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Abstract

β-lactams are a chemically diverse group of molecules with a wide range of

biological activities. Having recently observed curious trends in 2JHH coupling

values in studies on this structural class, we sought to obtain a more compre-

hensive understanding of these diagnostic NMR parameters, specifically inter-

rogating 1JCH,
2JCH, and 2JHH, to differentiate 3- and 4-monosubstituted

β-lactams. Further investigation using computational chemistry methods was

employed to explore the geometric and electronic origins for the observed and

calculated differences between the two substitution patterns.
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1 | INTRODUCTION

β-lactams, chemically known as azetidin-2-ones, are four-

membered cyclic lactams.1 β-lactams exhibit a host of bio-

logical activities, most notably potent antibacterial activity,

though the list also includes anticonvulsant, anticancer,

antidiabetic, and anti-inflammatory properties.1,2 Mem-

bers of his class of compound are also indicated for the

treatment of Parkinson's disease.1,2 Because of increasing

prevalence of antibiotic resistance, there is persistent

interest in the evaluation of novel derivatives of this struc-

tural class and others to supplement the available penicil-

lin, cephalosporin, and monobactam analogs now widely

used to treat infections.3,4 This continuing interest man-

dates a deeper understanding of the structural characteris-

tics of the precursors to more complex variants.

NMR is a cornerstone in the structural analysis of

organic compounds. While a host of NMR data exists per-

taining to the chemical shifts of natural and synthetic

β-lactams, far less is known about the scalar coupling con-

stants of this structural class. What information does exist

generally emphasizes the 1H-1H couplings without any

mention of the nJCH couplings. In the mid-1960s, an

unusual and diagnostic geminal coupling constant was

observed that can distinguish between the substituted

Types A and type B β-lactams shown in Figure 1.5 Gemi-

nal 1H-1H couplings observed for type A compounds were

reported to be approximately 14 Hz, while those of type B

analogs exhibited geminal couplings of less than 6 Hz.5–7

To our knowledge, no further examination of the general-

ity of these scalar couplings or other possible anomalies in

the scalar couplings of β-lactams has been reported.

Since that early study, this often overlooked NMR

parameter has been used to elucidate some challenging

marine natural product structures.8–10 In the early 1990s,

a novel macrolactam, discodermide, was isolated from

Discodermia dissoluta, and the structure was observed to

have the aforementioned large geminal 1H-1H couplings

for the amide adjacent CH2.
8 These couplings were also

used to identify the AB quartet of the diastereotopic O-

benzyloxy protons of a synthetic chiral analog of bastadin

5, a macrolactam natural product from the marine

sponge Ianthella basta.9 The hexahydro-1H-isoindolone

ring of muironolide A, a natural product from a new

Phorbas species, was assigned from the magnitude of the

geminal 1H-1H coupling within the g-lactam ring.10

The variety of these examples underscores the need for

better understanding of these scalar coupling trends.

To probe these diagnostic NMR parameters, a set of

mono-substituted β-lactams was assembled, featuring

small achiral R-groups with limited flexibility (Figure 1).

Two of these compounds were analyzed spectroscopically

(Figure 2), and all compounds were concurrently evalu-

ated with modern computational chemistry techniques.

The analysis has revealed several interesting trends that

can be divided into two categories: those that can be used

to differentiate signals within one type of β-lactam and

those that can be used to differentiate between the two

types of β-lactams.

2 | COMPUTATIONAL
METHODOLOGY

Conformers were generated using the MacroModel con-

formational search.11 Those molecules with multiple

conformers were averaged using Boltzmann weighting

derived from the calculated energies. The geometry opti-

mizations, energy calculations, and NMR calculations

were then conducted using Gaussian 16 (output files as

part of the supporting information).12 Geometry optimi-

zations, energy calculations, and NMR calculations were

all performed at the B3LYP/6–311 + G(2d,p) level.12 The

hybrid B3LYP functional was chosen due to its prolific

use and the high accuracy to predict geometries, energies,

and NMR chemical shift and J-coupling parameters.13–15

The calculations were done in gas phase, as the two sets

of experimental data presented in this work were

acquired in chloroform, which has limited solvent

effects.13 The scalar coupling constants were calculated

with the Gaussian keyword “NMR = mixed.” The NMR

mixed keyword implements the use of two different bases

sets to improve the accuracy of spin–spin coupling con-

stants by using uncontracted basis functions for the

Fermi contact, most dominant component of the scalar

coupling, and a contracted basis set, which is faster but

less accurate, for the remaining three components, the

spin-dipolar, paramagnetic spin-orbital, and diamagnetic

spin-orbital contributions. However, as these are minor

components, the loss in accuracy in exchange for

FIGURE 1 The two types of mono-substituted β-lactams and the R groups that composed the set of molecules analyzed in this study.
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decreased computation time is acceptable.15,16 The mixed

method uses the default setting, Grid = UltraFine, which

includes 95 radial shells and 590 angular points per

shell.15,16 Overall, the “mixed” approach requires more

computation time, but it is more accurate than the direct

“spinspin” calculations.

3 | EXPERIMENTAL
OBSERVATIONS

The nJHH couplings were extracted from the 1H NMR

spectra (Figure 2) of exemplars from each type of lactam;

the scalar couplings of the CH and CH2 resonances are

collected in Table 1. These values generally agreed well

with the computed values, with an MAE of 0.6 Hz. The
nJCH couplings were determined experimentally using

the PIP-HSQC16 and/or PIP-HSQMBC16 experiments and

are reported in Table 2. The 1JCH coupling constants

exhibited an MAE of 3.0 Hz, while the longer range nJCH
couplings had an MAE of 0.6 Hz. Given the larger overall

values of 1JCH couplings, this is a proportionally smaller

deviation than was observed for nJCH couplings.

There are two trends observed on a structure-

by-structure basis. First, the 1JCH for C4 is larger than the
1JCH for C3 (�151 vs. �144 Hz), regardless of which is

FIGURE 2 Expansions of the experimental 1H NMR spectra (CDCl3) of the two types of methyl substituted β-lactams (full spectra

available in the supporting information).

TABLE 1 Summary of the experimental (signs not determined) and computed nJHH coupling constants with the absolute difference

(Abs. Δ) for Types A and B molecules with R = Me (refer to Figure 2).

Type A Type B

JHH Experimental (Hz) Computed (Hz) Abs. Δ (Hz) JHH Experimental (Hz) Computed (Hz) Abs. Δ (Hz)

3–30 �14.8 �15.4 0.6 4–40 �5.3 �5.3 0.1

1–3 �1.4 �0.3 1.1 1–3 <1.5 0.6 NC

1–30 2.0 3.2 1.2 1–4 <1.5 �0.8 NC

1–4 <1.5 �0.1 NC 1–40 <1.5 �1.2 NC

3–4 2.2 2.3 0.0 3–4 2.4 2.3 0.2

30-4 5.0 5.8 0.9 3–40 5.3 5.9 0.6

Abbreviation: NC, not calculated.
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the methylene and which is the methine. Exceptions to

this rule for Type B compounds will be discussed later in

the text. Second, the magnitude of 2JCH between C2 and

H3/H30 is always greater than 2JCH between C4

and H3/H30 (� �5.6 vs. �[2.3–1.1] Hz). It is important to

note that both trends are also observed in the unsubsti-

tuted β-lactam, implying that these trends are intrinsic to

the structure itself, rather than a consequence of the sub-

stitution pattern.

Comparing the computed values of both chemical

shifts and scalar coupling constants, for Types A and B

compounds, multiple trends emerge. Regarding the cal-

culated 1H spectra, the CH proton resonance in Type A

molecules is observed further downfield than for the cor-

responding Type B analog. Conversely, for the 13C spec-

tra, the carbon resonance for C2 for Type A is observed

further upfield than for Type B unless a carbonyl is the

first structural component of the substituent attached to

the ring. The most apparent trend is seen in the relative

size of the geminal coupling for the CH2 protons. The

geminal coupling between the Type A protons at C3 was

8 to 11 Hz larger in magnitude than the corresponding

values at the C4 position in Type B compounds. Differ-

ences between the geminal coupling at the 3- and

4-positions are also observed in the unsubstituted β-lac-

tam, again suggesting that the difference in the magni-

tude of the coupling constants are intrinsic to the

structure due to the local electronic environment and not

a consequence of the substitution pattern.6,7 Turning to

the 1JCH couplings, the methine 1JCH coupling of a Type

A molecule (C4) is larger than the corresponding

methine heteronuclear coupling of type B

(C3) compounds, while the reverse is true for the 1JCH
couplings of the CH2 (Type B > Type A). These two

trends arise directly from the 1JCH of C4 being greater

than the 1JCH of C3, though exceptions to that trend are

not exceptions to the trends between types.

4 | OTHER OBSERVATIONS

A few other interesting observations were made during

this study, the more significant of which is that differ-

ences in 1JCH and 2JHH couplings between the C3 and C4

sites are also present in an unsubstituted β-lactam. This

observation suggests that experimental differences are

primarily associated with the β-lactam moiety itself and

not a function of the substituents. Also notable is the fact

that the Fermi contact formula contains a term for the

electron magnetic dipole moment, thereby implying that

it is directly influenced by the electronegativity of the

atoms in question (see Figures 3–5).17 The Fermi contact

correlates extremely well with the J values, with all

examined couplings exhibiting R2 values of >0.999. Con-

sequently, exploring the electron density of the system

and the individual atoms was a logical place to start look-

ing for an explanation to such trends.18,19

5 | POSSIBLE ORIGINS FOR THE J

DISPARITY

There is insufficient variation in the calculated bond

lengths and angles to explain the differences observed in

TABLE 2 Summary of nJCH and 1
JCH coupling constants for Types A and B molecules with R = Me (refer to Figure 2), with the

computed values listed first, followed by the experimental (signs not determined) and then the absolute difference between the two.

Type A heteronuclear couplings (Hz) Type B heteronuclear couplings (Hz)

Carbon Carbon

2 3 4 5 2 3 4 5

Proton 3 �5.8 144.2 �2.6 3.8 Proton 3 �5.7 142.0 �1.7 2.5

�6.3 139.4 �3.8 4.0 �6.0 138.6 �1.1 2.0

0.5 4.8 1.2 0.2 0.3 3.5 0.6 0.5

30 �5.5 144.4 �1.1 1.6 4 2.8 �2.3 151.3 �4.0

�5.3 139.3 �2.2 1.6 2.8 �2.3 153.0 �3.7

0.2 5.1 1.1 0.0 0.0 0.0 1.6 0.3

4 2.6 �1.1 150.1 �3.5 40 4.9 �1.5 151.6 �1.7

3.2 �1.6 150.0 �2.5 5.1 �2.6 150.0 �1.6

0.6 0.5 0.1 1.0 0.2 1.1 1.6 0.1

5 0.6 5.0 �6.6 130.0 5 6.7 3.8 �6.6 131.4

1.5 4.8 �5.0 126.0 6.8 2.7 �6.9 128.0

0.9 0.2 1.6 4.0 0.1 1.1 0.3 3.4
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FIGURE 3 The correlation of the DFT-calculated Fermi contact versus the DFT-calculated and experimentally measured for R = Me

(see Figure 2) 1JCH coupling. J-coupling values for methylene pairs are averaged. The equation and R2 do not include the experimental data.

FIGURE 4 The Fermi contact contribution to the DFT-computed and experimentally measured for R = Me (see Figure 2) 2JHH coupling

correlated to the 2JHH value. The equation and R2 do not include the experimental data.

FIGURE 5 The average Fermi contact contribution correlated to the average DFT-calculated and experimentally measured for R = Me

(see Figure 2) 2JCH values for carbons 2 and 4 from H3/H30. The equation and R2 do not include the experimental data.
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the scalar couplings. Thus, the focus must shift from geo-

metric considerations to the electronic properties of

β-lactams. When exploring the structure of β-lactams, it

was found that the partial double bond character of

O=C-N decreases the electron density on nitrogen

(Figure 6).6 Analogous behavior has also been reported

for lactones, albeit to a lesser extent, leading us to con-

clude that the vicinal nitrogen produced less of an effect

than cases where there is an oxygen at this position.6,7

Similarly, the partial double bond character (O=C-N),

caused by both the delocalization of electron density

towards the carbonyl bond and electron donation from

the nitrogen, could also be responsible for changes in the

magnitude of the nJCH couplings. In this case, the ability

of the carbonyl (C2) to extract electron density from the

nitrogen (N1) amplifies the ability of the nitrogen atom

to withdraw electron density from C4. The same trend

would be observed with β-lactones, β-thiolactams, and

other ring systems with similar geometries, albeit to vary-

ing degrees depending on the level of electronegativity

and conjugation. This charge redistribution is numeri-

cally represented by the so-called electrostatic potential

(ESP) of the atom.

6 | DISPARITY IN 1
JCH BETWEEN

TYPES A AND B COMPOUNDS

One of the most convenient NMR parameters to measure,

and perhaps theoretically the simplest to understand, is

the 1JCH scalar coupling. That the magnitude of 1JCH
is proportional to % s-character of the hybridized orbitals

that comprise sigma bonds (Figure 7) is well established,

but the size of the coupling constant also depends on host

of other factors, such as substitution and stereoelectronic

effect (ring strains).21 Since this work is examining the

same base ring structure in each case, ring strain was not

addressed in this work. The %s character of the sp3-

carbon atoms, such as the ones studied here, could be

dependent on the electronegativity of the substituent

atoms and would thus be potentially correlated to ESP.

The lower electron density at C4 compared to C3 caused

by the electronegativity of nitrogen atom agrees with the

trend in ESPs, wherein C4 generally has more positive

ESP than C3 (Figure 8). Note how for each Types A and

B molecule, the CH2 carbon values display less distribu-

tion of ESP than the those of the CH and furthermore,

how the unsubstituted analog sits in the corner of the

slanted “L-shaped” distribution (Figure 8). Additionally,

the two outermost points for each type are when the

R-group is attached to the ring through an oxygen atom,

and the methine 1JCH coupling constants are more dis-

persed due to the substitution effect compared with

methylene 1JCH coupling constants (Figure 9).22 The cor-

relation between electron density and 1JCH can be

expressed by comparing the ESPs of the carbons (with

the hydrogens summed in) versus the 1JCH values, which

show a linear correlation for each A/B and C4/C3 pair

(Figure 10). These data suggest that the presence of elec-

tronegative nitrogen in β-lactams causes an increase in

the magnitude of 1JCH of the adjacent C4 carbon. This

change in electron density is consistent with the observa-

tion that 1JCH for the C4 is generally larger than that of

C3. An exception to this rule occurs when the R-group is

itself an electron withdrawing substituent on C3. In this

case, when the R-group is connected to C3 via oxygen,

the inductive effects of the oxygen play a major role in

increasing the magnitude of the 1JCH coupling constant

of C3. The correlation between electron density and cou-

pling constants also agrees with Cookson's observation

that as the ring size increases, the magnitude of the gemi-

nal coupling of the CH2 adjacent to the heteroatom

increases, closer to nominal magnitude, such as observed

at α-CH2.
6,7 The increase in ring size would provide

increases in the bond path and thus insulate CHn from

inductive electron withdrawal, thereby reducing the mag-

nitude of the 1JCH scalar coupling constant.

FIGURE 6 Electrostatic potential map computed at the

B3LYP/6–311 + G(2d,p) level (IsoValue of 98%)20 showing the

nitrogen lone pair contribute to the C2-N1 bond causing the

observed charge distribution. It should be noted that no correlation

was identified between the 2JHH,
1JCH, or

2JCH scalar couplings and

the C2-N1 bond lengths (descriptive plots available in the

supporting information).
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7 | DISPARITY IN 2
JHH BETWEEN

TYPE A AND B COMPOUNDS

The most readily apparent trend is the significant differ-

ence in the magnitude of geminal proton coupling con-

stants (2JHH) on C3 in Type A versus C4 in Type B

compounds. The correlation between the ESP and the
2JHH is also consistent with our observations regarding

the 1JCH coupling constants. The 2JHH couplings on C3

of Type A compounds are much smaller than the corre-

sponding couplings on C4 of Type B, consistent with

more negative ESP on C3 in comparison with the one

on C4 (Figure 11). The upfield shift of the methylene

protons in A versus B is also consistent with more nega-

tive charge on C3 in Type A compounds. It is notable,

that the R-group substitution does not have any signifi-

cant influence on 2JHH coupling as opposed to the 1JCH
couplings. As it has been shown previously,23,24 the

description of 2JHH couplings should include the effect of

the adjacent electronegative atom, such as nitrogen in

this case, on the energy gap between LUMO-HOMO

orbitals.

8 | DISPARITY IN 2
JCH COUPLING

CONSTANTS BETWEEN TYPES A
AND B COMPOUNDS

The 2JCH coupling constants are influenced by a host of

factors, including bond angle, and the presence of

FIGURE 7 1JCH values for the C4 and C3 atoms in each analog compared to the average %s orbital on the carbon.

FIGURE 8 ESPs for the C3 and C4 atoms from each of the analogs shown in Figure 1.
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electronegative substitution neighboring vicinal carbon

atoms.25–29 This attribute has been broadly used in J-

based configurational analysis.25–29 Mainly applied for

sp3-hybridized carbon atoms, a set of Karplus-type

equations has been proposed, which also included elec-

tronic effects of substituted groups.30 In case of the

β-lactams described in the current study, the 2JCH cou-

plings with the C2 sp2-hybridized carbon represent a

special case that would require a more detailed analysis

that will not be addressed in the current study. As far

as the 2JCH couplings between H3 and C4 and between

H4 and C3, we should report that the observed values

in the range �5 to 0 Hz are consistent with Karplus-

type curves.31 The minor dependences of the 2JCH from

electronegativities on the adjacent atoms was consistent

with earlier observations29 and the dependences on ESP

found in the current study (see the supporting

information).

FIGURE 9 The Fermi contacts for the two types of protonated carbons. Note that CH2 (C3 for Types A and C4 for Type B) values are

much more tightly grouped than the CH (C4 for Type A and C3 for Type B). The unsubstituted compound is located at the cross of the two

substitution patterns.

FIGURE 10 The sum of the ESPs at the carbon and its hydrogens versus the DFT-calculated and experimentally measured for R = Me

(see Figure 1) 1JCH couplings. Values for methylenes are averaged. The two widely separated points for A-C4 and B-C3 represent cases where

an O atom intercedes the R-group and the ring. The R2 values do not include the experimental data.
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9 | CONCLUSIONS

β-lactams remain important pharmaceutical compounds

with antibiotic functions, and better understanding of

their properties is imperative. The J coupling trends can

be summarized as follows: the 1JCH coupling for C4 is

generally larger than that of C3; the magnitude of the
2JCH coupling between C2 and H3/H30 is always greater

than 2JCH between C4 and H3/H30; and the geminal cou-

pling of the C3 protons in Type A molecules is always

larger than that of C4 in Type B compounds. Analysis of

these disparities leads to some overarching conclusions.

While all three types of J couplings examined in this

work correlate very well to the Fermi contact, the Fermi

contact itself is determined by multiple factors, including

hybridization, electronegativity of substituents, and

stereoelectronic effects. The changes in the 1JCH cou-

plings are caused by the differences in the electronic

environment, as the trends correlate with the ESP and %s

orbital character. Alternatively, the 2JCH couplings do not

correlate with the ESP, but they mainly depend on tor-

sion angles and then from the electronegativity of adja-

cent groups and atoms. Future work will focus on

observing whether the trends observed for β-lactams are

consistent with other lactam-like groups, such as lactones

and thiolactams, and how those trends would be affected

by ring size.
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