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The strengths of hydrogen bonding interaction between formamide (FA) and thioformamide (TFA) were
investigated at the B3LYP level with the 6-311G(d,p), 6+&(d,p), and 6-311+G(2d,2p) basis sets. The

18 minimum energy structures of FA-FA, TFA-TFA, and TFA-FA dimers were examined. The average strength
of the OCN-H- - -O=C, SCN-H- - -S=C, OCN—H- - - S=C, and SCN-H- - -O=C hydrogen bonds at the
B3LYP/6-31H+G(2d,2p) level was—6.1 £+ 0.3, —5.0 £ 0.1, —4.8 £ 0.3, and—7.3 + 0.4 kcal/mol,
respectively, when the basis set superposition error (BSSE) was corrected. The results show that TFA is a
good hydrogen bond donor but a poor hydrogen bond acceptor as compared to FA. FortHe Q0O=C,

SC—H- - -S=C, OC—H- - - S=C, and SCG-H- - -O=C hydrogen bonds, the average strength has been predicted
tobe—2.2+0.3,—2.24+ 0.2,—1.0+ 0.3, and—3.1 + 0.3 kcal/mol, respectively. It is remarkable that the
thioformyl hydrogen atom of TFA has a strong hydrogen bonding ability as compared to that of FA. The
abilities of the hydrogen bond donor have a good correlation with the proton affinities of the deprotonated
anion.

1. Introduction hydrogen bonding abilities of thioacetamide withN-dial-
kylamides in a nonpolar Cgbolvent using near-IR, IR, NMR,
and quantum mechanical calculatidAsRecently, Alema
calculated the strength of amidéhioamide interactions, show-
ing that thioamide is a weak hydrogen bond acceptor but a strong
hydrogen bond donor as compared to amide, being explained
in terms of the electronegativifi.In contrast, it was reported
that the hydrogen bond acceptor ability of thioamide sulfur could
be surprisingly equal to or exceed that of amide oxyten.

In the present work, we select a simplest thioamide, thio-
formamide (TFA), as a proton donor or acceptor to elucidate
the hydrogen bonding strength of thioamide. The hydrogen
bonding interaction of TFA with TFA and formamide (FA) has
been thoroughly examined by using the density function theory
(DFT) with the three basis sets, 6-311G(d,p), 6-&l(d,p), and
6-311++G(2d,2p)t31* The chemical structure of TA and TFA
is given in Figure 1. The strength of the OEN- - -X=C,
SCN-H- - -X=C, OC-H- - -X=C, and SC-H- - -X=C hy-
drogen bonding interaction in FA-FA, TFA-TFA, and TFA-
FA dimers was estimated, where X represents an oxygen or
sulfur atom. The quantitative information on the hydrogen
bonding abilities of thioamide and amide would eventually shed
light on understanding the biochemical processes and also aid
to parametrize the molecular mechanic force fiélds.

The hydrogen bonding between peptide groups plays a cru-
cial role in determining the conformational stability and
binding affinity of peptide and protein structures. Because
of its importance, the characteristics of-M- - -O=C and
C—H- - -O=C hydrogen bonds have been extensively investi-
gated experimentally and theoreticaliy*. The results have
contributed to giving insights on understanding of the confor-
mational stability of protein structure.

Thioamide is formed by the replacement of the carbonyl
oxygen by sulfur in amide bond. This modification has been
thought to have an enhanced or reduced effect on the confor-
mational flexibility or binding affinity, depending on steric or
hydrogen bonding force:8 A number of studies have therefore
focused on the synthesis of the biologically important thioamide-
containing peptide®.The conformational properties of thio-
amide-containing peptide (thiopeptide) were also extensively
investigated 8 These studies led to the finding that the
hydrogen bonding interaction between thioamide and amide
would determine the conformational preference of thiopeptides.
However, the hydrogen bonding strength of thioamides was
scarcely investigatet12 Laurence et al. have reported an
experimental result that the hydrogen bonding formation
constants of several thioamides with 4-fluorophenol are smaller
than that of corresponding ami@®©ur group investigated the o Computational Methods
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Figure 1. Chemical structures for model compounds, FA and TFA.
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Figure 2. B3LYP/6-31H+G(2d,2p)-optimized structures for FA and
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The3, 4, 8and9, 14—17 have one N-H- - -O(S=C hydrogen
bond. The dimers$, 10, and 18 have two C-H- - -O(SF=C
hydrogen bonds.

When FA and TFA form the hydrogen-bonded dimers, the
length of C=0O(S) and N-H bonds increases and that of-®
bond decreases by about 0.02 A, respectively (Table S1). The
change of G-H bond length is negligibly small. The detailed
analysis is the following.

FA-FA Dimers.The optimized intermolecular parameters of
FA-FA dimers 1-5 were calculated with the 6-311G(d,p),
6-31+G(d,p), and 6-31%+G(2d,2p) basis sets and listed in
Table 1. The distance of H- - -O and N- - -O show similar values
regardless of the basis sets. The distances of H---O, N--O,
and C- - -O bonds fot—5 are slightly longer by about 0.03 A
than those of the reported MP2/aug-cc-pVDZ-optimized
geometrie€2 Our DFT results are consistent with the available
X-ray crystallographic data that the mean—N---O0=C

TFA. The atomic charges for the oxygen, sulfur, and hydrogen atoms hydrogen bond length is 2.0& 0.04 A7 At the B3LYP/6-

are included in parentheses.

The proton affinity (PA) of a base B is defined as the negative
value of the enthalpy change for the B(g)H"(g) — BH(g)
reaction. The absolute PA value was calculated by the following
equationt’

PA(B) = —AE°,,.— AZPE+ AE,(T) + °,RT (1)

elec

311++G(2d,2p) level, the lengths of the-NH- - -O=C hy-

drogen bond foldl—4 are found in the range 1.82.01 A and
of the C—H- - -O=C hydrogen bonds fa2 and5 are 2.33 and
2.42 A, respectively (see Figure 3).

TFA-TFA Dimers.The intermolecular parameters of TFA-
TFA dimers 6—10 are listed in Table 1. The length of the
N—H- - -S hydrogen bond is similar for three basis sets.
The optimized structures at the B3LYP/6-31-£G(2d,2p) level

AE%ecrepresents the difference between the electronic energies(see Figure 4) reveals that the SEN---S=C hydrogen

of the products and the reactants at ZPE is the difference
in the zero-point energies of BHand B,AE,i,(T) accounts for
the change in the population of vibrational levels at a temper-

bond lengths o6—9 are in the range from 2.42 to 2.47 A
and the SE&H- - -S=C bond distances of and 10 are 2.72
and 2.81 A, respectively. The lengths of the SEMl - - S=C

atureT, and the last term incorporates the classical correction and SC-H- - - S=C bonds are longer than those of the OEN

for translation {/,RT per degree of freedom), rotatioW-RT

H---0=C and OC-H---O=C bonds, implying that the

per degree of freedom), and the conversion factor of energy to hydrogen bonding strength of TFA dimers would be weaker

enthalpy AnRT). Similarly, the PA of an anion Ais defined
as the enthalpy associated with the reaction AH{gA—(g) +
H*(g) reactior®2 The PA values were calculated at the B3LYP/
6-31G(d) level of theory!314

3. Results and Discussion

3.1. Molecular Geometries of the Monomers and the
Hydrogen-Bonded Dimers. The B3LYP/6-31#+G(2d,2p)-
optimized structures of FA and TFA monomers are displayed

in Figure 2. As a sulfur atom replaces the carbonyl oxygen atom,

the C-S bond of TFA is longer than the-60 bond of FA,
and the C-N bond of TFA is shorter than that of F&.This
structural difference may be responsible for a restriction of
conformational preferences in thioamide-containing pepfides.

As expected, the atomic charge of oxygerD(47) of FA is
more negative than that of the sulfur atomQ(41) of TFA,
indicating that TFA is a weaker hydrogen bond acceptor than
FA.211 The amide hydrogen atoms of FA-0.16 or+0.18)
and TFA (+0.17) have similar positive charges, which would
indicate no different ability of FA and TFA. The thioformyl
hydrogen §-0.10) of TFA shows slightly more positive charge
than the formyl hydrogen#0.06) atom of FA (see Figure 2).
This implies that the thioformyl hydrogen of TFA might be a
good hydrogen bond donor, which is discussed in the following
sections.

The resulting 18 minimum energy structures of FA-FA,
TFA-FA, and TFA-FA dimers at the B3LYP/6-33+G(2d,2p)
level are displayed in Figures-3. The dimerd, 6, and7 have
two N—H- - -O=C (or N—H- - - S=C) hydrogen bonds with a
head-to-tail cyclic structure. Th2, 7, 12, and 13 have one
N—H- - -O(S=C and one GH---O(S>=C hydrogen bond.

than those of FA dimers. To our best knowledge, the calculation
of TFA dimers is the first report.

TFA-FA Dimers The intermolecular parameters for TFA-
FA dimers 11-18 are listed in Table 2 and the structures
optimized at the B3LYP/6-3Ht+G(2d,2p) level are dis-
played in Figure 5. The OCNH- - -S=C hydrogen bond length
of 14 and 16 are 2.55 and 2.52 A, respectively, which is
longer than the OCNH- - -O=C bond length of3 and4 (in
Figure 3) by about 0.5 A. Tran et al. reported that the aver-
age OCN-H- - -S=C hydrogen bond distance is 2.320.06
A and the average OCNH- - -S=C angle is 169+ 8°, which
agree excellently with our dafaFor 15 and 17, the hydrogen
bond lengths of the SCNH- - -O=C interaction are 1.95 and
1.94 A, respectively, which are shorter than those of the SCN
H- - -S=C for 8 and 9 (in Figure 4) by about 0.5 A. These
suggest that the carbonyl oxygen of FA would be a better
hydrogen bond acceptor than the sulfur of TFA as previous
reports?1! The length of the SCNH- - -6C hydrogen bond
of 17is shorter than that of the OCNH- - =€C of 4, implying
a good hydrogen bond donating ability of TFA relative to that
of FA

The SC-H- - -O=C hydrogen bond length df2 and18 are
2.19 and 2.25 A, respectively. The ©@- - -O=C bond lengths
are 2.33 and 2.41 A fo2 and5, respectively (see Figure 3).
The result indicates that the thioformyl hydrogen atom of TFA
would be a good hydrogen bond donor as compared to that of
FA. This will be fully discussed in a following section in detail.

3.2. Hydrogen Bonding Abilities of Amide and Thioamide.
The association energies without and with correcting the BSSE
for 1-18 are listed in Table 3. We analyzed the hydrogen
bonding abilities of thioamide and amide as a proton donor or
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TABLE 1: Structural Parameters for the Hydrogen Bonds in Dimers 1-10
OCN—H- - -O=C bond OC-H- - -O=C bond

H---0 N---O N—H----O H----0 N---O G-H---0
1
6-311G(d,p) 1.872 2.893 172.4
6-31+G(d,p) 1.875 2.898 172.3
6-311++G(2d,2p) 1.873 2.892 172.6
ref 2[a] 1.836 2.863 174.2
2
6-311G(d,p) 1.906 2.911 166.4 2.284 3.223 141.8
6-31+G(d,p) 1.906 2.916 167.1 2.317 3.246 140.7
6-311++G(2d,2p) 1.908 2.915 167.8 2.329 3.260 141.3
ref 2[a] 1.876 2.891 168.8 2.274 3.231 143.6
3
6-311G(d,p) 1.990 2.960 158.2
6-31-+G(d,p) 2.004 2.974 158.0
6-311++G(2d,2p) 2.005 2.980 160.1
ref 2[a] 1.976 2.939 156.0
4
6-311G(d,p) 1.957 2.948 164.1
6-31+G(d,p) 1.977 2.993 176.1
6-311++G(2d,2p) 1.984 2.995 175.1
Aug-cc-pVDZ 1.940 2.929 162.7
5
6-311G(d,p) 2.377 3.281 138.0
6-31+G(d,p) 2.400 3.304 138.1
6-311H+G(2d,2p) 2.421 3.323 138.3
ref 2[a] 2.355 3.301 142.3

SCN-H- - -S=C bond SCG-H- - -S=C bond

H---S N---S H---S=C H---S N---S G-H---S
6
6-311G(d,p) 2.424 3.445 173.7
6-31+G(d,p) 2.426 3.448 173.6
6-311++G(2d,2p) 2.417 3.435 173.2
7
6-311G(d,p) 2.440 3.463 179.9 2.716 3.756 158.9
6-31+G(d,p) 2.447 3.472 179.4 2.725 3.766 158.6
6-311++G(2d,2p) 2.433 3.454 178.9 2.722 3.761 159.2
8
6-311G(d,p) 2.495 3.448 155.1
6-31+G(d,p) 2.501 3.459 155.9
6-311++G(2d,2p) 2.488 3.455 158.4
9
6-311G(d,p) 2.468 3.431 157.5
6-31+G(d,p) 2.482 3.479 165.3
6-311++G(2d,2p) 2.470 3.463 165.5
10
6-311G(d,p) 2.816 3.857 159.2
6-31+G(d,p) 2.821 3.861 158.8
6-311++G(2d,2p) 2.808 3.844 159.0

acceptor and summarized the average hydrogen bond strengthffom the E,ss values of 3 and 4. The average values of the

of TFA and FA in Table 4. OCN—H- - -O=C strength are-6.0 + 0.3, —6.3 &+ 0.3, and
FA-FA Dimers For the most stable cyclic dimet, the —6.1 4+ 0.3 kcal/mol with the 6-311G(d,p), 6-315(d,p), and

association energy i515.95,—13.62, and-13.12 kcal/mol at 6-311++G(2d,2p) basis sets, respectively, as shown in Table

the B3LYP level with the 6-311G(d,p), 6-315(d,p), and 4. The OC-H- - -O=C hydrogen bond strength was calculated

6-311++G(2d,2p) basis sets, respectively. The BSSE-corrected from the Eassvalue of dimers2 and5. The mean value of the

association energyE{sd for 1 has been calculated asl2.56, H- - -O=C hydrogen bond strength +s1.9+ 0.3,—2.44+ 0.3,

—13.18, and—12.82 kcal/mol with the 6-311G(d,p), 6-3G- and —2.2 + 0.3 kcal/mol for the 6-311G(d,p), 6-31G5(d,p),

(d,p), and 6-31%+G(2d,2p) basis sets, respectively. The and 6-31#+G(2d,2p) basis sets, respectively. The average

contribution of the BSSE to the association energies calculatedvalues of the OCNH- - -O=C and OC-H- - -O=C strength

with the 6-31#G(d,p) and 6-311+G(2d,2p) basis sets is very  are usually smaller than those estimated at the MP2/CBS level,

little. The Eassvalue of1 is lower than the one calculated using —7.1 4 0.2 kcal/mol and-2.6 & 0.3 kcal/mol, respectivel§?

the MP2 method at the complete basis set (CBS) limit which However, the difference is less than 1 kcal/mol, suggesting that

currently provide a best estimate of hydrogen bond enefgies. the DFT calculation could be a suitable method to predict the

The underestimating effect of the DFT method also holds for hydrogen bond strength with a reasonable accutacy.

2—5 (see Table 1§2 The DFT method yields systematically a TFA-TFA DimersThe association energies with and without

low association energy on average by 1.3 kcal/mol. correcting the BSSE are very close for the three basis sets. Using
The strength of one OCNH- - - O=C hydrogen bond could  the data of6, 8, and 9, the strength of a SCNH- - -S=C

be estimated by dividing thEassvalue of1 by 2, and directly hydrogen bond was calculated by the same procedure used for
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Figure 3. B3LYP/6-31H-+G(2d,2p)-optimized structures for FA-FA dimets5. The hydrogen bond distances (in A) and angles (in degree) are
displayed.
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Figure 4. B3LYP/6-31H-+G(2d,2p)-optimized structures for TFA-TFA dimess 10. The hydrogen bond distances (in A) and angles (in degree)
are displayed.

FA dimers. The average hydrogen bond strength5<0+ 0.3, TFA-FA Dimers. The strength of an OCNH---S=C
—5.2 4+ 0.2, and—5.0 &+ 0.1 kcal/mol with the 6-311G(d,p), hydrogen bond was calculated usiby 14,and16. The mean
6-31+G(d,p), and 6-311+G(2d,2p) basis sets, respectively (see strength of the OCNH- - -S=C bond is found in the range
Table 4). This demonstrates that the replacement of the carbonyl—3.8 to —4.8 kcal/mol depending on the basis sets. At the
oxygen of FA by sulfur atom results in reducing the hydrogen B3LYP/6-31+G(d,p) level, the energy difference between the
bonding ability by about-1.0 kcal/mol. OCN—H- - -O=C and OCN-H- - - S=C interactions is about
The mean strength of a S&i- - -S=C interaction, calculated 1.6 kcal/mol. This shows that the thiocarbonyl group=( of
by using the data of and10, is about—2.2 kcal/mol, regardless ~ TFA has the poor hydrogen bond accepting ability relative to
of the basis sets. It is surprising that the strengths of the SC the carbonyl group (&C) of FA, which was consistent with
H- - -S=C and OC-H- - -O=C bonds are very similar (see the results of the atomic charg€s® This also holds for the
Table 4). This indicates that the thioformyl hydrogen atom of SCN-H- - -S=C in TFA-TFA dimers and the SCNH- - -O=
TFA is a good hydrogen bond donor as compared to that of C interaction in TFA-FA dimers (see Table 3).
FA, which is supported by the recent work of Borrmann et al.  The strength of a SCNH- - -O=C hydrogen bond could

They reported the crystal and liquid structureNyN-dimeth- be calculated from the data dfl, 15 and 17. The mean
ylthioformamide(DMTF) andN,N-dimethylformamide (DMF), strength of the SCNH- - -O=C interaction is in the range from
and suggested that the hydrogen bonding ability fetH= - -S —7.2 t0—7.9 kcal/mol depending on the basis sets. Note that

would be stronger than that for-GH- - -O bonds2° the SCN-H---O=C hydrogen bond is stronger than the
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TABLE 2: Structural Parameters for the Hydrogen Bonds in Dimers 11—18
OCN—H- - -S=C bond SCN-H- - -O=C bond OCN-H- - -S=C bond SCN-H- - -O=C bond
H---S N---S H--$C H---O N---O H--O=C H---S C---S GH---S H---O C---O GH---O0

11
6-311G(d,p) 2457 3.474 172.5 1.831 2.857 175.3
6-31+G(d,p) 2443 3464 1731  1.844 2872 1758
6-311++G(2d,2p) 2.433  3.450 173.5 1.842 2.865 175.5
12
6-311G(d,p) 2.491 3.493 167.2 2.145 3.199 161.3
6-31+G(d,p) 2481 3.488  167.8 2174 3223  159.8
6-311++G(2d,2p) 2.463  3.469 168.8 2.186 3.232 160.3
13
6-311G(d,p) 1.847 2.874 178.7 2.900 3.779 136.8
6-31-+G(d,p) 1.864 2893 1783  2.867 3.761  138.2
6-311++G(2d,2p) 1.867 2.891 178.9 2.866 3.765 139.0
14
6-311G(d,p) 2571 3.495  150.7
6-31+G(d,p) 2568 3.498  151.4
6-311++G(2d,2p) 2.548 3.488 153.6
15
6-311G(d,p) 1.922 2912  162.3
6-31+G(d,p) 1.948 2957  169.9
6-311++G(2d,2p) 1.951 2.955 169.0
16
6-311G(d,p) 2546 3.487  154.0
6-31+G(d,p) 2530 3517  163.7
6-311++G(2d,2p) 2517 3.499  163.2
17 1.900 2.907 168.5
6-311G(d,p) 1.935 2954  177.0
6-31+G(d,p) 1.940 2.955  176.4
6-311++G(2d,2p)
18
6-311G(d,p) 3114 3.944 1325 2195 3244 1603
6-31+G(d,p) 3.031 3.898 135.7 2.237 3.278 158.4
6-311++G(2d,2p) 3.001 3.887 137.0 2.252  3.300 158.7
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Figure 5. B3LYP/6-31H-+G(2d,2p)-optimized structures for TFA-FA or FA-TFA dimérs—18. The hydrogen bond distances (in A) and angles
(in degree) are displayed.

OCNH- - -O=C interaction. At the B3LYP/6-3tG(d,p) level, 1.2 kcal/mol. The results indicate that TFA is the good hydrogen
the energy difference between the SEN - -O=C and the bond donor compared to FA.

OCN—H- - -O=C bonds is about 1.9 kcal/mol. Remarkably, Our results are consistent with a recent work of Alenoa

the B3LYP/6-31-G(d,p) and B3LYP/6-311+G(2d,2p) cal- the amide-amide and amidethioamide interactions using
culations predict the strength of the SEN---S=C and model compoundsN-methylacetamide (NMA) andN-meth-
OCN—H- - -S=C hydrogen bonds to be similar. As shown in ylthioacetamide (NMTA).! At the MP2/6-311G(d,p)//MP2/6-
Table 4, the energy difference between two hydrogen bonds at31G(d) level of theory, the BSSE-corrected association energy
the two levels of theory is in the range 6:2.5 kcal/mol. The of OCN—H---0=C in NMA-NMA, SCN—H---O=C in
B3LYP/6-311G(d,p) calculation predicts the more favorable NMTA-NMA, and OCN—H- - -S=C in NMA-NMTA is —6.6
SCN-H- - -S=C bond than the OCNH- - -S=C bond by about kcal/mol, —7.4 kcal/mol, and—4.6 kcal/mol, respectively,
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TABLE 3: Electronic Association Energies (kcal/mol) for the Formation of FA and TFA Dimers as a Function of Basis Sets

B3LYP/6-311G(d,p) B3LYP/6-3tG(d,p) B3LYP/6-31%#+G(2d,2p) MP2/aug-cc-pVDT
w/o BSSE w/BSSE w/0BSSE w/BSSE w/o BSSE w/BSSE w/o BSSE w/BSSE
FA-FA Dimers
1 —15.95 —12.56 —13.62 —13.18 —13.12 —12.82 —15.80 —14.68
2 —10.87 —8.01 —9.03 —8.75 —8.55 —8.31 —-10.81 —9.01
3 —8.63 —6.04 —6.46 —6.15 —6.09 —5.89 —8.63 —6.22
4 —-7.72 —-5.69 —6.42 —6.15 —6.04 —5.87 —7.66 =5.77
5 —5.63 -3.35 —4.28 —4.09 —3.96 —-3.79 -5.97 —4.61
TFA-TFA Dimers
6 —10.39 -9.77 -10.12 —9.96 —-10.01 —-9.77
7 —7.64 —7.16 —-7.52 —7.42 —-7.41 —-7.13
8 —6.25 —5.08 —5.46 —5.24 —5.26 —-5.04
9 —5.76 —4.99 —5.36 —5.26 —5.26 —5.09
10 —4.36 —4.07 —4.41 —4.37 —4.33 —4.95
TFA-FA Dimers
11 —13.56 —11.54 —-12.17 —-11.84 —11.86 —-12.11
12 -9.21 -7.39 —8.06 —-7.91 —7.86 —8.09
13 —10.26 —8.64 —9.07 —8.75 —8.65 —8.38
14 —6.44 —4.07 —5.34 —5.05 -5.12 —4.92
15 -9.11 —7.71 -7.11 —6.84 —6.70 —6.92
16 —5.04 —-3.22 —4.58 —4.29 —4.52 —4.34
17 —8.99 -7.91 —7.40 —7.30 —6.95 —7.20
18 —5.55 —4.18 —4.59 —4.47 —4.37 —4.15
aRef 2.

TABLE 4: The Average Hydrogen Bond Strengths for Formamide and Thioformamide Calculated on the Basis of the Dimers
1-18

6-311G(d,p) 6-31G(d,p) 6-311+G(2d,2p)

w/o BSSE W/BSSE w/o BSSE W/BSSE w/o BSSE W/BSSE
OCN-H- - -0=C -8.1+05 6.0+ 0.3 —6.6+£0.2 —-6.3+£0.3 6.2+ 0.3 —-6.1+0.3
SCN-H- - -S=C 57403 ~5.0+0.1 —5.34£0.2 —5.24+0.2 —5.24+0.2 —5.0+0.1
OCN-H- - -S=C ~5.1+0.9 —-3.8+05 ~4.9+0.3 —4.7+0.4 ~4.9+0.3 ~4.8+0.3
SCN-H- - -0=C 8.4+ 0.9 ~7.94+0.4 72403 ~7.1+0.4 —-6.9+0.3 ~7.3+£04
OC—H---0=C —2.840.4 -1.940.3 —2.440.2 —2.4+0.3 —2.2403 —2.2403
SC—H- --S=C —2.0+05 —2.2+0.1 —2.240.2 —2.2+0.1 —2.2+0.1 —2.240.2
OC—H- --S=C ~1.6+0.9 0.7+ 0.4 ~1.7+0.4 ~1.5+0.4 ~1.6+0.3 -1.0+£0.3
SC-H- - -0=C —4.0£0.9 3.5+ 05 2.9+ 0.4 3.0+ 0.4 —2.8+0.3 ~3.1+0.3

showing that thioamide has a stronger hydrogen-bond donating

ability but a weaker accepting ability than amide. 199
The OC-H- - -S=C hydrogen bond strength is calculated

using the data oft3 and 18 The mean hydrogen bonding

strength is—1.5 & 0.4 kcal/mol at the B3LYP/6-3£G(d,p) 377

level, which is comparable to the strength of an-&& - -O=

C hydrogen bond,—2.4 £+ 0.3 kcal/mol. In contrast, the

hydrogen bonding strength of a SE- - -O=C interaction,

calculated from the data df2 and 18, is high as—3.0 + 0.4 414

kcal/mol at the B3LYP/6-3+G(d,p) level. The results clearly

demonstrate that the thioformyl hydrogen atom of TFA is a good

352
hydrogen bond donor relative to that of PAThis is also true . . 373 . .

for the SG-H- - -S=C and OCG-H- - -S=C hydrogen bonding Formamide Thioformamide
interactions (see Table 4). Figure 6. Proton affinities calculated at the B3LYP/6-31G(d) level

3.3. Relationship between Proton Affinities and the  for all sites of FA and TFA.

Hydrogen Bond Strengths.Hydrogen bonding ability relates

to the basicity of the acceptor and the acidity of the donor. The O-site of FA, we noticed, TFA could form the weaker hydrogen
acceptor basicity could be predicted by the proton affinity bonds than FA. Thus, the strengths of-N---S=C (or
(PA).1*21We calculated the PA value of the carbonyl oxygen C—H---S=C) and N-H- - -O=C (or C—H- - -O=C) hydrogen
(O-site) in FA and the thiocarbonyl sulfur (S-site) in TFA at bonding interaction is not directly correlated with the PA values
the B3LYP/6-31G(d) level. Figure 6 displays the calculated PA of FA and TFA.

value of O-site in FA and of S-site in TFA. The PA value of The acidity of the hydrogen bond donors has been estimated
FA and TFA is 199 and 203 kcal/mol, respectively. This by calculating the PA value of the deprotonated conjugate anions
indicates that the formation of the protonated TFA is more for FA and for TFA32 The six anions of the deprotonated FA
favorable than that of protonated FAZ2Recently, Ghanty and  and TFA were examined as displayed in Figure 6. For the two
Ghosh explained this preferable protonation at the sulfur atom N—H groups, the PA values of the FA anions are 377 and 373
of TFA through the calculated Fukui reactivity indic®s. kcal/mol while those of the TFA anions are 358 and 352 kcal/
Although the S-site of TFA has a stronger basicity than the mol, at the B3LYP/6-31G(d) level. For the-& group, the
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Figure 7. A plot of the PA values of TFA and FA anions versus the
average strengths of hydrogen bonds at the B3LYP/6+31G(2d,2p)
level.

respective PA value of the FA and TFA anions is 414 and 394
kcal/mol. Here the PA values of FA and TFA anions versus
the hydrogen bond strengths of the—N---O(S=C and
C—H---O(S=C have been plotted as shown in Figure 7,
showing a remarkable linear correlation. In particular, the N(C)
H- - -O=C hydrogen bond shows a good linearity. Vargas et
al. also noticed the relation between the hydrogen bond strength
and the experimental (or theoretical) proton affinifi@ghus,

we suggest that the PA values of the deprotonated TFA and

FA anions would be a benchmark for their abilities as hydrogen
bond donors.

4, Conclusion

We obtained the hydrogen bonding strengths of TFA and
FA as a hydrogen bond donor or acceptor using the DFT
method with the 6-311G(d,p), 6-31G5(d,p), and 6-31++G-

Lee et al.
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