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In this study, the conformational behavior of N-benzyl-N-(furan-2-ylmethyl) acetamide in chloroform was addressed by using

a combined experimental/theoretical strategy using NMR spectroscopy and quantum chemical calculations. The 'H and *C
one-dimensional NMR spectra, as well as the two-dimensional HSQC-DEPT and HMBC-DEPT NMR spectra, evinced the presence
of a hindered cis(E)-trans(Z) rotational equilibrium in solution. DFT calculations were performed at different theoretical levels using

the polarizable continuum model (PCM) and predicted nine (four Z and five E structures) stable conformations. The interconversion

dynamics among the different confirmations were established in terms of four different rotational equilibria in CDCl,. The chemical

shifts in the "H and *C NMR spectra of the compound are similar to the values calculated for the two most abundant conformational

equilibria at room temperature, one caused by two Z rotamers and the other by two E rotamers. The compound was also characterized

for the first time by FTIR, Raman spectroscopy, and GC/MS spectrometry. Additionally, several acylation methodologies for

synthesizing the title compound from N-benzyl-1-(furan-2-yl)methanamine were tested which resulted in high yields (> 90%) under

very convenient conditions (10 min, at room temperature).

Keywords: Density Functional Theory; conformational analysis; NMR spectroscopy; green synthesis; amides.

INTRODUCTION

The carboxamide moiety, RC(O)N, is a pervasive building block
in naturally occurring systems such as proteins and peptides, as well
as in many synthetic polymers (polyamides) and pharmaceuticals. It
plays a significant role in constructing the backbone conformation of
peptides and proteins by offering structural rigidity and resistance to
hydrolysis. This is mainly due to its ability to form hydrogen donor
interactions (in secondary amides) and thermodynamically stable cis
(E-isomer) or trans (Z-isomer) rotamers in secondary and ternary
amides (see Figure 1a).

Given its biological relevance and physicochemical interest, the
conformational study of secondary and tertiary amides is a subject
that has attracted the attention of both experimental and theoretical
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researchers over several decades.!!* These systems possess the
thermochemical feature of combining a small energy difference
between the cis and trans forms (0.5 to 4.0 kcal/mol for both
secondary and tertiary amides),? with a relatively high cis-trans
internal rotation barrier (AG = 15-23 kcal/mol),>¢ leading to a
conformational equilibrium characterized by a low interconversion
rate. The rotational constraint is attributed to the partial double C—N
bond originating from an efficient electron delocalization of the lone
pair on the nitrogen atom which can be interpreted using a simple
resonance model (Figure 1b). A more sophisticated picture for the
pseudo-double bond character in the C—N bond arises alternatively
from the molecular orbital (MO) theory in terms of delocalization of
the lone pair on nitrogen into the @* orbital of the carbonyl group.!
This explains the low ability of amide derivatives to act as Lewis
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Figure 1. Structural features in amide molecules: (a) Rotational equilibrium between cis-(E) and trans-(Z) rotamers in secondary amides; (b) resonance theory

model for the electronic structure of the amide bond
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bases.” As expected, the rotational equilibrium in the amide molecules
is largely governed by steric and electronic effects provided by the
substituents directly attached to both carbon and nitrogen atoms.®
The effects on secondary amides are also governed by the type of
solvent used.’?

The hindered cis-trans rotation in amide derivatives is a molecular
process that generally falls within the timescale of NMR phenomena,
i.e. in the milliseconds-to-seconds range.” This makes NMR
particularly useful for the study of the conformational equilibria
of amides in a solution. NMR spectroscopy was used for studying
the restricted rotation in amides as early as 1955,'%!! and since then
has remained a useful tool for this type of research.”!> In addition,
the interpretation of the NMR spectra of amides can be properly
complemented with quantum chemical NMR calculations. This allows
for a conformational analysis to be done to determine the preferred
molecular orientation of these organic molecules in solution.'®

The use of continuum solvation models such as the Polarizable
Continuum Model (PCM),'* while utilizing the Density Functional
Theory (DFT), may provide an adequate computational strategy
for describing the effects of solvent on the conformational analysis
of tertiary amides in solution." For primary and secondary amides
however, continuous solvation models have been associated with poor
simulation of the NMR chemical shifts for N-H hydrogens. This is
due to the fact that these types of protons are largely influenced by the
solvent due to hydrogen bonding and other noncovalent interactions
such as van der Waals.'>!¢

The tertiary amide N-benzyl-N-(furan-2-yl-methyl)acetamide,
(C,H;0)CH,N(COCH;)CH,C¢H,, has surged as one of our main
synthetic equivalents, derived from the application of a synthon
approach,!” for attaining new organic structures with antiprotozoal
activity against Chagas disease.!® This molecule also has the
advantage of synthetic accessibility and structural convenience. Its
two aromatic rings can be substituted and it has no proton donor
groups. Although this molecule has been around for almost 20 years,"
no study has characterized its molecular structure. Consequently, this
study aims to determine the conformational behavior of the title amide
in chloroform, through an experimental/theoretical comparative
analysis that involves its 'H and '*C NMR spectra and quantum
chemical DFT calculations using the Polarizable Continuum Model.
The hybrid functional B3LYP, mPW1PW91, and APFD combined
with the Pople’s basis set 6-311+G(2d,p) or the Dunning’s correlation
consistent basis set aug-cc-pVDZ, within a gauge-independent atomic
orbital (GIAO) methodology have shown to be methods which provide
a very good compromise between precision and computational cost
for the calculation of NMR chemical shifts on nitrogen molecules in
solvated systems.”?*?! The molecule was also characterized by FTIR,
FTRaman spectroscopy, and GC/MS spectrometry, while trying to
determine the most efficient synthetic acylation conditions using the
corresponding non-acetylated amine.

EXPERIMENTAL
General information

For synthesis procedures, only analytical-grade (purity > 99%)
reagents and solvents were used. Both the purity of the products
and the composition of the reaction mixtures were verified by thin
layer chromatography (TLC) using silica SGF254 TLC plates with
a 0.25 mm coating and granularity between 10 and 40 um. The
chromatographic plates were developed under ultraviolet light
using iodine and a 1% vanillin-sulfuric solution as revealing agents.
For the purification of the products, preparative chromatographic
columns packed with silica gel 60 (0.063-0.200 mm) were used.
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Solvent extraction at different stages of synthesis and purification
was performed by rotary evaporation under vacuum. Reaction yields
were determined with respect to the isolated product. The boiling
points of the compounds were determined by the reflux method at
an atmospheric pressure of 553 mmHg.

The structures of both the precursor and the product compounds
were determined by 'H NMR (300.13 MHz) and “C NMR
(75.47 MHz) through both one- and two-dimensional (COSY, DEPT,
HSQC and HMBC) NMR spectra. A Bruker Advance instrument
using deuterated chloroform as solvent and tetramethylsilane
(TMS) as an internal standard was used. Molecular ions and mass
fragmentation patterns of the precursor and amide product were
obtained by means of gas chromatography—mass spectrometry
(GC-MS). An Agilent 6850 series Il chromatograph coupled to an
Agilent 5975B VL MSD electron impact (EI) mass spectrometer,
equipped with a split/splitless injection port (260 °C, split ratio of
15:1), an automatic injector (Agilent 6850 series), and an Agilent
19091S-433E HP-5MS column was used. The chromatographic
method consisted of an initial oven temperature of 80 °C for 3 min
then incremented in temperature by 15 °C/min up to 350 °C where it
was maintained for 2 min, totaling 28 min. The infrared spectra were
obtained on a Shimadzu Prestigie-21 spectrophotometer with Fourier
Transform (FTIR), equipped with a Michelson-type interferometer,
a KB1r/Ge beam-splitter, a ceramic lamp, and DLATGS detector.
The FTIR spectra were measured in the range of 4000-500 cm!
with a resolution of 3.0 cm™ and 30 scans using the techniques of
attenuated total reflectance/reflection (ATR) or KBr windows. The
FT-Raman spectra were measured in the range of 3500 to 200 cm'!
with a resolution of 4 cm on a Bruker RFS 100/S device. A Nd:YAG
laser excitation line emitting at 1064 nm and a germanium detector
cooled with liquid nitrogen were used.

Organic synthesis and characterization

N-benzyl-1-(2-furanyl)methanamine (1)

10 mmol of furfuraldehyde (99.5%) was mixed with 10 mmol
of benzylamine (99%) in 20 ml of absolute ethanol and microwaved
(400W) for 30 min at 80 °C. The reaction mixture was then cooled
to room temperature, and 10 mmol of sodium borohydride (96%)
was added slowly, leaving the reaction under constant stirring for 1
h. Most of the solvent was then removed by rotoevaporation under a
vacuum and 30 ml of water was added. The mixture was then extracted
with small volumes of dichloromethane and dried over anhydrous
sodium sulfate. The solvent was the removed and the compound
purified using preparative column chromatography and eluted with
a 3:1 hexane-ethyl acetate mixture. The reaction yield was 93%.
The compound was obtained as a bright yellow liquid with a boiling
point of 268 °C. FTIR/FT-Raman (cm™) 3328 v(N-H), 3114 v(C-H)
fur, 3056 v(C-H) Ph, 2828 v(CH,), 1600 v(C=C) Ph, 1504 v(C=C)
fur, 1454 p(N-H), 1208 v(C-C), 1146 v(C-N), 928 v(C-O). EI-MS
m/z: 188 [M*+1], 187 [M+], 91 [100]. RMN 'H (300 MHz, CDCl,)
8 1.79 (s, 1H), 3.77 (s, 4H, J = 9.0 Hz), 6.17 (d, 1H, J = 2.86 Hz),
6.29 (d, 1H, J=2.86 Hz), 7.24 (m, 1H), 7.35-7.31 (m, 5H). RMN *C
(75 MHz, CDCl,) 6 45.34, 52.77, 107.00, 110.08, 126.99, 128.23,
128.39, 139.86, 141.78, 153.81.

N-benzyl-N-(furan-2-ylmethyl)acetamide (2)

8 mmol of (1) was dissolved in 8 mmol of acetic anhydride.
The mixture was stirred for 15 min and then neutralized with an
aqueous sodium bicarbonate solution. The compound was extracted
with small volumes of dichloromethane and dried over anhydrous
sodium sulfate. The solvent was then removed and the compound
purified using preparative column chromatography eluted with 3:1
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hexane-ethyl acetate mixture. The product (2) had a reaction yield
of 97%, was a bright yellow-orange liquid, and had a boiling point
of 234 °C. IR-Raman (cm™) 3120 v(C-H) fur, 3056 v(C-H) Ph, 3006
V(CH,), 2933 v(CH,), 1644 v(C=0), 1604 v(C=C) Ph; 1505 v(C=C)
fur, 1420 p(C-N), 1250 p(CH,), 1077 p(C=C-H), 1000 p(C-H) Ph,
729 p(C-H) fur. EI-MS m/z: 230 [M*+1], 229.1 [M+], 96.0 [100].
'H RMN (300 MHz, CDCl, (signal duplication): & 2.18, 2.34 (s,
3H); 4.34, 4.56, 4.59, 4.62 (dd, 1H); 6.19, 6.24 (d, 1H); 6.32, 6.35
(m, 1H); 7.17,7.19 (s, 1H); 7.25-7.41 (m, 10H). *C RMN (75 MHz,
CDCl,, duplication) & 21.59, 21.61, 41.0, 44.0, 47.6, 51.1, 108.2,
108.7, 110.2, 110.3, 129-126, 136.3, 137.1, 142.2, 142.6, 149.9,
150.8, 170.8, 170.9.

N-Benzyl-1-(2-furanyl)methaminium acetate (3)

This compound can be obtained as a by-product of the former
reaction or by the addition of acetic acid to (1). The compound was
an opaque yellowish solid with a M.P. 84-85 °C. FTIR (ATR, cm
1) 3118 v(C-H) fur; 3030 v(C-H) Ph, 2920 v(C-H), 2821 v(CH,),
1671 v(C=0), 1498 v(C=C), 1450 p(N-H), 1391 p(CH;), 1147
V(C-N), 1015 p(CH,), 737 p(C-H). '"H RMN (300 MHz, CDCl;) &
2.01 (s, 3H), 3.8 (s, 2H), 3.9 (s, 2H), 6.31 (d, 1H, J = 3.1), 6.36 (dd,
1H, J = 3.1, 1.5 Hz), 7.29-7.37 (m, 5H), 7.42 (d, 1H, J = 1.5 Hz).
3C RMN (75 MHz, CDCl,) 6 22.2, 43.6, 51.2, 108.9, 110.4, 127.7,
128.6, 128.8, 136.6, 142.5, 150.7, 176.4.

Computational details

All DFT computations were performed using the Gaussian 09
software package (Revision DO0.1),>> while molecular models and
simulated spectra were visualized through its GaussView 6.0.16
graphical user interface.” The calculations were performed on an
HP Z4-G4 workstation with an Intel(R)-Xeon(R) W-2133 processor
and 16 GB of RAM, under the Ubuntu 18.04.2 LTS operating
system. The electronic and molecular structure calculations of the
stable conformations of compound (2) were performed in both the
gas phase and with a PCM implicit solvent model while assuming a
temperature of 298.15 K and 1 atmosphere of pressure. Determining
the conformational space of compound (2) was initially approached
by means of a two-dimensional gas-phase scan of its potential energy
surface using the theoretical level B3LYP/6-31+G(d).>** During this
process the dihedral angles of [C-N-C=0] and [O-C-C-N] were
simultaneously modified in consecutive steps of 10° which allowed
the relaxation of the rest of the structure. Potential energy paths
connecting minima structures in the gas phase were also estimated
using Peterson’s complete basis set extrapolation model CBS-QB3.%
The conformational search was further complemented with the
assistance of the GMMX automated molecular mechanics facility
within the Pcmodel program (version 10.075).%” All the energy minima
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Figure 2. Synthesis of amide (2) by acylation of amine (1)
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were optimized in both the gas phase and in the condensed phase
(implicit solvent) using the exchange-correlation hybrid functional
B3LYP?% and APFD? (including dispersion corrections). These were
used in combination with the Pople’s basis set 6-311+G(2d, p), and
the Dunning’s correlation consistent basis set cc-pVDZ?* augmented
with diffuse functions, i.e., aug-cc-pVDZ. In order to estimate the
effects of dispersion forces, condensed phase calculations were also
performed using the functional B3LYP augmented with the empirical
Grimme’s dispersion correction GD3 (B3LYP-D3).* The equilibrium
structures were confirmed as minima in the potential energy surface
by the absence of imaginary frequencies. The Boltzmann population
distribution (298.15 K) among the equilibrium structures was
calculated in terms of Gibbs free energy (AG) relative to the global
minimum using the same theoretical optimization levels. 'H and *C
magnetic shielding tensors (in ppm) relative to the TMS standard
were calculated using the gauge-independent atomic orbital (GIAO)
method with the same theoretical optimization levels and by using the
high accuracy method for NMR tensor calculations mPW1PW91/6-
311+G(2d,p)-SCRF//B3LYP/6-31+G(d,p), as recommended by
Tantillo ef al.*' Geometric optimizations and NMR calculations were
performed in implicit chloroform using the PCM model. All DFT
calculations were performed using an ultrafine numerical integration
grid (Integral=Ultrafine).

RESULTS AND DISCUSSION
Synthesis of N-benzyl-N-(furan-2-ylmethyl)acetamide

Compound (2) was obtained by the acylation of N-benzyl-1-
(furan-2-yl)methanamine (1), see Figure 2, while testing various
experimental conditions as described below. Three acylation
methodologies (M1, M2, and M3) were tested against seven different
acylation agents to obtain the tertiary amide (2), whose yields and
main experimental conditions are listed in Table 1.

The best yields (= 93%) in the synthesis of amide (2) were
obtained by reacting directly the amine (1) and acetic anhydride
using the three methodologies (M1, M2, and M3). M1 was the
most convenient since it had the highest yield (97%), used room
temperature, and only took 10 min. The high yield obtained using M1
was comparable to results reported for the production of secondary
and tertiary acetamides from amine hydrochloride salts using
microwave reactions in solution,* however, the current study resulted
in a faster reaction time. A direct reaction between (2) and acetic
anhydride was also tested in the presence of zinc (catalyst), which
had yields of 46% forM1, 86% for M2, and 95% for M3. Although
these yields are below those reached using only acetic anhydride, the
use of a catalyst allows each anhydride molecule to react with two
molecules of amine (1), thus improving the atomic efficiency of this
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Table 1. Maximum yields (%) for the acylation of amine (1) using different
methodologies

Acylation agent Ml M2 M3
Acetic anhydride 97 93 94
Acetic anhydride/Zn 46 86 95°
Acetic acid 0 31 (s
Acetic acid/Zn 0 50 10¢
Acetic acid/Zn acetate 0 45 0
Zinc acetate 0 7 9
Sodium acetate 0 0 14«

M1: direct reaction at room temperature under constant stirring for 10 min.
M2: direct reaction at reflux temperature for 2 h. M3: direct reaction at 100°C
using microwave radiation (300W). In all cases, except for acetic anhydride/
Zn acylation, a stoichiometric ratio 1:1 between the acylation agent and amine
(1) was used. A molar ratio of 1/2 between the acylation agent and amine (1)
was used in the case of acetic anhydride/Zn acylation. *30 min of reaction.
10 min of reaction.

acylation reaction. M3 using acetic anhydride in the presence of Zn
was shown to be both a very effective and a very efficient synthesis
strategy with a yield of 95% after a 10 min reaction.

The lower yield of 46% using M1 in the presence of zinc
was attributed to the formation of a white crystalline by-product
that was subsequently identified as N-benzyl-1-(2-furanyl)
methanaminium acetate (3) as seen in Figure 2. This was confirmed
by the measurement of its 'H and '*C NMR spectra (Figure 1S in
Supplementary Material). In the M1 and M3 procedures using acetic
acid as an acylating agent, either pure or in mixture with zinc or zinc
acetate; a salt (3) was the dominant by-product, whereas in the M2
procedure moderate yields of (2) were obtained. Formation of (3)
instead of (2) using acetic acid as acylating agent was attributed to
the protonation of the amine group, which hindered the nucleophilic
attack of the nitrogen atom on the carbonyl carbon. Poor or null
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yields for (2) were obtained using either sodium or zinc acetate
as acylating agents given the lack of homogeneity of the reaction
mixture.

Structural characterization of (2)

Mass spectrometry

The molecular ion of compound (2) was detected at m/z = 229.1
(C,,H;50,N, 3.6%), as seen in Figure 3. The main fragment in the mass
spectrum of (2) was observed at m/z =96 (100%), which corresponds
to the furfuryl-amine moiety with a deprotonated nitrogen atom
(C;H¢NO). Most of the other fragments come from the rupture of the
C-N bonds. Thus, fragments containing either furan or phenyl rings
are detected at m/z = 138 (C,HgNO,, 43%), m/z = 148 (C,H,,NO,
16%), m/z = 106 (C;HxN, 37%), m/z = 81 (C;H,0, 20%), and m/z =
91 (C;H,, 30%). A fragment corresponding to the loss of the acetyl
moiety was also observed at m/z = 43 (C,H,0, 29%).

FTIR and FTRaman spectra

The vibrational spectra (FTIR and FTRaman) of amide (2), and
the main vibrational assignments, are shown in Figure 4. The full
assignments of the vibrational modes of (2) were determined with
the aid of thermodynamic quantum chemical calculations computed
at the theoretical level APFD/aug-cc-pVdZ, and are listed in detail
in Table 1S in supporting information.

Conformational behavior of (2) through NMR measurements

Both the 'H and “C NMR spectra of the pure compound (2)
measured at room temperature in CDCl,, are characterized by two
sets of signals in the different chemical shift regions. This reveals
a slow molecular interchange at the given NMR measurement
temperature (298 K) that was attributed to the presence of stable Z
and E configurations of the amide moiety, as shown below.

As expected, the chemical shift difference between the Z and
E conformations is the highest for signals whose atoms are located
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Figure 3. Mass spectrum of amide (2)
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Figure 4. FTIR (top) and FTRaman (bottom) spectra of the title amide (2)

close to the amide moiety. In the 'H NMR spectrum of (2) (shown in
Figure 5), the protons of the methyl group appear as two main signals
at 2.18 and 2.34 ppm, each of which integrated approximately for
three hydrogen atoms, and a small signal at 2.08 ppm signifying the
presence of different conformations of amide (2). Likewise, the two
methylene groups are observed as four singlet signals at 4.34, 4.56,
4.59, and 4.62 ppm (see Figure 5), each integrated for two protons. In
this case, the protons closer to the furan ring are more shielded than
the methylene protons adjacent to the phenyl ring. Meanwhile, two
sets of proton signals at 6.19/6.24 and 6.32/6.35 ppm are observed
for the furan ring. The integration of the 'H NMR spectrum signals

corresponds to values that double the expected number of protons,
which support the presence of two types of isomers.

Additional evidence for the presence of two main stereoisomers,
E and Z, in amide (2) was obtained from the analysis of the two-
dimensional NMR spectra. Figure 6 (top) shows the two-dimensional
HSQC-DEPT spectrum of (2) along with the assignment of signals
in the molecular structure. This two-dimensional correlation reveals
the coupling between the different proton signals and the carbon
signals observed in the one-dimensional spectra. The signal j11
corresponds to the most unprotected proton of the furan ring. This
proton was unassigned in the one-dimensional '"H NMR spectrum
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Figure 5. Main signals in the 1H NMR spectrum of amide (2)
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because it was hidden with the signals from the protons of the
phenyl ring. The signals bS and ¢3 correspond to the methylene
group attached to the furan ring, while signals e4 and d6 correspond
to the methylene group attached to the phenyl ring. Signals al and
a2 corresponded to two different methyl groups. Figure 6 (bottom)
shows the HMBC-DEPT two-dimensional analysis which revealed
long-range coupling of up to four bonds. By using this technique, a
coupling between the protons of methyl 1 and methyl carbon e (linked
to phenyl) was detected. This demonstrated the presence of a structure
in Z conformation with respect to the amide function. The same type
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of coupling occurred between the methyl protons 2 and the methyl
carbon ¢ (attached to the furan), which also confirmed the presence
of a structure in the £ conformation. Orientation Z (together) and £
(opposite) in amide (2) were assigned according to the rules of priority
proposed by Cahn-Ingold-Prelog.?* This spectrum also detected the
two-bond coupling signals 11 and 12, demonstrating that the methyl
was attached to acyl carbon. The d-10 and e-10 signals corresponded
to the coupling between methylene carbons and the protons of the
phenyl ring through three bonds. A coupling signal was also detected
in four bonds between carbon k and proton 11. Region A confirmed
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Figure 6. HSQC-DEPT (top) and HMBC-DEPT (bottom) two-dimensional NMR spectra of amide (2)
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the coupling through three bonds between the methylene carbons
and the opposite methylene protons. Region B revealed the presence
of two-, three-, and four-bond couplings in the phenyl ring. Region
C confirmed the presence of two- and three-bond couplings in the
furan ring. Region D confirmed three-bond coupling between the
methylene protons and the carbons of the aromatic rings, as well as
with the central carbon of the acyl function.

Computational study of the conformational space of N-benzyl-
N-(furan-2-ylmethyl) acetamide

Two-dimensional PES scan

Further information on the conformational behavior of amide
(2) comes from the quantum chemical calculations performed in the
framework of the density functional theory.

First, an exploration of the potential energy surface (PES) of
compound (2) in the gas phase was performed at an approximation level
of B3LYP/6-31+G(d) using a relaxed two-dimensional scan (as seen in
Figure 7). This was obtained by simultaneously varying the dihedral
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angles of [C-N-C=0] and [O—C—C-N]. As depicted in Figures 7 and
8, five local energy minima were identified on the PES of (2). Two of
the minima had a Z configuration of the amide moiety (structures Za
and Zb), while the other three corresponded to the E configuration
(structures Ea, Eb, and Ec). Within each set of equilibrium structures
(inside the Z or E set) the main structural difference is caused by a
slightly restricted rotation (vide infra) of the furan ring.

As shown in Figure 9A, rotational interconversion within the
Z set is associated with energy barriers (expressed as AG¥) of 5.2
and 3.4 kcal mol™ for structures Za and Zb respectively. Figure 9B
reveals furan-ring rotations within the E set associated with values of
0.6 and 2.8 (for structure Ec), 3.5 and 2.1 (for structure Ea), and 2.0
and 1.7 (for structure Eb) kcal/mol. Figures 9C and 9D show the two
calculated paths through which the Z and E sets are interconnected, i.e.,
Za <> Ec and Zb <> Earespectively. These paths implied overcoming
an energy barrier that oscillates between 15.3 and 13.1 kcal mol™.
These barriers were also estimated using the CBS-QB3 method, using
a PCM implicit solvent model in chloroform, which resulted in values
ranging between 15.6 and 14.2 kcal mol! (red values in Figures 9C

O-_NWAUIOON0WO

kcal/mol

O-NWAUIONOO A

160 200 240

Figure 7. Two-dimensional PES for amide (2) constructed by the variation of [O—-C—C-N] and [C-N-C=0] dihedral angles, coordinates SC1 and SC2, res-

pectively, calculated at the B3LYP/6-31+G(d) approximation level
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Figure 8. Equilibrium structures for amide (2) optimized with the B3LYP/6-31+G(d) approximation. In the blue frame: energy minima found by a two-dimensional

PES scan. In the red frame: energy minima found by an automated conformational search using molecular mechanics



and 9D). These values coincide with the values reported for this type
of rotational exchange.** Consequently, a rapid structural exchange
caused by a low rotational impediment of the furan ring is expected
at room temperature within each Z or E set, while combined with a
slow rotational exchange of the amide-moiety between these two sets.

Automated conformational searching using molecular mechanics
A second stage in the conformational exploration of amide
(2) was carried out in the Pcmodel software, using the GMMX
molecular mechanics method. This methodology uses all of the
rotatable bonds of the molecule for an automated conformational
searching and optimization in gas phase at the approximate GMMX
level. As a result, six structures were located as stable conformers,
which were then optimized in Gaussian 09 at the B3LYP/6-31+G(d)
approximation level. These structures are shown in Figure 8 in the red
frame. As shown in Figure 8, two of the energy minima found with
the GMMX molecular mechanics approximation coincided with the
Za and Eb structures, which were previously found using the two-
dimensional PES scan. The other four structures, denoted as Zc, Zd,
Ed, and Ee, are new conformers, leading to a total of nine equilibrium
structures which were identified in this study for amide (2).

Boltzmann averaging in chloroform at room temperature

The rotational equilibrium for the nine optimized structures
in solution and at room temperature was estimated by introducing
the sum of electronic and thermal free energies, obtained from
thermochemical calculations at 298 K, into the Boltzmann distribution

Corredor Montana et al.

Quim. Nova

equation. These calculations were performed using the hybrid
functional B3LYP, B3LYP-D3 or APFD in combination with the
basis set 6-311+G(2d,p) or aug-cc-pVDZ, and a PCM implicit
solvent model in chloroform. As shown in Table 2, all methods using
the functional B3LYP found the Ed structure to be the most stable
conformation (29% < %Ed < 62%), while methods using the APFD
functional reported the Zd structure as the lowest energy conformer
(%Zd =26 or 29%). The Ec structure was predicted as the least stable
conformer, regardless of the method. It had a configuration percentage
between 0.2 and 0.6% with all methods using the functional B3LYP,
and 2% by the methods using the functional APFD. Methods using
the functional B3LYP in combination with the basis set 6-311+g (2d,
p) or aug-cc-pVDZ estimated that 96% of the total configurations of
(2) in chloroform is concentrated in only four structures: the two Z
configurations Zc¢ and Zd and the two E configurations Ed and Ee.
As shown in Figure 8, each of these two pairwise combinations (i.e.
Zc <> Zd or Ed <> Ee) results in a rapid conformational interchange
by simply rotating of the furan ring. Addition of Grimme’s dispersion
correction (GD3) to functional B3LYP caused the concentration
of (2) in chloroform to be somewhat more distributed among the
conformers. The B3LYP-D3/6-311+g(2d, p) method resulted in
the structures Zc, Zd, Ed, and Ee representing 79% of the total
configurations, while the structures Za, Zb, Ea, and Eb presented
percentages between 3 and 8% each. The B3LYP-D3/aug-cc-pVDZ
method predicted a percentage of 62% for the Ed structure, while the
rest of the structures presented percentages between 2 and 9% each
(except Ec, percentage = 0.5%).
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Figure 9. Potential energy paths connecting conformational structures Za, Zb, Ea, Eb and Ec of the amide molecule (2) calculated in gas phase using the
B3LYP/6-31+G(d) and the CBS-QOB3 approximation levels. Molecular models inserted in this figure correspond to transition structures (TSs)
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Table 2. Energy and relative population distribution at 298K of stable conformers of the amide molecule (2) calculated at different levels of theory using the
PCM model in chloroform

Method Conf. E, [Hartrees] AE [kcal mol'] E, + G° [Hartrees] AG® [kcal mol '] Boltzmann Population
B3LYP/6-311+g(2d,p) Ed -747,940356 0,000000 -747,724381 0,000000 0.406824
Zc -747,939653 0,441140 -747,723203 0,739207 0.117291
Ee -747,939432 0,579819 -747,723459 0,578564 0.152049
Zd -747,939890 0,292420 -747,724040 0,213981 0.281397
Za -747,937417 1,844252 -747,721261 1,957831 0.0147947
Ea -747,937671 1,684864 -747,720885 2,193775 0.00999146
Eb -747,936719 2,282254 -747,720486 2,444151 0.00651598
Zb -747,937432 1,834839 -747,720818 2,235818 0.00919834
Ec -747,936247 2,578439 -747,719332 3,168298 0.00193903
B3LYP-D3/6-311+g(2d,p) Ed -747,970042 0,000000 -747,753661 0,000000 0,315435
Zc -747,969234 0,507028 -747,752858 0,503891 0,134758
Ee -747,969373 0,419804 -747,752939 0,453062 0,146829
Zd -747,969479 0,353288 -747,753186 0,298067 0,190733
Za -747,969943 0,062123 -747,752376 0,806350 0,0808819
Ea -747,969897 0,090989 -747,751659 1,256275 0,037849
Eb -747,969148 0,560994 -747,151497 1,357932 0,0318816
Zb -747,969680 0,227159 -747,752028 1,024724 0,0559477
Ec -747,968065 1,240587 -747,749869 2,379518 0,00568476
B3LYP/aug-cc-pVDZ Ed -747,807950 0,000000 -747,592416 0,000000 0.294334
Zc -747,807255 0,436119 -747,592340 0,047691 0.271907
Ee -747,807141 0,507656 -747,591628 0,494478 0.127088
Zd -747,807575 0,235316 -747,592345 0,044553 0.270902
Za -747,805340 1,637801 -747,589201 2,017445 0.00972379
Ea -747,805406 1,596385 -747,589066 2,102158 0.00847967
Eb -747,804503 2,163027 -747,588681 2,343750 0.0055962
Zb -747,805355 1,628388 -747,589237 1,994854 0.010083
Ec -747,803870 2,560241 -747,587647 2,992595 0.00188628
B3LYP-D3/aug-cc-pVDZ Ed -747,837649 0,000000 -747,622933 0,000000 0,617103
Zc -747,836951 0,438002 -747,620930 1,256903 0,0739678
Ee -747,837103 0,342620 -747,621139 1,125753 0,0922945
Zd -747,837247 0,252259 -747,621025 1,197289 0,0817974
Za -747,838009 -0,225904 -747,620508 1,521712 0,0473082
Ea -747,837770 -0,075929 -747,619939 1,878765 0,0258949
Eb -747,837055 0,372741 -747,619843 1,939006 0,0233915
Zb -747,837805 -0,097892 -747,620183 1,725652 0,033531
Ec -747,835921 1,084337 -747,618330 2,888429 0,00471115
APFD/6-311+g(2d,p) Ed -747,328123 0,000000 -747,110834 0,045181 0,241523
Zc -747,327005 0,701556 -747,109794 0,697791 0,0802773
Ee -747,327337 0,493223 -747,110356 0,345130 0,145578
Zd -747,327797 0,204568 -747,110906 0,000000 0,260661
Za -747,329412 -0,808860 -747,109662 0,780622 0,0698035
Ea -747,329646 -0,955698 -747,110136 0,483183 0,115319
Eb -747,327893 0,144327 -747,108661 1,408760 0,0241796
Zb -747,329136 -0,635668 -747,109121 1,120105 0,0393581
Ec -747,327600 0,328188 -747,108626 1,430723 0,0232997
APFD/aug-cc-pVDZ Ed -747,213394 0,000000 -746,995773 0,484438 0,128579
Zc -747,212277 0,700929 -746,995027 0,952560 0,0583491
Ee -747,212683 0,446160 -746,995892 0,409764 0,14585
Zd -747,213142 0,158133 -746,996545 0,000000 0,291249
Za -747,215092 -1,065512 -746,995804 0,464985 0,132871
Ea -747,215230 -1,152108 -746,995575 0,608685 0,104255
Eb -747,213581 -0,117344 -746,995005 0,966365 0,0570052
Zb -747,214909 -0,950678 -746,995072 0,924322 0,0611974

Ec -747,213148 0,154367 -746,994046 1,568147 0,0206446
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Computational modeling of *C and 'H NMR spectra

'H and "*C magnetic shielding tensors (in ppm) relative to the
tetramethylsilane (TMS) standard were calculated for all optimized
equilibrium structures of compound (2). This was accomplished
using the functional B3LYP, B3LYP-D3 or APFD in combination
with the basis sets 6-311+G(2d,p) or aug-cc-pVDZ, as well as the
mPW1PW91/6-311+G(2d,p)//B3LYP/6-31+G(d,p) method. Every
calculation was performed taking into consideration a PCM implicit
solvent model in chloroform. A comparison between the calculated
chemical shifts and the experimental shifts for 'H and "*C signals in
the one-dimensional NMR spectra of amide (2) in CDCI, is shown
in Tables 3 and 4. As the methyl (CH,) and methylene (CH,) proton
signals appear integrated in the experimental '"H NMR spectrum a
comparison with the calculated signals was performed taking into
consideration the arithmetic average of the theoretical values. Due
to the minimal difference in the values calculated for both the 'H and
3C NMR shifts of the phenyl ring, it was not possible to make an
appropriate assignment in terms of Z and E structures for these signals.

As previously noted (see Figure 9), the conformational space of
the molecule (2) is characterized by a rapid interconversion within
each set of Z or E rotamers. This is caused by a low-hindered rotation
of the furan moiety, along with an exchange between configurations
Z and E which is thermochemically restricted. Consequently, the
nine stable structures of compound (2) lead to their classification into
four different conformational equilibria: i) Za <> Zb, ii) Zc¢ <> Zd,
iii) Ea <> Eb <> Ec and iv) Ed <> Ee (see Figure 8). However, since the
calculations performed predict a predominant percentage for the Zc,
7d, Ed, and Ee conformations in chloroform at room temperature (see
Table 2), the NMR spectra of compound (2) in CDCl, are expected

Quim. Nova

to be governed by both Zc <> Zd and Ed <> Ee rotational equilibria
which explains the duplication of signals in the NMR spectra in
this study. There is an excellent correlation between the calculated
average for the chemical shifts of Zc <> Zb or Ed <> Ee combination
and the experimental chemical shifts in the 'H and '*C NMR spectra
of the amide (2), as seen in Tables 3 and 4 (see values in bold) and
in Figure 10.

As can be noted in Figure 10A, the best correlation with the
experimental *C NMR shifts was obtained by using the functional
B3LYP, B3LYP-D3 or APFD in combination with the basis set aug-
cc-pVDZ. Figure 10B reveals that the chemical shifts for the methyl
and methylene protons in the experimental '"H NMR spectrum were
best approached by the B3LYP/aug-cc-pVDZ method, followed by the
B3LYP/6-311+G (2d,p) and mPW1PW91/6-311+ G(2d, p) methods.
Figure 10B also shows that all the approximation levels used in this
study overestimated the shifts found experimentally which ranged
between 0.23 and 0.68 ppm related to the furan protons.

CONCLUSIONS

The best conditions for the synthesis of N-benzyl-N-
(2-furanylmethyl)acetamide using acylation of N-benzyl-1-(furan-
2-yl)aminomethane were established using a methodology framed
in the principles of green chemistry. A direct reaction with acetic
anhydride provided the maximum yield of 97%. Mass spectrometry
confirmed the molecular formula while the vibrational spectra
were consistent with the expected structure; C=0, C=C (furan and
phenyl), C-O stretches. The spectroscopic characterization using
'H and '3C NMR of the title compound in chloroform revealed the
formation of spatial isomers of type E-Z. They were distinguishable

Table 3. Experimental and theoretical chemical shifts (in ppm) for the "H NMR spectrum of amide (2) in chloroform at room temperature. Comparable values

are presented in bold

. Experimental Za Zb Zc Zd Ea Eb Ec Ed Ee Za Zb Zc Zd Ea Eb Ec Ed Ee

Assignment B3LYP/6-311+g(2d.p) B3LYP-D3/6-311+g(2d.p)

Z E 2% <1% 12% 28% <1% <1% <1% 41% 15% 8% 6% 13% 19% 4% 3% <1% 32% 15%
Methyl 192 195 210 213 251 205 220 247 215 191 198 2.00 207 256 198 237 246 2.11
Rot. Equil. 218 2.34 1.94 2.12 2.25 2.31 1.94 2.04 2.30 2.28
Methylene 433 488 439 470 480 476 4.82 4.60 4.76 481 485 446 473 479 473 488 4.50 4.67
Rot. Equil. 456 4.59 4.85 4.54 4.79 4.68 4.83 4.60 4.80 4.58
Methylen 500 479 491 455 457 474 450 421 437 499 473 494 454 451 470 450 4.14 432
Rot. Equil. 4.62 434 4.89 4.73 4.60 4,29 4.86 4.74 4.57 4.23
H,(furan) 6.67 634 659 641 6.02 535 642 6.54 6.39 6.65 621 6.61 642 560 479 646 6.59 6.40
Rot. Equil. 6.24  6.19 6.51 6.50 5.93 6.47 6.43 6.52 5.62 6.50
Hg(furan) 6.55 630 6.62 6.55 6.16 6.19 638 6.64 6.66 6.52 6.11 6.64 6.55 598 6.11 627 6.64 6.67
Rot. Equil. 6.32 6.35 6.43 6.59 6.24 6.65 6.32 6.60 6.12 6.66
H(furan) 720 7.69 7.65 7.71 745 749 7.07 774 1.71 701 758 7.66 771 740 746 6.68 7.74 7.74
Rot. Equil. 717 7.19 7.45 7.68 7.34 7.73 7.30 7.72 7.18 7.74
Assignment Experimental B3LYP/aug-cc-pVDZ B3LYP-D3/aug-cc-pVDZ

Z E <1% <1% 21% 271% <1% <1% <1% 29% 13% 5% 3% T% 8% 2% 2% <1% 62% 9%
Methyl 195 201 210 219 256 206 225 251 2.19 194 204 202 212 261 199 244 250 2.15
Rot. Equil. 2.18 2.34 1.98 2.14 2.29 2.35 1.99 2.07 2.35 2.32
Methylene 4.88 493 448 473 476 475 479 455 473 4.83 490 453 476 477 473 486 447 4.64
Rot. Equil. 4.56 4.59 4.90 4.60 4.77 4.64 4.86 4.64 4.79 4.56
Methylen 493 471 487 445 458 471 451 421 434 492 4.67 488 444 452 4.68 454 411 4.28
Rot. Equil. 4.62 434 4.82 4.66 4.60 4.28 4.80 4.66 4.58 4.20
H,(furan) 6.72 632 6.64 642 6.03 527 643 6.56 641 6.73 621 6.65 643 561 474 650 6.60 6.42
Rot. Equil. 6.24  6.19 6.52 6.53 591 6.48 6.47 6.54 5.62 6.51
Hg(furan) 6.61 633 6.68 6.62 6.19 625 644 6.69 6.74 6.60 6.13 6.69 6.63 6.00 6.16 633 6.70 6.75
Rot. Equil. 6.32 6.35 6.47 6.65 6.29 6.72 6.36 6.66 6.16 6.72
H(furan) 731 776 7.77 7.84 7.57 7.61 7.16 7.87 .84 7.14 7.66 7.78 7.85 7.64 7.58 6.79 7.88 7.86
Rot. Equil. 717 7.19 7.54 7.80 7.45 7.86 7.40 7.82 7.34 7.87
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Table 3. Experimental and theoretical chemical shifts (in ppm) for the 'H NMR spectrum of amide (2) in chloroform at room temperature. Comparable values

are presented in bold (cont.)

. Experimental Za Zb Zc Zd Ea Eb Ec Ed Ee Za Zb Zc Zd Ea Eb Ec Ed Ee

Assignment APFD/6-311+g(2d.p) APFD/aug-cc-pVDZ
z E T% 4% 8% 26% 12% 2% 2% 24% 15% 13% 6% 6% 29% 10% 6% 2% 12% 14%

Methyl 200 2.09 200 210 254 215 239 245 213 204 214 201 217 258 210 245 247 2.17
Rot. Equil. 2.18 2.34 2.04 2.05 2.36 2.29 2.09 2.09 2.38 2.32
Methylene 4.83 486 447 474 483 491 493 457 474 4.87 489 454 478 481 478 491 453 473
Rot. Equil. 456 4.59 4.84 4.60 4.89 4.66 4.88 4.66 4.83 4.63
Methylen 496 472 498 453 452 485 454 411 4.29 491 4.68 492 441 452 467 458 412 427
Rot. Equil. 4.62 434 4.84 4.76 4.64 4.20 4.80 4.66 4.59 4.20
H,(furan) 6.59 6.10 6.66 6.44 5.62 504 648 6.58 646 6.63 6.13 6.68 642 553 505 652 659 646
Rot. Equil. 6.24 6.19 6.34 6.55 5.71 6.52 6.38 6.55 5.70 6.52
Hg(furan) 638 690 6.67 658 593 622 627 6.67 6.70 641 591 670 6.63 595 6.10 632 6.70 6.76
Rot. Equil. 6.32 6.35 6.64 6.62 6.14 6.68 6.16 6.66 6.12 6.73
H(furan) 6.67 733 761 7.68 731 754 651 770 7.69 6.76 743 772 781 744 745 6.61 7.82 7.81
Rot. Equil. 717 7.19 7.00 7.64 7.12 7.70 7.10 7.76 7.17 7.82

X Experimental mPWI1PW91/6-311+G(2d.p)//B3LYP/6-31+G(d.p)
Assignment

Z E 2% <1% 27% 13% <1% <1% <1% 41% 16%

Methyl 1.77 1.82 207 215 254 197 215 242 208
Rot. Equil. 218 2.34 1.80 2.11 222 2.25
Methylene 4.86 494 441 477 478 474 481 456 4.71
Rot. Equil. 456 4.59 4.90 4.59 4.78 4.64
Methylen 491 4.65 481 450 454 473 449 417 437
Rot. Equil. 4.62 4.34 4.78 4.66 4.59 4.27
H,(furan) 6.79 6.51 6.69 643 6.00 513 644 6.65 647
Rot. Equil. 6.24 6.19 6.65 6.56 5.86 6.56
Hg(furan) 6.72 651 6.69 6.60 6.18 624 642 6.70 6.72
Rot. Equil. 6.32 6.35 6.62 6.64 6.28 6.71
Hc(furan) 743 7777 7.66 772 741 752 7.04 776 7.5
Rot. Equil. 717 7.19 6.60 7.69 7.32 7.76

“ Shifts for methyl and methylene protons are presented as an average.

Table 4. Experimental and theoretical chemical shifts (in ppm) for the *C NMR spectrum of amide (2) in chloroform at room temperature. Comparable values

are presented in bold

Za Zb Zc Zd Ea Eb Ec Ed Ee Za Zb Zc Zd Ea Eb Ec Ed Ee

Experimental
Assignment B3LYP/6-311+g(2d.p) B3LYP-D3/6-311+g(2d.p)

z E 2%  <1% 12% 28% <1% <1% <1% 41% 15% 8% 6%  13% 19% 4% 3% <1% 32% 15%
Methyl 2352 23.82 2378 23.68 2446 23.61 2451 2432 2344 2356 23.88 23.66 23.76 24.59 23.87 24.89 2448 2345
Rot. Equil. 21.64 21.67 23.67 23.73 24.19 23.88 23.72 23.71 24.45 23.96
Methylene 46.93 4643 42.13 4127 51.56 5370 51.65 46.01 48.12 46.31 4541 4258 41.58 50.17 52.900 49.99 4531 47.97
Rot. Equil. 4097 44.03 46.68 41.70 52.30 47.06 45.86 42.08 51.02 46.64
Methylene 58.12 5631 55.68 5253 56.06 57.19 5833 48.50 50.60 5735 5570 5459 51.66 5493 56.60 55.69 48.17 51.16
Rot. Equil. 5113 4755 5722 54.10 57.19 49.55 56.52 53.12 55.74 49.66
Cy(Furan) 114.73 11549 114.84 115.09 114.28 111.64 114.84 115.40 110.49 114.71 115.74 114.05 115.24 11492 112.11 113.31 115.51 110.85
Rot. Equil. 108.71 108.18 115.11 114.96 113.59 112.94 115.22 114.64 113.45 113.18
C(Furan) 116.12 115.50 116.10 115.82 115.22 115.48 114.93 115.64 116.00 11630 115.88 116.46 116.13 115.63 115.74 115.80 115.84 116.06
Rot. Equil. 110.26  110.25 115.81 115.96 115.21 115.80 116.09 116.30 115.72 115.95
C,(benzene) 146.58 146.21 145.02 144.84 147.88 148.01 149.24 146.85 146.82 146.32 145.71 14429 144.44 14797 147.89 146.95 147.09 147.18
Rot. Equil. 136.30 137.09 146.40 144.93 148.38 146.84 146.02 144.36 147.60 147.14
Cp(Furan) 148.26 149.68 148.46 150.28 148.82 148.17 149.74 150.24 149.21 148.29 149.29 148.60 150.43 147.98 148.10 148.68 150.21 149.41
Rot. Equil. 142.16  142.62 148.97 149.37 148.91 149.72 148.79 149.52 148.25 149.81
C,(Furan) 161.42 160.29 162.39 159.66 160.53 160.96 159.77 159.07 160.00 160.91 159.70 162.45 159.66 160.75 160.99 160.81 159.37 160.21
Rot. Equil. 150.77 149.88 160.86 161.02 160.42 159.54 160.30 161.06 160.85 159.79
Carbonyl 178.84 179.30 177.95 178.49 179.02 179.25 179.51 178.23 178.85 178.64 178.55 178.07 178.56 179.20 178.91 178.07 177.73 178.65
Rot. Equil. 170.92  170.84 179.07 178.22 179.26 178.54 178.60 178.32 178.73 178.19
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Table 4. Experimental and theoretical chemical shifts (in ppm) for the '*C NMR spectrum of amide (2) in chloroform at room temperature. Comparable values
are presented in bold (cont.)

. Za Zb Zc Zd Ea Eb Ec Ed Ee Za Zb Zc zd Ea Eb Ec Ed Ee

Assignment Experimental B3LYP/aug-cc-pVDZ B3LYP-D3/aug-cc-pVDZ

zZ E <% <1% 27% 21% <1% <1% <1% 29% 13% 5% 3% 7% 8% 2% 2% <1% 62% 9%
Methyl 21.54 21.84 21.59 21.73 23.13 22.14 2340 2286 21.55 2142 2197 21.35 21.72 23.19 2243 2340 23.04 21.59
Rot. Equil. 21.64  21.67 21.69 21.66 22.89 22.20 21.70 21.54 23.01 22.32
Methylene 45.63 45.14 40.66 39.70 49.42 5146 49.52 4378 46.00 44.87 43.85 41.06 3999 48.09 51.04 4791 43.07 4585
Rot. Equil. 40.97 44.03 4538 40.18 50.13 44.89 44.36 40.52 49.01 44.46
Methylene 5570 53.62 52.64 4934 5343 5497 5567 4620 4883 55.12 5352 52.14 48.64 5242 5455 5278 4587 4948
Rot. Equil. 51.13  47.55 54.66 50.99 54.69 47.52 54.32 50.39 53.25 47.68
Cg(Furan) 108.00 108.66 108.03 108.66 107.65 105.56 108.31 108.96 104.58 107.85 108.92 107.47 108.83 108.18 105.92 106.86 109.10 104.75
Rot. Equil. 108.71 108.18 108.33 108.34 107.17 106.77 108.38 108.15 106.99 106.92
C(Furan) 109.45 108.74 109.60 109.45 108.50 108.98 108.37 109.29 109.26 109.63 109.46 109.91 109.66 109.26 109.04 109.14 109.16 109.50
Rot. Equil. 110.26  110.25 109.10 109.52 108.62 109.28 109.54 109.78 109.15 109.33
C,(benzene) 140.11 140.61 139.28 139.31 141.53 140.11 141.58 140.99 140.95 140.30 139.78 138.74 138.87 140.35 139.93 140.74 141.16 141.38
Rot. Equil. 136.30 137.09 140.36 139.30 141.07 140.97 140.04 138.80 140.34 141.27
Cp(Furan) 140.23 141.67 140.90 141.97 142.02 142.53 143.44 14251 141.29 140.56 141.16 140.92 142.17 142.29 142.12 141.27 142.61 141.73
Rot. Equil. 142.16  142.62 140.95 141.44 142.66 141.90 140.86 141.54 141.89 142.17
C,(Furan) 154.14 152.81 155.07 152.57 153.26 152.96 152.72 152.13 152.46 153.50 152.16 155.17 152.56 153.72 152.75 153.43 152.10 152.72
Rot. Equil. 150.77 149.88 153.48 153.82 152.98 152.30 152.83 153.86 153.30 152.41
Carbonyl 173.56 173.85 173.20 173.32 173.69 174.11 174.14 172.92 173.89 173.29 173.16 173.11 173.39 173.54 173.81 172.53 172.41 173.75
Rot. Equil. 170.92 170.84 173.70 173.26 173.98 173.40 173.22 173.25 173.29 173.08
Assignment Experimental APFD/6-311+g(2d.p) APFD/aug-cc-pVDZ

zZ E 7% 4% 8%  26% 12% 2% 2%  24% 15% 13% 6% 6% 29% 10% 6% 2% 12%  14%
Methyl 2290 2326 2297 23.11 2390 2329 2415 2378 2280 21.18 21.75 21.31 21.72 22.84 22.00 23.07 22.66 21.27
Rot. Equil. 21.64  21.67 23.08 23.04 23.78 23.29 21.46 21.52 22.64 21.96
Methylene 4345 4349 4086 39.87 4851 5097 48.10 4393 46.30 42,69 4252 40.02 38.69 47.05 49.17 46.65 42.18 4482
Rot. Equil. 40.97  44.03 4347 40.36 49.19 45.12 42.60 39.36 47.62 43.50
Methylene 55.02 5447 52.88 5022 5293 5420 53.16 46.11 4893 53.00 52.65 51.08 47.94 51.04 52.63 50.88 44.64 47.78
Rot. Equil. 51.13 4755 5474 51.55 53.43 47.52 52.82 49.51 51.52 46.21
Cg(Furan) 113.82 114.10 113.35 114.13 114.23 111.51 112.61 114.29 110.23 108.36 108.78 108.04 109.07 108.69 106.81 107.42 109.27 105.40
Rot. Equil. 108.71 108.18 113.96 113.74 112.78 112.26 108.57 108.56 107.64 107.36
C(Furan) 115.06 11597 11531 115.64 114.59 11442 114.71 115.14 114.96 109.72 110.49 110.11 110.56 109.78 109.46 109.38 109.81 109.62
Rot. Equil. 110.26  110.25 115.52 115.48 114.57 115.05 110.10 110.34 109.54 109.72
C,(benzene) 143.40 143.07 142.03 142.11 145.44 145.18 144.07 144.49 144.68 138.94 138.50 137.64 137.74 138.72 138.24 139.36 139.95 140.21
Rot. Equil. 136.30 137.09 143.24 142.07 144.90 144.58 138.72 137.69 138.77 140.08
Cp(Furan) 145.51 146.66 146.11 147.94 14546 14574 146.14 147.75 147.11 139.14 140.09 139.75 141.09 141.16 140.59 140.00 141.41 140.59
Rot. Equil. 142.16  142.62 146.08 147.02 145.78 147.43 139.62 140.42 140.58 141.02
C,(Furan) 156.52 155.50 158.52 155.90 156.66 157.13 156.67 155.16 156.73 150.30 149.35 152.60 150.08 151.12 149.91 150.37 149.19 150.45
Rot. Equil. 150.77 149.88 156.01 157.21 156.82 155.94 149.82 151.34 150.42 149.82
Carbonyl 175.96 175.75 175.37 175.88 176.54 176.18 175.06 174.79 176.06 171.87 171.75 171.76 171.98 172.40 172.32 171.19 170.87 172.45
Rot. Equil. 170.92 170.84 175.86 175.62 175.93 175.42 171.81 171.87 171.97 171.66
Assignment Experimental z % ze “ fa b re s Fe

mPWIPWI1/6-311+G(2d.p)//B3LYP/6-31+G(d.p)

zZ E 2%  <1% 271% 13% <1% <1% <1% 41% 16%
Methyl 23.62 24.03 2335 2340 24.11 2347 2428 2392 2312
Rot. Equil. 21.64 21.67 23.82 23.38 23.95 23.52
Methylene 46.32 4487 41.12 40.05 49.49 5254 4973 4451 4692
Rot. Equil. 40.97 44.03 45.60 40.58 50.59 45.72
Methylene 57.02 5424 5392 5140 5458 56.05 56.54 4736 49.59
Rot. Equil. 51.13  47.55 55.63 52.66 55.72 48.48
Cp(Furan) 115.37 116.02 114.86 115.38 114.61 111.91 115.02 115.56 111.01
Rot. Equil. 108.71 108.18 115.70 115.12 113.85 113.28
C(Furan) 116.52 116.74 116.50 116.82 115.28 115.75 115.03 116.01 116.10
Rot. Equil. 110.26  110.25 116.63 116.66 115.35 116.06
C,(benzene) 146.46 146.35 144.42 144.28 147.75 147.61 148.51 146.33 146.24
Rot. Equil. 136.30 137.09 146.40 144.35 147.96 146.28
Cp(Furan) 148.50 149.78 148.17 149.95 148.49 147.61 149.43 149.99 148.99
Rot. Equil. 142.16  142.62 149.14 149.06 148.51 149.99
C,(Furan) 160.68 158.80 161.39 158.08 159.38 160.11 158.09 157.91 159.02
Rot. Equil. 150.77 149.88 159.74 159.74 159.19 158.46
Carbonyl 178.70 179.45 177.62 178.01 178.91 179.16 179.05 177.72 178.29

Rot. Equil. 170.92  170.84 179.08 177.82 179.04 178.00
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Figure 10. Experimental and theoretical NMR spectra for °C (A) and 'H (B) nuclei of amide (2) in chloroform. Average chemical shifts for rotational equilibria

Zc <> Zd and Ed <> Ec are presented in black and red, respectively

due to the variation in chemical shifts caused by the orientation of
the acyl function in the structure. The presence of two distinct isomer
types could be inferred from the integration of signal intensities. This
suggested that there were two distinct methyl groups (six protons).
Two-dimensional NMR characterized long range coupling. Both the
vibrational assignments and the analysis of the NMR spectra were
assisted by DFT calculations. In the latter, signals characteristic of
protons of the furan ring, the methylene links, and the methyl group
were evident.

total, nine stable rotamers were theoretically identified as a result of

The computational calculations allowed the explanation of the
distribution of the various conformations present in chloroform.
Minimum-energy geometries and their relative energies were
determined by DFT calculations. Initial structure optimization using
the model B3LYP/6-31+G(d) model was accomplished by a relaxed
scan of two dihedral angles. This defined the orientations of the
benzyl fragment and the furan ring relative to the amide plane. In

the exploration of the amide conformational space by combining a
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two-dimensional PES scan (B3LYP/6-31+G(d)) with an automated
molecular mechanics searching at the GMMX approximation level.
These structures were further refined with more advanced DFT
models including a polarizable continuum model for chloroform
solvent. A comparative quantitative analysis using both Boltzmann
population and NMR DFT calculations allowed the explanation of
the signal duplication in the experimental NMR spectra of amide in
terms of two predominant rotational equilibria in chloroform at room
temperature. One of which was caused by two Z-type structures and
other by two E-type structures.

SUPPLEMENTARY MATERIAL

The following are available on http://quimicanova.sbq.org.br in
the form of a PDF file, with free access. Figure 1S: *C and '"H NMR
spectra of N-benzyl-1-(furan-2-yl)methanaminium acetate, Table 1S:
Experimental (Raman and IR) and calculated (APFD/Aug-cc-pVDz;
correction factor AF: 0.97044) vibrational wavenumbers (cm™) of
amide (2).
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