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It is shown that measurements of the *H chemical shifts of amide
N—-H protons in chloroform and in DMSO solvents are sufficient to
determine the extent of hydrogen bonding of the N—H protons in a
variety of compounds containing the amide group. Two recent
examples are presented from protein and structural chemistry.

Over the years, we have constructed a data base of properties, or
‘descriptors’ of compounds as solutes, using physicochemical
properties of the solutes such as water-solvent partitions,
solubilities, and gas- and liquid-chromatographic retention
data. The general procedure has been extensively reviewed,"
and is widely used, especially as the data base is available
both commercially® and in the public domain.” The set of
descriptors for solutes can then be used to correlate and estimate
other physicochemical properties,®® environmental properties'®
and biochemical properties,'* ® and has been applied to general
structural chemistry.'” One of the descriptors thus determined is
the solute hydrogen bond acidity, A."'® This parameter is a
quantitative indicator as to how well an N-H group (or an O-H
group) can hydrogen bond to an external hydrogen bond base.
A-Values for some N-H groups are given in Table 1.%” If 4 is zero
or nearly zero, then the N-H group must be taking part in a
strong internal hydrogen bond and therefore the group has no
ability to hydrogen bond to an external base because it is itself
already hydrogen bonded. If A is above about 0.20, then the N-H
group is free to form a hydrogen bond with an external base,
and is itself not part of a hydrogen bond. The A-value of an N-H
(and also an O-H and an S-H group) is thus an indicator of the
hydrogen bond state of the N-H group.

We have also carried out studies on NMR shifts in chloro-
form and DMSO solvents, !
quantitative connection between the difference in chemical

and have shown?? that there is a
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Table 1 Values of the descriptor A, and estimates of internal hydrogen
bond formation of N-H groups

Compound A Assessment
N-Methylacetamide 0.40 No hydrogen bond
N-Ethylacetamide 0.37 No hydrogen bond
Compound 2C 0.27 No hydrogen bond
N-tert-Butylacrylamide 0.25 No hydrogen bond
Compound 2B 0.21 No hydrogen bond
Compound 2A 0.06 Strong hydrogen bond
2-Nitroacetanilide 0.00 Strong hydrogen bond
2-Nitro-N-methylaniline 0.00 Strong hydrogen bond

shifts, JA, eqn (1), and values of A for N-H, O-H and S-H
compounds, eqn (2).

A = 5(DMSO) — 5(CDCl,) (1)
A =0.0065 + 0.133 5A ()

We subsequently applied eqn (2) to the assessment of hydrogen
bonding in a number of different systems.>*>> The usefulness
of eqn (1) and (2) is that measurement of N-H NMR shifts in
chloroform and DMSO is sufficient to determine A and thus to
estimate the extent of hydrogen bonding. We give two examples
of the use of this method in protein and structural chemistry.

Ever since Mirsky and Pauling®® suggested that hydrogen
bonding between amide N-H and O—C groups was an essential
feature of the structure of proteins, there has been continued
interest in the assessment of hydrogen bonding involving amide
N-H groups. Numerous hydrogen bond motifs have been identi-
fied in peptides.””*® Quite recently, Newberry and Raines® have
made a notable contribution by identifying a particular hydrogen
bond motif consisting of an amide N-H hydrogen bonded to
an amide O—C group in a five-membered ring, known as ‘C5’
geometry, see Fig. 1. They used a combination of computational
analysis and infrared spectroscopy to study hydrogen bonding in
three model compounds (Fig. 2), viz.: two derivatives of diethyl-
glycine: AcDegNHMe, (2A), and AcDegOMe, (2B), and 3-acetamido-
3-methylpentane (2C). Newberry and Raines® showed that
hydrogen bonding in the three model compounds increased
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Fig. 1 The C5 configuration of N—H-.-O=C hydrogen bonding.

in the order 2C < 2B < 2A. Since compound 2A contains the C5
moiety, this is good evidence for the new hydrogen bond motif, C5.

Newberry and Raines® also measured the chemical shifts
of the N-H proton in compounds 24, 2B and 2C in CDCl; and
DMSO solvents, and gave the differences, J0A, eqn (1), for the
three model compounds. They showed that there was a connec-
tion between values of JA for the three model compounds and
the experimental infrared shifts of the N-H groups, but did not
take this any further.

We can calculate A for the three compounds of Fig. 2 from
the experimental NMR shifts,>® using eqn (2), as shown in
Table 1. Then just from the chemical shifts alone we can
deduce that there is a strong hydrogen bond in compound
2A, a weak hydrogen bond in compound 2B, and no hydrogen
bond in compound 2C. This in itself is enough to deduce that
the C5 motif contains a strong N-H hydrogen bond.

We suggest that the determination of "H NMR chemical
shifts in chloroform and in DMSO of N-H protons in protein
model compounds is a useful additional method for the
assessment of hydrogen bonding through eqn (1) and (2).
One caveat is that the N-H proton should not undergo
exchange on the NMR time scale. However, Skinner et al.°
have shown that N-H protons that are hydrogen bonded do not
normally exchange on the NMR time scale.

Although assessment of N-H hydrogen bonding in protein
model compounds is of exceptional interest, there are many
other areas where our simple NMR method can be applied.
Shalaeva et al*' have used a procedure based on the deter-
mination of water-solvent partition coefficients to investigate
N-H hydrogen bonding in a series of compounds (Fig. 3). The
experimental work is considerable, as it requires the determi-
nation of water-octanol and water-toluene partitions for a test
molecule and a control molecule. That is four separate partition
measurements are needed. Shalaeva et al*' also determined
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Fig. 3 Compounds 3-1 to 3-10 studied by Shalaeva et al.>

values of 0A in eqn (2) for several compounds, but did not make
any use of these measurements in assignment of hydrogen
bonding. We used the JA values to deduce the strength of the
N-H hydrogen bond in compounds 1-10, as shown in Table 2.
Compounds 3-1 to 3-5 possess strong internal hydrogen bonds,
through traditional six-membered ring systems. Compound 3-6
has only a weak internal hydrogen bond, in a less-favored
seven-membered ring system, and compounds 3-7 to 3-10
as expected from their structure have no internal hydrogen
bond at all.

The NMR chemical shift procedure is therefore a much
more convenient and definitive method than using partition
coefficients, and we suggest that it could be a general method
for the assessment of hydrogen bonding by N-H groups.
However, we point out that use of the A-descriptor is an even
more general method for the assessment of hydrogen bonding.
For example, the A-descriptor for 2-nitro-N-methylaniline (Table 1)
shows unambiguously that the N-H group takes part in a very
strong internal hydrogen bond.

We show that technically quite simple measurements of
"H chemical shifts of amide N-H protons in chloroform and in
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Fig. 2 Model compounds for the C5 configuration of N—H---O—C hydrogen bonding.
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Table 2 NH chemical shifts, 8, in DMSO and chloroform,® their differences,
JA(DMSO — CDCls), and deduced A values for NH groups in compounds 3-1
to 3-10%22

Compound DMSO CDCl, O0A(NH) A IntraHB
3-1 8.52 8.69 —-0.17 —0.02 Strong
3-2 10.60 10.78 —-0.18 —0.02 Strong
3-3 7.53 7.64 —-0.11 —0.01 Strong
3-4 10.51 10.37 0.14 0.03 Strong
3-5 10.56 10.44 0.12 0.02 Strong
3-6 4.83 3.90 0.93 0.13 Weak
3-7 8.38 6.06 2.32 0.32 None
3-8 5.03 3.68 1.35 0.19 None
3-9 8.25 6.01 2.24 0.30 None
3-10 4.45 3.30 1.15 0.16 None

DMSO solvents lead to the determination of the hydrogen bond
acidity of the N-H group, A. These A-values lead directly to
an quantitative assessment of the hydrogen bonding ability of
the N-H group.

References

1 M. H. Abraham, Chem. Soc. Rev., 1993, 22, 73-83.

2 M. H. Abraham, A. Ibrahim and A. M. Zissimos,
J. Chromatogr. A, 2004, 1037, 29-47.

3 C. F. Poole, S. N. Atapattu, S. K. Poole and A. K. Bell, Anal.
Chim. Acta, 2009, 652, 32-53.

4 C. F. Poole, T. C. Ariyasena and N. Lenca, J. Chromatogr. A,
2013, 1317, 85-104.

5 E. D. Clarke and L. Mallon, The Determination of Abraham
descriptors and their Application to Crop Protection
Research, in Modern Methods in Crop Protection Research,
ed. P. Jeschke, W. Kriamer, U. Schirmer and M. Witschel,
Wiley-VCH Verlag GmbH & Co., 2012.

6 Absolv. ACD Advanced Chemistry Development, 110 Yonge
Street, 14th Floor, Toronto, Ontario, M5C 1T4, Canada.

7 UFZ-LSER. Data base https://www.ufz.de/index.php?en=31698.

8 M. H. Abraham, R. E. Smith, R. Luchtefeld, A. J. Boorem,
R. Luo and W. E. Acree, Jr, J. Pharm. Sci., 2010, 99, 1500-1515.

9 W.E. Acree, Jr, M. Barrera and M. H. Abraham, J. Chem. Eng.
Data, 2017, 62, 578-583.

10 S. Endo and K.-U. Goss, Environ. Sci. Technol., 2014, 48,
12477-12491.

6066 | New J. Chem., 2017, 41, 6064-6066

View Article Online

Letter

11 M. H. Abraham, A. Ibrahim, Y. Zhao and W. E. Acree, Jr.,
J. Pharm. Sci., 2006, 95, 2091-2100.

12 M. H. Abraham, J. M. R. Gola, A. Ibrahim, W. E. Acree, Jr.
and X. Liu, Chemosphere, 2015, 120, 188-191.

13 M. H. Abraham, J. M. R. Gola, A. Ibrahim, W. E. Acree, Jr.
and X. Liu, Pest Manage. Sci., 2014, 70, 1130-1137.

14 M. H. Abraham, J. Pharm. Sci., 2011, 100, 1690-1701.

15 K. Zhang, M. Chen, G. K. E. Scriba, M. H. Abraham, A. Fahr
and X. Lui, J. Pharm. Sci., 2012, 101, 2034-2044.

16 M. H. Abraham, J. Pharm. Sci., 2014, 103, 1956-1966.

17 M. A. Varfolomeeyv, I. T. Rakipov, W. E. Acree, Jr., M. Brumfield
and M. H. Abraham, Thermochim. Acta, 2014, 594, 68-79.

18 M. H. Abraham, G. S. Whiting, R. M. Doherty and W. J. Shuely,
J. Chromatogr., 1991, 587, 213-228.

19 R.]. Abraham, J. J. Byrne, L. Griffiths and M. Perez, Magn.
Reson. Chem., 2006, 44, 491-509.

20 R. J. Abraham, L. Griffiths and M. Perez, Magn. Reson.
Chem., 2013, 51, 143-155.

21 R. J. Abraham, L. Griffiths and M. Perez, Magn. Reson.
Chem., 2014, 52, 395-408.

22 M. H. Abraham, R. J. Abraham, J. Byrne and J. L. Griffiths,
J. Org. Chem., 2006, 71, 3389-3394.

23 M. H. Abraham, R. J. Abraham, W. E. Acree, Jr., A. E. Aliev,
A. J. Leo and W. L. Whaley, J. Org. Chem., 2014, 79,
11075-11083.

24 M. H. Abraham, W. E. Acree, Jr, C. E. Earp, A. Vladimirova
and W. L. Whaley, J. Mol. Lig., 2015, 208, 363-373.

25 W. L. Whaley, E. M. Okoso-amaa, C. L. Womack, A. Vladimirova,
L. B. Rogers, M. J. Risher and M. H. Abraham, Nat. Prod.
Commun., 2013, 8, 85-98.

26 A. E. Mirsky and L. Pauling, Proc. Natl. Acad. Sci. U. S. A.,
1936, 22, 439-447.

27 W. Kabsch and S. Sander, Biopolymers, 1983, 22, 2577-2637.

28 K. A. Dill, Biochemistry, 1990, 29, 7133-7155.

29 R. W. Newberry and R. T. Raines, Nat. Chem. Biol., 2006, 12,
1084-1089.

30 J. J. Skinner, W. K. Lim, S. Bedard, B. E. Black and
S. W. Englander, Protein Sci., 2012, 21, 996-1005.

31 M. Shalaeva, G. Caron, Y. A. Abramov, T. N. O’Connell,
M. S. Plummer, G. Yalamanchi, K. A. Farley, G. H. Goetz,
L. Philippe and M. ]. Shapiro, J. Med. Chem., 2013, 56,
4870-4879.

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2017


http://https://www.ufz.de/index.phpen=31698
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7nj01044c



