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Abstract The chemical shifts of protons depend not only on the prop-
erties of the solute molecule but also on the medium in which the sol-
ute resides. A series of B-lactams with various substitution patterns
were synthesized to study aromatic-solvent-induced shifts (ASISs) in
chloroform and benzene by using "H NMR spectroscopy. The results
agreed with those obtained by theoretical density functional theory
calculations. The protons of the B-lactam ring are the most affected by
the ASIS effect, and they tend to overlap due to the anisotropic effect of
benzene.
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TH NMR chemical shifts of organic molecules can vary
depending on the solvent used. When a compound is dis-
solved in an anisotropic solvent such as benzene, the sol-
vent causes NMR signals to shift upfield in comparison with
their shifts in an isotropic solvent such as tetrachlorometh-
ane. This chemical shift in the 'TH NMR when using solvents
with different magnetic properties is known as an aromat-
ic-solvent-induced shift (ASIS) and is defined as follows:
AJS(ASIS) = 8,5 — 85, where d, is the position of the signal of
an H atom in an aromatic solvent (e.g., CsDg) and & is the
value for the same signal in an isotropic solvent (e.g.,
CDCl;).12 If the value of AS(ASIS) is positive, this indicates a
downfield shift relative to the signal position in the isotro-
pic solvent. If the value of A3(ASIS) exceeds 1.5 ppm, this
can be a useful tool for resolving structural, stereochemical,
and conformational problems.>-8

This phenomenon has been rationalized by considering
small perturbations in a solvent-solute mixture. For exam-
ple, if a solute molecule has a dipole moment, as in the case
of benzene, its greatest electron density will be located at
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the positive end of the dipole, whereas at the peripheral
edge of the molecule will be oriented toward to the nega-
tive part of the dipole.® Other explanations have also been
proposed for the origin of the ASIS effect, such as the in-
duced quadrupole-quadrupole interaction model,® the hy-
drogen-bond interaction model,!° a solvent-solute model of
1:1 complexes, and the formation of time-averaged clus-
ters.!!

The anisotropy of benzene can help to disclose solute-
solvent interactions that might not be detected without it.
For example, ASIS has been used to differentiate axial and
equatorial hydrogen atoms or methyl substituents alpha to
carbonyl groups. In cyclohexanone, the '"H NMR signal for
an axial 2-methyl group is shifted 0.2-0.3 ppm upfield in
benzene compared with that in tetrachloromethane,
whereas the signal for an equatorial 2-methyl group is
shifted 0.005-0.1 ppm downfield.? This has been used to
define the configuration at the 2-position and to measure
the conformational equilibrium in 2-methylcyclohexanone.

The carbonyl-plane rule permits the location of hydro-
gen atoms relative to a keto group (Figure 1).'2-14 If we
imagine a plane perpendicular to the C-CO-C plane that
passes through the sp? carbon, the value of AS(ASIS) is posi-
tive for hydrogen atoms lying in front of the perpendicular
plane and negative for those lying behind it. As can be seen
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Figure 1 Examples of the carbonyl-plane rule
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in Figure 1, the A3(ASIS) values for pulegone are positive for
the methyl group in front of the plane perpendicular to the
C-CO-C plane and negative for methyl groups lying behind
this plane. A similar effect is observed for camphor.'?

When we synthesized a series of cyclic B-dipeptides and
B-lactams with various substitution patterns and examined
their "H NMR spectra, we obtained important results on ap-
plying the ASIS methodology. We observed that 'H chemi-
cal shifts for aliphatic protons in these compounds exhibit-
ed outstanding differences in multiplicity as well as chang-
es in chemical shifts when we used benzene-d; (CgDg) and
chloroform-d,; (CDCl;) as solvents.!” On the basis of these
results, we decided to study the ASIS effect in B-lactams
with specific substitution patterns.

For this study the samples were prepared at an equal
concentration of 47 mM and w* = 0.5 in CDCl; and C¢Dg as
solvents. The first B-lactam in the working group for which
an ASIS effect was observed was B-lactam 1. In the 'TH NMR
spectrum recorded in chloroform-d, as the solvent, we ob-
served a triplet shifted to 6 = 3.02 ppm, corresponding to
the H-3 proton. At & = 3.31 ppm there was a second triplet
corresponding to the H-4 proton. On switching to CgDg as
solvent, we expected a change in the chemical shifts of the

signals, but surprisingly we observed a single signal at =
2.39 ppm corresponding to the H-3 and H-4 protons (Table
1). To establish the effect of a substituent R! on the N atom,
we synthesized the p-lactam derivatives 2-6.'® For com-
pound 2, we introduced a methyl group, whereas for deriv-
atives 3-6, anisotropy was introduced to determine its ef-
fect in benzene as a solvent.

On comparing chemical-shift changes in compounds 1-
6, we can see that the methyl derivative 2 shows the great-
est value for the H-4 chemical shift, and its calculated ASIS
effect shows a value of a A4 = -1.05, meaning that the an-
isotropy of benzene shields the protons causing upfield
changes. On the other hand, the introduction of anisotropy
at the nitrogen atom for lactams 3-6 showed that the H-3
protons are less affected by the benzene ring, whereas the
H-4 protons exhibited the same chemical shift change in
the aromatic medium, so that the N-H and N-Ar systems
are affected in the same way. As can be seen, the protons H-
4 are the most affected by a solvent change for the methyl
derivative 2. To confirm this finding, HSQC and HMBC spec-
tra recorded in CDCl; and C¢Dg were used to confirm the as-
signment of H-3 and H-4 to their corresponding carbon atoms.

Table 1 'H NMR Chemical Shifts and ASIS Analyses for B-Lactams 1-8 in CDCl; and C¢Dg (400 MHz)

O, /R1
R2fE | Re
3 4
R® R®
B-Lactam CDCl5 (multiplicity, & ppm) C¢Dg (multiplicity,  ppm) AS(ASIS) = ds — O
1 R',R% R3, R4, R®=H H-3 (t, 3.02) H-3, H-4 (s, 2.39) AS3 = -0.63
H-4 (t, 3.31) AS4 = -0.92
2 R' = CHy; H-3 (t, 2.95) H-3 (t, 2.31) AS3 = -0.64
R?, R3, R4 RS=H H-4 (t, 3.23) H-4 (t, 2.19) A84=-1.05
CHs-5 (s, 2.83) CHy-5 (s, 2.21) AS5 = -0.62
3 =, H-3 (t, 2.96) H-3, H-4 (m, 2.34) AS3 = -0.62
Ri =7a 5% H-4 (t, 3.23) H-5 (d, 3.39) A4 =-0.89
RZ R3, R®. R = H H-5 (d, 3.82) H-6 (m, 5.32) A5 = -0.43
H-6 (M, 5.74) H-7 (m, 4.82)
H-7 (m, 5.25)
4 R'=Bn; H-3 (t, 2.94) H-3, H-4 (s, 2.31), A83=-0.63
R2,R3,R%, R®=H H-4 (t, 3.13) H-5 (s, 4.02) AS4 = -0.82
CHy™5 (s, 4.37) Ph (m, 7.00) AS5=-0.35
Ph (m, 7.34)
5 R'= (1-naphthyl)methyl; H-3 (t, 2.86) H-3, H-4 (m, 2.20) A3 =-0.66
R2, R3, R%, RS = H H-4 (¢, 2.99) CH,-5 (s, 4.43) A34=-0.79
CH,-5 (s, 4.80) Ar (m, 6.97-8.34) AS5 = -0.37
Ar(m, 7.37-8.12)
6 R'= (1 anthwl)methyl H-3 (t, 2.81) H-3, H-4 (m, 2.09) A3 =-0.72
R?, R3, R, R® = H-4 (¢, 2.88) CH,-5 (s, 4.98) A84=-0.79
CH,-5 (s, 5.36) Ar(m, 7.11-8.34) AS5=-0.38
Ar (m, 7.40-8.60)
7 R'= H; H-5 (s, 1.11) H-5 (s, 1.00) A85 = -0.11
R2, R3, R4, R® = CH, H-6 (s, 1.22) H-6 (br s, 0.86) A6 =-0.36
8 R'=Bn; H-5 (s, 1.21) H-5 (s, 1.02) AS5=-0.19
R2, R, R4, RS = CH, H-6 (s, 1.11) H-6 (s, 0.73) AS6 = -0.38
CHy-7 (m, 4.26) CH,-7 (m, 4.02) A7 =-0.24
Ph (m, 7.13) Ph (m, 7.10)
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To obtain a better idea of the ASIS effect observed for
compound 2, we conducted a titration experiment analyzed
by 'H NMR. B-lactam 2 (5.0 x 10> moles) was dissolved in
350 pL of CDCl; and a first spectrum was obtained. When
aliquots of 1.13 x 10~ moles of C;Dgs were added up to
6.77 mmol, we observed that as the concentration of CgDg
increased, the signals for H-3 and H-4 approached and then
overlapped one another (Figure 2).
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Figure 2 'H NMR (400 MHz) of B-lactam 2 in CDCl; containing increas-
ing concentrations of CgDg

Surprisingly, B-lactam 4 in CgDg at 25 °C did not show
the expected change in its chemical shift; instead, a single
signal at 6 = 2.32 ppm corresponding to protons H-3 and H-
4 was observed. To explain and verify this finding, we per-
formed a variable-temperature experiment (Figure 3). The
single signal became split into two multiple signals as the
temperature was increased from 30 to 75 °C.

In the case of amides the participation of dipole reso-
nating forms causes the benzene atom to be located near
the nitrogen atom and as far as possible from the oxygen
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Figure 3 'H NMR (500 MHz) variable-temperature experiment for -
lactam 4 in C¢Dg

atom (Figure 4). The same phenomenon might also be ob-
served in B-lactams, which would explain why the H-4 pro-
tons were more affected by a change in the solvent from
CDCl; to C¢Dg, causing a greater shift of the signals towards
lower frequencies. This was confirmed by introducing allyl
and aryl substituents into B-lactams 3-6. In these cases, the
signal from H-3 was less affected by stacking of the benzene
ring with the allyl or aryl groups.

R‘N c'p T‘N_C/d of nSHs  Og \-CHs
+ N-C, AR LS+ L
F R R R

<=

Figure 4 Amide resonance forms and possible interactions between a
B-lactam molecule and two benzene molecules

To develop a structural analysis of -lactams, we per-
formed theoretical calculations by using density functional
theory (DFT). The optimized geometry of the B-lactam 2
was placed in the middle of a stacking displaced (SD) model
that represents the hypothetical structural conditions that
explain the ASIS effect in -lactams by considering a dis-
tance slightly greater than the van der Waals radius be-
tween 2 and the benzene rings (Figure 5).

2SD

Figure 5 Stacking displaced adduct of B-lactam 2 with two benzene
molecules

First, the shielding effect [As5(ASIS)] of the aromatic
rings over H-3 and H-4 was evaluated. The best model is
that which approximates the value of Az5(ASIS) nearest to
zero. The analysis confirmed that the SD perspective repro-
duced the experimental data (SD in Table 2).

To examine whether the SD configuration corresponds
to the more stable arrangement for the trimer, a geometry
optimization at the same level of theory were carried out.
By analyzing the optimized geometries of the adduct (OA in
Table 2), it was demonstrated that the SD perspective does
not correspond to a minimum and that the stacking aggre-
gation needs to be reconsidered. By comparing the results
obtained by using two different functionals, it is possible to
see that the ®-B97XD functional gives a better description
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Table 2 Theoretical Chemical Shifts and Analysis of the ASIS Effect for
the B-Lactam 2

Functional  Agg(ASIS) = Agerp (ASIS) = Asgpeo (ASIS)

Stacking displaced Optimized geometry of the adduct

(sD) (0A)
B3LYP As3= 0.50 AgsA=-1.69
Agsd =—0.32 As3=-0.75
Ags5 = -0.01 Ags5 = -0.67
®BI7XD  Ag3= 0.61 Assh= 0.82
Agd=-0.13 Ag3=-0.15
Ag5= 0.05 Ags5 = -0.32

of the change in chemical shifts (Table 2) than does the
B3LYP functional. First, the optimized geometry of the tri-
mer obtained by using the ®-B97XD functional predicts a
stacking displaced configuration between the (-lactam 2
and one molecule of benzene (Figure 6a), whereas the opti-
mization using the B3LYP functional suggest that two mol-
ecules of benzene are far from the 2 molecule (Figure 6b).
Also, it is assumed that this enhancement arises from a bet-
ter description of the dispersion interactions from the w-
B97XD functional.

a b

Figure 6 Optimized geometries of B-lactam 2 with two molecules of
benzene

Obviously, this study supported the idea of stacking
protection from benzene rings to the fB-lactam ring, but a
more rigorously approximation is necessary to permit the
evaluation of the bulk effect of the solvent. A likely CH-m in-
teraction has been suggested in comparing the theoretical
parameters (distances) reported for this kind of interaction,
which are in the range 3.2-3.8 A.'718 In the present work,
we found a range of distances between 3.18 to 4.8, which
confirmed the presence of a weak CH-m interaction.

We then performed a >N HSQC experiment to examine
the ASIS effect for the amide moiety in compound 1. The
solvent aromatic ring exhibited a deshielded effect over the
15N and 'H chemical shifts, confirming the presence of the
interaction shown in Figure 4. This means that the lactam
protons are close to the shielding effect of the benzene ring,
whereas NH is deshielded (Figure 7).

129
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6 @ 132

r133
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F137
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Figure 7 >N HSQC experiment for compound 1 to examine the ASIS
effect on nitrogen nuclei. CgDg (red) and CDCl; (blue). A3(ASIS) = 0.6
ppm, which corresponds to a deshielding effect due to the anisotropy of
benzene.

With the aim of establishing the ASIS effect for te-
tramethyl B-lactams, we synthesized compound 7.'° In CD-
Cl;, the 'TH NMR spectrum of 7 showed singlet signals at & =
1.11 and 1.22 ppm for CH5-5 and CH;-6, respectively (Figure
8a). It is interesting to note that in CgDg, the chemical shifts
of CH;-5 were located at low fields whereas those for CH;-6
were located at high fields (Figure 8b).

a) CDCly Il I\

b) CeDs

160 150 140 130 120 110 100 090 080 070 0.60 050 0.40
f1 (ppm)

Figure 8 'H NMR (500 MHz) spectra of B-lactam 7 in (a) CDCl; and (b)
CeDs

HMBC spectra recorded in CDCl; and C¢Dg were used to
assign protons CH;-5 and CH;-6 unambiguously. In CDCls,
the shift in the signal corresponding to protons CH;-5 to
1.11 ppm allowed us to correctly assign the correlation with
C-5, C-3,C-4, and C(0) at 175.35 ppm, whereas proton CH;-6
at 1.22 ppm correlated only with C-6, C-3, and C-4 (Figure 9).
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Figure 9 HMBC (500 MHz) of B-lactam 7 in CDCl;

On the other hand, in the HMBC spectra recorded in
benzene-d;, the signal corresponding to the CH;-5 proton
shifted by 0.98 ppm again showed the same correlation
with C-5, C-3, C4, and C(0) at 174.32 ppm, whereas proton
CH;-6 at 0.86 ppm correlated only with C-6, C-3, and C-4

(Figure 10).
DEE
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Figure 10 HMBC (500 MHz) of B-lactam 7 in C¢Dg

Finally, a titration experiment with 5.0 x 10-> moles of
B-lactam 7 in 350 puL of CDCl; was carried out. When 0.7 pL
aliquots of C4Dg were added, the signals for CH;-5 and CH;-
6 approached then overlapped one another (Figure 11). Sur-
prisingly, however, at 1.4 pL (2.26 x 10-3 mol) of C¢Dg, a sin-
gle signal at 6 = 1.1 ppm corresponding to CH;-5 and CH;-6
was observed. At a higher concentration of CgDg (3.39 x 103
mol; 2.1 pL), CH3-5 and CH;-6 could be differentiated once
more, but at this point, their chemical shifts reversed, as in
100% CgDg. Changing the solvent usually results in preferen-
tial movement of one signal more than the other, but after
addition of 2.8 pL (4.51 x 103 mol) of C¢Dg, the signal corre-
sponding to CH;-6 appeared to split into two signals.

0 mol de C¢Ds | |

\ & \3
[ 1 PAC
1.13 x10° mol 6/ |5
2.26 x10° mol | Sand6 4
3.39 x10° mol 5 |© 3
5 w6
4.51 x10° mol J\J\ﬂ“ 2
5| , 6
5.64 x10 mol B AN 1

55 150 145 140 135 130 125 120 115 110 105 1.00 095 0.90
f1 (ppm)

Figure 11 "H NMR (500 MHz) of B-lactam 7 in CDCl; with increasing
concentrations of CgDg

A possible explanation of this is that C4Dg as a solvent
allows us to differentiate CH;-6-a from CH5-6-f3 (Figure 12).

5 0 6
HeCO5—N_ CH, B
H\6
HC HCH, o

Figure 12 Possible interaction between f-lactam 7 in benzene-dg per-
mitting differentiation of CH;-6-a and CH3-6-

Crystals of 3,3,4,4-tetramethylazetidin-2-one (7) suit-
able for X-ray diffraction analysis were obtained by slow
diffusion of a chloroform solution of the lactam at room
temperature. Lactam 7 crystallized in an orthorhombic sys-
tem with a cell volume of 751.95(2) A3 and space group
P2,2,2,.2° The minimum repetitive unit consist of one mol-
ecule of the B-lactam (Figure 13a). A structural analysis re-
vealed the formation of a four-membered planar ring con-
sisting of atoms C1, C2, C3, and N1. The bond distances
ranged between 1.3359(18) and 1.5910(18) A, being short-
er for C1-N1 and C3-N1, respectively. The four-membered
ring is slightly bent, with a dihedral angle of 2.5° between
the C2, C1, N1 plane and the C2, C3, N1 plane. The structure

ey JAp Ap Iy
petlLisd \ﬁ

&b.

Figure 13 Solid-state structure of 3,3,4,4-tetramethylazetidin-2-one
(7); (@) asymmetric unit and (b) 1D supramolecular tape formed through
hydrogen bonding. Symmetry operators: (i) 2 - x, -0.5+y, 1.5 - z.
Some hydrogens atoms are omitted for clarity. Thermal ellipsoids are
drawn at the 50% probability level.
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forming the C,'(4) chain pattern is typical of many
N-H--0=C hydrogen-bonded systems (N-H, 0.86 A; H--O,
2.00 A; N--0, 2.857 A; ~N-H--0, 175°) (Figure 13b).

Intermolecular interactions of 3,3,4,4-tetramethylazeti-
din-2-one (7) were analyzed by using a Hirshfeld surface,?°
a powerful technique for understanding the nature of the
intermolecular interactions within a crystalline structure.
The surface was drawn from single-crystal X-ray structures
in the CIF format by using Crystal Explorer software.?! The
surface was mapped over the d,, function in the range
0.6-2.6 A; the red regions show contact points shorter than
the sum of the van der Waals radii with negative d,,,
(complementary hollows). The blue regions are contact
sites longer than the sum of the van der Waals radii with
d,orm Negative equal to zero (bumps where the surfaces of
two molecules touch each other). For compound 7, red ar-
eas on the surface mapped with d,,,, function were located
on the amide moieties due to the formation of hydrogen
bonds (Figure 14a).

U r-m74% " 0-H/H-022.7% d N-H/H-N 13% d

Figure 14 (a) Hirshfeld surface for 3,3,4,4-tetramethylazetidin-2-one
(7) mapped with d,m- (b) Representative 2D fingerprints plots.

Decomposition of this surface to provide a molecular
fingerprint (a directly accessible 2D plot that provides the
full distribution of interactions) was performed by using d;
and d,, which are defined as the distances from the surface
of the Hirshfeld surface to the nearest core within or out-
side the surface, respectively. In the 2D fingerprint plots of
7, H-H interactions predominate, with a percentage of 74%;
these appear where d. = d; near the van der Waals radius of
the hydrogen atom (1.20 A). The percentage of O-H/O-H
contacts is 22.7%, and these appear as a pair of long sharp
spikes characteristic of a strong hydrogen bond (Figure
14b). The minimum contributions are attributed to
N-H/H-N and C-H/H-C contacts.

In conclusion, we have demonstrated an ASIS effect in
eight B-lactam derivatives by using deuterated chloroform
and benzene solvents. The stacking adduct of the benzene
ring with the lactam ring plays a determining role in chem-
ical-shift changes. N-Methyl groups exhibited the best
shielded effect in H-4 lactam protons, whereas in te-

tramethylated B-lactams, the ASIS effect is lower than that
in the other lactams synthesized. In -lactams with aniso-
tropic substituents, it was observed that protons H-3 and
H-4 are already affected by the anisotropy of the substitu-
ent itself. Consequently, an intercalative interaction be-
tween the B-lactam and benzene-d; might overestimate
these changes. From a theoretical point of view, we have
demonstrated that at least one staking interaction between
the B-lactam and the molecule of benzene is necessary to
produce the changes in the chemical shifts. >N HSQC re-
sults confirm the presence of a deshielded effect over the
amide moiety while the protons of the ring are shielded.
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