C4), 142.5 (C9a), 137.3 (C5a), 136.6
(Ci), 133.9 (C8), 131.9 (Cp), 128.9 (Cm), 128.8 (Co), 121.9
(C6), 40.2 (C3), 33.2 (Me); 15N NMR (40.54 MHz, CDCl3) δ
n.o. (N1), n.o. (N5), −79.2 (N9); 19F NMR (376.50 MHz,
DMSO-d6) δ −132.0 (d, 3JH6 = 8.5 Hz, 1F, F7); anal. calcd for

Table 3. Matrix Corresponding to eq 6a

comp. NMe, a1 tetraF, a2 4Ph, a3 NMe/tetraF, a12 NMe/4Ph, a13 tetraF/4Ph, a23 NMe/tetraF/4Ph, a123 ΔG

1 0 0 0 0 0 0 0 43.7
2 1 0 0 0 0 0 0 64.1
3 0 0 1 0 0 0 0 39.7
4 1 0 1 0 1 0 0 65.2
9 0 1 0 0 0 0 0 43.7
10 1 1 0 1 0 0 0 71.7
11 0 1 1 0 0 1 0 47.8
14 1 1 1 1 1 1 1 91.5

aΔG values are the fitted and predicted values from Table 1.

Figure 11. Primary and secondary interactions in compound 14.

Figure 12. Two views of the minimum and TS of the inversion of the
seven-membered ring of 14.
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C15H12FN3O (269.28): C, 66.91; H, 4.49; N, 15.60. Found: C,
65.60; H, 4.49; N, 15.36.
5-Benzyl-2-phenyl-3,5-dihydro-4H-pyrido[2,3-b][1,4]-

diazepin-4-one (25). Benzyl chloride (0.13 mL, 1.16 mmol),
K2CO3 (0.175 g, 1.26 mmol), and a catalytic amount of KI were
added to a solution of 17 (0.25 g, 1.05 mmol) in DMF (2.5 mL)
and the mixture was heated at 110 °C for 5 h. After cooling, the
mixture was treated with cold water and extracted with ethyl
acetate (3 × 3 mL). The organic solvent was evaporated to
afford compound 25 (0.28 g, 80%) as a pale yellow solid: mp
140−142 °C (EtOH). 1H NMR (400.13 MHz, CDCl3) δ 8.39
(dd, 3JH7 = 4.6, 4JH6 = 1.8 Hz, 1H, H8), 8.14 (m, 2H, Ho), 7.79
(dd, 3JH7 = 7.9, 4JH8 = 1.8 Hz, 1H, H6), 7.52 (m, 3H, Hm, Hp),
7.22 (dd, 3JH6 = 7.9,

3JH8 = 4.6 Hz, 1H, H7), 7.13 (m, 5H, Ho-Bn,
Hm-Bn, Hp-Bn), 4.30 (vb, 1H, H3), 5.46 (s, 2H, CH2-Bn), 3.07
(vb, 1H, H3); 13C NMR (100.62 MHz, CDCl3) δ 165.1 (C2),
161.4 (C4), 145.8 (C8), 144.9 (C9a), 137.7 (Ci-Bn), 137.2
(Ci), 137.0 (C5a), 136.3 (C6), 126.9 (Cp, Cp-Bn), 128.8 (Cm-
Bn), 128.3 (Cm), 127.9 (Co), 127.4 (Co-Bn), 120.7 (C7), 40.3
(C3-Bn), 48.0 (CH2);

15N NMR (40.54 MHz, CDCl3) δ n.o.

(N1), n.o. (N5), −83.6 (N9); anal. calcd for C21H17N3O
(327.39): C, 77.04; H, 5.23; N, 12.84. Found: C, 76.99; H, 5.31;
N, 13.00.

N-(3-Aminopyridin-2-yl)-3-phenyl-3-oxopropanamide
(26, Enol Form). 2,3-Diaminopyridine (0.15 g, 1.39 mmol) and
ethyl benzoylacetate (0.25 mL, 1.45 mmol) in anhydrous xylene
(8 mL) were heated at 120 °C for 6 h. The mixture was cooled
down and a solid precipitated. This residue was washed with
ethyl ether to give compound 26 (0.07 g, 19%) as a brown solid:
mp 159.4 °C (EtOH); 1H NMR (400.13 MHz, DMSO-d6) δ
9.39 (s, 1H, NH), 8.01 (d, 3JHm = 7.7, 2H, Ho), 7.80 (dd, 3JH5 =
4.7, 4JH6 = 1.7, 1H, H6), 7.67 (t, 3JHo = 7.4, 1H, Hp), 7.57 (m,
2H, Hm), 7.48 (m, 1H, H4), 6.55 (m, 1H, H5), 5.81 (s, 2H,
NH2), 4.16 (s, 1H, H8);

13C NMR (100.62 MHz, DMSO-d6) δ
195.1 (C9), 166.0 (C7), 153.7 (C2), 144.6 (C6), 136.2 (Ci),
133.7 (Cp), 132.0 (C4), 128.8 (Cm), 128.3 (Co), 118.0 (C3),
112.1 (C5), 47.4 (C8); 15N NMR (40.54 MHz, DMSO-d6) δ
−310.7 (NH2), −256.21 (NH), n.o. (N1); anal. calcd for
C14H13N3O2 (255.28): C, 65.87; H, 5.13; N, 16.46. Found: C,
65.28; H, 5.09; N, 16.50.

N-(3-Amino-5-bromo-4-methylpyridin-2-yl)-3-phenyl-3-
oxopropanamide (27, Enol Form). 5-Bromo-4-methyl-2,3-
diaminopyridine (0.50 g, 2.48 mmol) and ethyl benzoylacetate
(0.44 mL, 2.55 mmol) in anhydrous xylene (8 mL) were heated
at 120 °C for 24 h. The mixture was cooled down and a solid
precipitated. This residue was washed with ethyl ether to give
compound 27 (0.73 g, 85%) as a pale yellow solid: 1H NMR
(400.13 MHz, DMSO-d6) δ 9.48 (s, 1H, NH), 8.02 (d, 3JHm =
7.6, 2H, Ho), 7.95 (s, 1H, H6), 7.69 (t, 3JHo = 7.1, 1H, Hp), 7.57
(m, 2H, Hm), 6.05 (s, 2H, NH2), 4.20 (s, 1H, H8);

13C NMR
(100.62 MHz, DMSO-d6) δ 195.7 (C9), 166.1 (C7), 156.0

Figure 13. Rotation profile of compound 25 together with Newman projections.

Table 4. Comparison of Experimental and Calculated
Chemical Shifts for the Two Rotamers of Compound 25

minimum nuclei
no. of
points intercept slope R2

first minimum all 30 +0.0690 0.9997 0.99973
second
minimum

all 30 −0.1048 1.0030 0.99956

first minimum only 13C 17 +0.1954 0.9986 0.99782
second
minimum

only 13C 17 −4.2266 1.0343 0.99771

Figure 14. Atom numbering used in the NMR assignments of compounds 1−27.
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(C2), 146.6 (C6), 143.8 (C4), 136.1 (Ci), 133.8 (Cp), 128.8
(Cm), 128.3 (Co), 117.1 (C3), 108.2 (C5), 47.2 (C8), 17.7
(Me).
Computational Details. The geometries of the molecules

were fully optimized with the hybrid HF/DFT B3LYP
computational method and the B3LYP/6-311++G(d,p)
level.37,38 Frequency calculations were carried out at the same
computational level to verify that the structures obtained
correspond to energetic minima (0) or to transition states (TS)
(1). These geometries were used for the calculations of the
absolute chemical shieldings with the GIAO method.39,40 All
calculations were carried out with the Gaussian-16 package.41

The following equations were used to transform absolute
shieldings into chemical shifts:

δ1H = 31.0 − 0.97*σ1H (reference TMS, 0.00 ppm).42

δ13C = 175.7 − 0.963*σ13C (reference TMS, 0.00
ppm).43

δ15N = −152.0 − 0.946*σ15N (reference MeNO2, 0.00
ppm)43

δ19F = 162.1 − 0.959*σ19F (reference CFCl3, 0.00
ppm).44

X-ray Crystallography. Data collection for 23 was carried
out at 298 K on a Bruker Smart CCD diffractometer using
graphite-monochromated Mo-Kα radiation (λ = 0.71073 Å).
The system was operated at 50 kV and 35 mA with an exposure
time of 20 s in omega. A summary of the fundamental crystal and
refinement data is given in Table 5. The structures were solved
by direct methods and refined by full-matrix least-squares
procedures on F2 using SHELXS and SHELXL programs,
respectively,45 with the aid of the program Olex2.46 All

nonhydrogen atoms were refined anisotropically. The hydrogen
atoms were included in their calculated positions and refined as
riding on the respective atoms. CCDC 2003929 contains the
supplementary crystallographic data for this paper. These data
can be obtained free of charge from The Cambridge Crystallo-
graphic Data Centre via https://www.ccdc.cam.ac.uk/
structures/.
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Table 5. Crystal Data and Structure Refinement for 23

crystal data 23
CCDC code 2003929
empirical formula C15H13N3O
formula weight 251.28
temperature (K) 296.15
crystal system monoclinic
space group C2/c
a (Å) 21.088(3)
b (Å) 8.6190(13)
c (Å) 17.432(3)
α (°) 90
β (°) 126.527(2)
γ (°) 90
volume (Å3) 2546.0(7)
Z 8
ρcalc (g/cm

3) 1.311
μ (mm−1) 0.085
F(000) 1056.0
2Θ range for data collection (°) 4.808 to 57.61
index ranges −28 ≤ h ≤ 28, −11 ≤ k ≤ 11, −22 ≤ l ≤ 22
reflections collected 12,819
independent reflections
[R(int)]

3127 [0.0390]

data/restraints/parameters 3127/0/173
goodness-of-fit on F2 1.072
R1 (reflns obsd) [I ≥ 2σ(I)]a R1 = 0.0526 (1858)
wR2 [all data]

b wR2 = 0.1559
largest diff. peak/hole (e Å−3) 0.17/−0.20

aR1 = Σ||Fo| − |Fc||/Σ|Fo|. bwR2 = {Σ[w(Fo2 − Fc
2)2]/Σ[w(Fo2)2]}.
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