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Abstract: Although the existence of €-H---O=C hydrogen bonds in protein structures recently has been
established, little is known about their strength and, therefore, the relative importance of these interactions.
We have discovered that similar interactions occuNjN-dimethylformamide dimers. High level ab initio
calculations (MP2/aug-cc-pTZV) yield electronic association ener@gsand association enthalpieAki299)
for four dimer geometries. These data provide a lower limibgf= —2.1 kcal mof? for the G*—H---0O=C
hydrogen bond. A linear correlation betweerg---O bond energies and gas-phase proton affinities is reported.
The gas-phase anion proton affinity of a peptide-€l hydrogen was calculated (355 kcal myland used
to estimate values dde = —4.0 £ 0.5 kcal mof!* andAH?°8 = —3.04 0.5 kcal mot™? for the C*—H---O=C
hydrogen bond. The magnitude of this interaction, roughly one-half the strength oftHe-ND=C hydrogen
bond, suggests that*€H---O=C hydrogen bonding interactions represent a hitherto unrecognized, significant
contribution in the determination of protein conformation.

Introduction

It is increasingly recognized that-@H---O hydrogen bonds
play an important role in determining molecular conformation
and crystal packing,in molecular recognition processé
the stabilization of inclusion complexésnd possibly in the
activity of biological macromoleculésMuch of the evidence
for C—H---O hydrogen bonding comes from the observation
of close C--O contacts in crystal structures. Although such
interactions have been observed with a variety of possiblelC
donors and oxygen acceptdrs,including amino acid$,it is
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only recently that &H---O hydrogen bonds have been observed
in the crystal structures of proteins. Surveys of high-resolution
protein structures reveal the widespread occurrence of close
C—H---O contact®13 The majority of the reported contacts
involve hydrogen atoms attached to threarbons in the peptide
backbone. This is consistent with the polarized character of the
C>—H bond, adjacent to electron withdrawing-8i and C=0
groups. The most frequently observed hydrogen bond acceptors
are the carbonyl oxygens in adjacent peptide stranfssbieets
(Figure 1)10-12 |n these cases, one oxygen lone pair interacts
with a C*—H proton and the other oxygen lone pair interacts
with an N—H proton. This bifurcated hydrogen bonding pattern
also has been observed in helical protein structtradifferent
bifurcated hydrogen bonding topology has been observed in a
collagen triple helix in which both oxygen lone pairs contact
C*—H protons and one of the hydrogen atoms is shared between
two oxygens (Figure 13t

Although it has been established th&t-@H---O=C interac-
tions exist in protein structures, their role in determining
structure is unclear. Nothing is known, either experimentally
or theoretically, about the strength of this interaction in proteins.
It is generally assumed the*€H---O=C hydrogen bond is
much weaker than other interactions, e.g5t--O=C hy-
drogen bonds, between peptide strands. It has been noted that
C¢—H---O=C hydrogen bonds may be responsible for alleviat-
ing the unsaturated hydrogen bonding potential of buried polar
groups with the suggestion that the total contribution of the
C—H---O bonds may, at least in some proteins, play a significant
role in stabilizing the folded structuf€.It also has been
suggested that-€H---O bonds probably should not be consid-
ered as a determinant of any particular folded structure, but that
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Figure 1. The CG—H---O=C interactions found in proteifi-sheets
(top) and in the collagen triple helix (bottom). Dashed lines represent
hydrogen bonds.

H

Figure 2. Lowest energy (MP2/DZVP) conformations fifN,N',N'-
tetramethylmalon-amide (top) arid,N,N',N'-tetramethylsuccinamide
(bottom). As in proteins, these structures exhibitk--O hydrogen
bonds between an amide carbonyl acceptor anetH 8ydrogen donor
attached to an amide nitrogen.

they more likely act to “fine-tune” local structure after the
protein has adopted its final folded state.

We now present computational evidence suggesting that C
H---O=C interactions are of sufficient strength that they are
capable of exerting a significant influence on protein structure.
As part of our work on the ab initio design of ligands for
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dimers ofN,N-dimethylformamide (DMF), with high-level ab
initio molecular orbital calculations. We chose this amide
because it is small enough to allow the application of accurate
theoretical methods and, with dialkyl substitution at nitrogen,
it is unable to engage inNH---O=C hydrogen bonding. Here
we report the structures and binding energies of the DMF
dimers, and use these data to provide the first reliable estimate
for the strength of the €-H---O=C interaction.

Methods

All calculations were done with the program systems Gaussiah 98
and DGaus#? Initial scouting calculations to locate stable DMF dimer
geometries I—4) were done with density functional theory (DFT) at
the local level (VWNJ}® and the gradient-corrected level (BPW&1)
with a polarized triplez basis set (TZVPJtand at the gradient-corrected
level (B3LYPY? with an augmented polarized douldlebasis set
(DZP+diff).2® Optimized geometries from these calculations were used
as input for geometry optimizations at the second-order MeoRéesset
Perturbation Theory (MP2) lev&l with an augmented polarized
double£ basis set (DZRdiff).2® Electronic association energiee,
were computed at the VWN/TZVP, BPW91/TZVP, B3LYP/DZ#iff,
and MP2/DZP-diff levels, and with single point energy calculations
at the MP2/aug-cc-pVTZ levét?6 using the MP2/DZR-diff level
geometries. Basis set superposition error (BSSE) was estimated for the
MP?2 results by the counterpoise metié@hermodynamic valueAE®,
AE?%, andAH?8 were calculated only at the highest level of the®ty.

There has been significant interest in the use of DFT to tackle
biochemical problems, notably those dealing with hydrogen bond
interactiong® From such studies, it has been concluded that DFT
gradient corrections are required to obtain good hydrogen bond energies.
However, we note that the results obtained here do not support this
conclusion. Binding energieB, (not corrected for BSSE), fdi—4 at
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amides and their metal complexés!® Conformational analyses
of N,N,N',N'-tetramethylmalonamide and N,N,N',N'-tetra-
methylsuccinamid€ yield structures that contain internal
C—H---O hydrogen bonds analogous to those seen in protein
(Figure 2). To investigate the nature of these interactions, we
examined G-H---O hydrogen bonding in a model system, the
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Table 1. Binding energies@e) in kcal mol™ for 1—4 at Different
Computational Levels

VWN/ BPW91/ B3LYP/  MP2/ MP2/
struct. TZVP TZVP DZP+diff DZP+diff aug-cc-pVTZ
1 —8.69 (-8.65p —2.42 —4.46 —6.61 —6.95
2 —6.71(-6.97fp —-0.92 —3.06 —5.51 —5.82
3 —-8.71(-9.15f) —-0.58 —3.54 -10.32 —-11.41
4 —-1159¢12.13p -135 —3.84 —10.98 —-12.11

aValues in parentheses obtained with exact Coulomb.

different DFT levels are compared with two sets of MP2 values in
Table 1. In comparison to the MP2 values, the local DFT calculations
give a much better binding energy than the gradient-corrected values.
Both gradient-corrected methods give binding energies that are far too
low and that fail to reproduce the correct energy orderinglfed. In
comparison with the MP2 geometries, the local DFT method gives
hydrogen bond distances that are too small#y.2 A whereas the
gradient-corrected DFT methods give hydrogen bond distances that are
generally too large by~0.1 A (see the Supporting Information).
However, we note that in one cagea gradient-corrected DFT method
yields H++O distances in error by up to 0.4 A.

Similar methods were used in the calculation of gas-phase proton
affinities for DMF and the peptide model compourid,Geometries .
were optimized initially at the VWN/TZVP level and frequencies for Pond to a formyl hydroge# More recently, force field
the thermodynamic and zero point energy corrections were calculatedCalculations yielded a DMF dimer with the same-B::-O
at this level. Geometries were subsequently optimized at the MP2/ hydrogen bonds as dimérexcept that the two monomers were
DZP+diff level. in a face-to-face, rather than coplanar, orientatfoHowever,

The Cambridge Structural Datab&eas screened for ordered and  we find neither of these alternate dimer structures to be minima
error free structures containing two or more DMF molecules. This gt the MP2/DZR-diff level of theory. Moreover, although there
subset of structures was examined for intermolecular contacts betweeng g examples of—4 in crystal structured we did not locate
the oxygen of one DMF and a carbon atom of a second DMF in which oy, ayamples for the previously proposed dimers. A recent
the G--O distance was between 2.5 and 4.0 A. Visual inspection of crystal structure of neat DMF has been described as sheets of

the final subset of structures revealed over 100 examples of DMF dimers . . . .
exhibiting C-H--O hydrogen bonds. In the majority of cases, the cyclic tetramers held together by-E---O interactions involv-

dimers contain only one hydrogen bond. However, attempts to calculate N9 two formyl hydrogens and two methyl hydrogéﬁ%We
single hydrogen bonded species outside the crystal environment failednote that this structure provides another example of ditner
as electronic structure calculations using initial coordinates from crystal ~ The calculated geometric parameters associated with the

Figure 3. Stable geometries of the DMF dimer.

structures yielded only multiple hydrogen bonded dimers, Le4. C—H---O interactions are presented in Table 2 where they can
Inspection of the final subset of structures also revealed at least onebe compared with “ideal” values, crystallographic examples,
example for each of the multiple hydrogen bonded dinferd. To and average values fo*€H-+-O=C hydrogen bonds that have

allow comparison of calculated and experimental geometries, hydrogenpeen observed in proteins. First we discuss the idealized
atoms coordinates were generated using the rectify feature of the ; ; ; :
- geometry. Although an ideal HO distance is not defined, a
1
dcizfe'??sljp%?/?éggq;: gﬁtpguﬁazri?fiirﬁgggﬁ for each type of DMF distance of less than the van der Waals contact distance is often
' taken as evidence for a----O interaction. Using van der
Results and Discussion Waals radii taken from Taylor and Kenndrthis corresponds

to a distance less than 2.7 A. Given a8 bond length on the

We obtained four stable geometriés;4 (Figure 3), atthe  rgerof 1.1 A, the H-O distance translates to a-€D distance
MP2 level. Each dimer exhibits two or more-i---O hydrogen of less than 3.8 A. It should be noted, however, that the weak
bonds. In dimed, each oxygen is hydrogen bonded to aformyl  ¢_p...q interaction often exhibits distances in excess of 2.7
hydrogen. An analogous geometry has been reported for theg 19 Thys while a short contact is indicative of-&++-O
formamide dimef? In dimer2 each oxygen is hydrogen bonded hydrogen bonding, one cannot rule out &&:++O interaction
to oneN-methyl hydrogen. DimeB and4 exhibit a bifurcated 4 |onger distances. The-@4-+O interactions in all crystal
pattern in which each oxygen atom is hydrogen bonded t0 tWo gy ctures of DMF dimers that we examined reveal a@

N-methyl hydrogens. Prior ab initio calculations with minimal = jistance range from 3.1 to 3.9 A with an average value of 3.6
basis sets yielded a DMF dimer with one-8---O hydrogen A
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(30) Cambridge Structural Database System, Version V5.18, October  (35) Examples of each dimer: (a). Ray, M.; Golombek, A. P.;
1999 ReleaseAllen, F. H.; Bellard, S. A.; Brice, B. A.; Cartwright, A.; Hendrich, M. P.; Young, V. G.; Borovik, A. SI. Am. Chem. S0d.996
Doubleday, A.; Higgs, H.; Hummelink, T.; Hummelink-Peters, B. G.; 118 6084. (b)2: Raper, E. S.; Britton, A. M.; Creighton, J. R.; Clegg, W.;
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Table 2. Geometric Parameters for the-Ei:--O Interactioft

structure H--O C-+O0 CH-O C=0-H O
ideal <27 =38 180 120 0
1 calcd 2.36 3.32 146 92 0
1 obsd 2.81 3.40 112 113 0
2 calcd 2.36 3.29 143 145 3
2 obsd 2.69 3.61 141 141 5
3calcd 2.52 3.25 123 125 42

2.87 3.48 115 79 57
3 obsd 3.20 3.72 109 125 53
3.30 3.78 107 89 51
4 calcd 2.59 3.32 124 103 43
2.55 3.32 127 111 32
4 obsd 3.18 3.77 114 107 49
2.83 3.47 117 110 48
parallefs-sheet 2.28 3.22 145 131 5
antiparalleb -sheet 2.32 3.16 134 143 7
collagen triple helix 2.79 3.15 91 109 na
2.63 3.15 110 100 na

aDistances are given in A. Angles are given in dégthe elevation
anglel® is the angle between the-& bond and the amide plane.
Observed values fdr—4 are taken from crystal structufésfter using
Chem3D software to add hydrogen atoms. Values for the protein
structures are taken from the literatur@:sheets (average values from
Table 2 in ref 10), collagen triple helix as shown in Figur& 1.
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hydrogen bonding seen in the collagen triple helix (Figure 1).
These structural similarities suggest that the intermolecular
interactions in dimer& and4 are representative of those found
in the proteins.

Interaction energies and thermodynamic properties of the
dimers are given in Table 3. The results reveal Baind 4,
with four C—H---O interactions each, are significantly more
stable thanl and 2, with two C—H-:-O interactions each,
suggesting tha8 and/or4 may be the structure of the DMF
dimer observed in solution by NMR spectroscépy? Our
survey of the CSD reveale@ (30 examples) to be more
populated thad (1 example) in a crystalline environment. The
gas-phaséH2%8 values forl, —3.86 kcal mot?, and4, —7.42
kcal mol 2, bracket the measured enthalpy for DMF dimeriza-
tion in CCly, —5.9 kcal moi 1.4

Dividing the BSSE-correcte®, values by the number of
C—H---O interactions yields an estimate of the strength of the
C—H---O hydrogen bonds in the DMF dimer$ @ K uncor-
rected for zero-point energies. The resulting values-&2e68
kcal mol?® for 1, —2.07 kcal mot? for 2, —2.09 kcal mot?
for 3, and —2.23 kcal mot?! for 4. These values can be
compared directly with BSSE-correct&} values calculated
at comparable levels of theory for other types ofld:--O

distances that are less than the estimated van der Waals contact§ydrogen bonds. When the acceptor is themsgygen of water,

In comparison the crystal structure exampled-e# generally
exhibit longer distances and, in the case of8, these distances
often exceed the 2.7 A van der Waals cutoff. The protein
structures show short-HO distances in thg-sheets and longer
H---O distances in the collagen triple helix.

In the ideal case it is assumed that the K bond would
point toward the oxygen giving a-€H-:-O angle of 180, the
hydrogen would align with the lone pair of the oxygen giving
an H--O=C angle of 120, and the G-H bond would lie in
the plane of the amide moiety giving an elevation angle°’df0

D values (kcal motl) are—0.494 —0.4342 and—0.30" with
methane,—0.38 with ethand® —1.232 and —0.74*3 with
fluoromethane;-1.01 with ethylenél —2.242 and—1.48* with
difluoromethane;—2.41 with trifluoromethané? —2.64* and
—2.73“ with acetylene, and-4.95 with hydrogen cyanid¥.
When the acceptor is thespxygen of formaldehyde). values
(kcal molY) are —0.46 with methané? —1.20 with fluoro-
methane’?2 —2.04 with difluoromethané& —2.26 with acety-
lene?* and—3.90 with hydrogen cyanid&.When the acceptor
is the s oxygen of acetamidé&). values (kcal molt) are—0.76

Although observed directionality is often presented as evidence With methane;-1.37 with benzene, anel2.83 with the formyl

for the presence of a-€H---O hydrogen bond, examination of

hydrogen of acetdf Thus, we note that the-2.07 to—2.68

crystal structures reveals large deviations from the perceived kcal mol* values calculated for the-€H-+-O hydrogen bonds

ideal case are common. For example;&:--O bond angles
range from 90 to 180 with no observable preference for
linearity>~7 Such behavior is fully consistent for weak interac-

in the DMF dimers fall in the middle of the range of values,
—0.30 to —4.95 kcal mof?, calculated for other €H---O
hydrogen bond$? In addition,—2.68 kcal mot? for the formyl

tions and a recent application of Bader’s atoms-in-molecules hydrogen donor in dimet is close to the value 0f2.43 kcal

methodology® has confirmed that €H---O hydrogen bonds

mol~! reported for the ©&H---:O hydrogen bonds in the

are present even when there are large deviations from theanalogous formamide din&rand to the value of-2.83 kcal

optimal 180 angle3” Similarly, a survey of the structural
features in G-H---O hydrogen bonds between carbonyl oxygen
acceptors and acidic €H donors (ethyne, chloroform, and
methylene chloride) reveals only a weak tendency to exhibit
the expected oxygen directionalit§.In this case, &0---H
angles ranged from 10@o 170 with an average value of 135
and the elevation angle ranged fromt0 9C°, with an average
value of 33. In the case of the DMF dimers (see Table 2),

both calculated and observed geometries show significant

deviations from the idealized-€H---O and G=0---H angles.

As noted above, however, such deviations are fully consistent

with the known behavior of €H---O hydrogen bonds.

mol~! for the formyl hydrogen donor in acet® The average
hydrogen bond energy in dime2s-4, —2.1 kcal mot™, provides
the first estimate for the strength of the=O interaction with
C—H groups attached to an amide nitrogen. As we will
demonstrate below, this value provides a lower limit for the
strength of the €&-H---O=C hydrogen bonds that occur in
proteins.
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(41) Values obtained at the MP2/6-8%G(2d, 2p) level with BSSE
correction: Rovira, M. C.; Novoa, J. J.; Whangbo, M.-H.; Williams, J. M.
Chem. Phys1995 200, 319.

(42) Values obtained at the MP2/aug-cc-pVDZ level with BSSE cor-

Comparison of the DMF dimer geometries to those observed rection: Gu, Y.; Kar, T.; Scheiner, S. Am. Chem. S0d.999 121, 9411.

in proteins reveals a striking similarity between the lg:--O
hydrogen bond in dimeR2 and those observed in protein

(43) Values obtained at the MP2/NHFL(3d,2p) level with BSSE cor-
rection: Novoa, J. J.; Mota, Ehem. Phys. Lettl997, 266, 23.
(44) Values obtained at the MP2/D95-(d,p) level with BSSE correc-

B-sheets. Similarly, there is a close correspondence between theon: Turi, L.; Dannenburg, J. J. Phys. Chem1993 97, 7899.

C—H---O hydrogen bonds in dimed and the bifurcated

(36) Bader, R. F. WAtoms in Molecules. A Quantum Thep8laredon
Press: Oxford, 1981.

(37) Novoa, J. J.; Lafuente, P.; Mota, Ehem. Phys. Lettl998 290,
519.

(38) Steiner, T.; Kanters, J. A.; Kroon, Ghem. Commurl996 1277.

(45) Values obtained at the PS-LMP2/cc-pVTZ(-fd) level with BSSE
correction: Kim, K.; Friesner, R. Al. Am. Chem. S0d 997, 119, 12952.

(46) Values for C-H---O=C hydrogen bonds obtained at lower levels
of theory also fall within this range: (a) Turi, L.; Dannenberg, J.Phys.
Chem.1993 97, 12197. (b) Turi, L.; Dannenberg, J.J.Phys. Cherml996
100, 9638. (c) Cardenas-Jiron, G. |.; Masunov, A.; Dannenberg, J. J.
Phys. Chem1999 103 7042.
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Table 3. Interaction Energies and Thermodynamic Properties for the DMF Dithe#s
MP2/DZP+diff MP2/aug-cc-pVTZ
dimer Dew/o BSSE D.W/BSSE Dew/o BSSE D.W/BSSE AE° AE?%8 AH?%8
1 —6.61 —4.07 —6.95 —5.35 —4.59 —3.26 —3.86
2 —5.51 -3.31 —5.82 —4.14 —3.58 —2.26 —2.86
3 —10.32 —5.86 —11.41 —8.34 —7.59 —6.30 —6.90
4 —10.98 —6.36 —-12.11 —8.90 —8.02 —6.82 —7.42

a All quantities are in kcal moft. De (AEeed are the electronic association energies without and with basis set superposition energy (BSSE)
corrections” AE° are the energy differences @ K after incorporating zero-point energiesE?® are the energy differences incorporating both

zero-point energies and thermal correctiéhAH?% = AE?® + AnRT.

There is evidence to suggest thatB---O hydrogen bond
strength depends on the acidity of the hydrogen donor. Thus,
the more acidic hydrogens found in hydrogen cyanide, acetylene,
and chloroform form stronger bonds than those in alkarigs.
A linear correlation = 0.95) has been observed between
C---O distance and the Ky (DMSO) of the C-H donor
consistent with the concept that more acidic hydrogen donors
form stronger, hence shorter, hydrogen botiddoreover, linear
correlations of G-H---O bond strength with both ++O distance
(r = 0.97) and proton acidities & 0.99) have been obtained
from AML1 calculations on the interactions of para-substituted
phenylacetylenes with watét.It is expected that the €H
hydrogens of the DMF methyl groups should be less acidic than
the C*—H hydrogens of proteins because, whereas the former
bonds are polarized by the amide nitrogen, the latter are
polarized by both the amide nitrogen and the carbonyl group.
Therefore, the €&-H---O=C hydrogen bonds should have a
D, value of >2.1 kcal mot?.

To obtain an estimate for the strength of th&e-@i---O=C

hydrogen bond, we examined possible correlations between the

De values for C-H---O interactions and parameters related to
the acidity of the GH proton. We discovered a linear
correlation (Figure 4) between thg, value$~45 and experi-
mental gas-phase proton affinitf€$or the conjugate anions of
the various hydrogen donors where the proton affinity of the
anion is defined as the enthalpy associated with the reaction
AH — A~ + HT. Data for both sp (formaldehyde and

T T T T T

O CHeeeO(sp?)
O CHseO(sp?)
® DMFdimers

-]

CHessO D , kcal mol

L. !

320 340 360 380 400 420 440

proton affinity, keal mol™

Figure 4. Plot of gas-phase proton affinities of the corresponding
anions versus BSSE-correctBdvalues. This linear relationship (slope
= 0.0551, intercept= —23.6,r = 0.96) can be used to estimair
values for C-H---O=C hydrogen bonds from €H proton acidities.
Hashed lines are placeH0.5 kcal mot? from the line.

acetamide) and Sfwater) oxygen acceptors plot on the same 394

line revealing that the €H---O bond strength within this set H _H Q H

of data is relatively independent of the type of oxygen acceptor. 391 H N J\ N H
This correlation can be used to predict the value for the | M L T
C—H---0 hydrogen bond from the corresponding proton affinity H—C—H H Ho

of the anion to within0.5 kcal mot™. DMF  H 388 5 355

Since the experimental gas-phase proton affinities of the
anions are not available for the*€H hydrogen atoms in
proteins or for the three types of hydrogen atom in DMF, we
calculated these values at the MP2/Dizkff level of theory.

The results are presented in Figure 5. When combined with their
correspondinde values, the calculated DMF proton affinities

(47) Pedireddi, V. R.; Desiraju, G. R. Chem. Soc., Chem. Commun
1992 988.

(48) Masunov, A.; Dannenberg, J.JJ.Mol. Struct. THEOCHEM.996
371 17.

(49) Experimental gas-phase proton affinities of the corresponding anion
(kcal mol1): (a) Methane 418.0+ 3.5, fluoromethane 409.6- 4.0,
difluoromethane 38% 3.5, trifluoromethane 376.& 4.5, ethylene 407.0
+ 3.0: Graul, S. T.; Squires, R. R. Am. Chem. S0d99Q 112, 2517. (b)
Ethane 420.4 2.0: DePuy, C. H.; Gronert, S.; Barlow, S. E.; Bierbaum,
V. M.; Damrauer, RJ. Am. Chem. So&99Q 112, 2517. (c) Benzene 401.7
+ 0.5: Davico, G. E.; Bierbaum, V. M.; DePuy, C. H.; Ellison, G. B.;
Squires, R. RJ. Am. Chem. Sod 995 117, 2590. (d) Acetylene 378.&
0.7: Ervin, K. M.; Gronert, S.; Barlow, S. E.; Gilles, M. K.; Harrison, A.
G.; Bierbaum, V. M.; DePuy, C. H.; Lin, W. C. Am. Chem. Sod99Q
112 5750. (e) Acetal 389.8& 0.9: Nimlos, M. R.; Soderquist, J. A.; Ellison,
G. B.J. Am. Chem. S0d 989 111, 7675. (f) Hydrogen cyanide 3488
2.0: Bradforth, S. E.; Kim, E. H.; Arnold, D. W.; Neumark, D. Nl.Chem.
Phys 1993 98, 800.

Figure 5. Gas-phase proton affinity of the anion (kcal mdlfor the
three types of hydrogen in DMF and th&-€H hydrogen in protein
model5.

obey the relationship established in Figure 4. Calculations on
the model compound, yielded a proton affinity of the anion

of 355 kcal mot? for the @—H hydrogen. As anticipated, this
hydrogen has a significantly higher proton affinity of the anion
than theN-methyl hydrogens in DMF (388 and 394 kcal mbl

The result is fully consistent with known strengths of other
carbon acids in that it predicts theé*€H group (adjacent to a
carbonyl and amide nitrogen substituent) to be a stronger acid
than acetone (adjacent to one carbonyl substituent, proton
affinity of the anion= 369 kcal mot?) and a weaker acid than
acetylacetonate (adjacent to two carbonyl substituents, proton
affinity of the anion= 344 kcal mot?).50

(50) Experimental gas-phase proton affinities of the corresponding anion
(kcal mol1): (a) Acetone 369.% 2.1 from: Bartmess, J. E.; Scott, J. A.;
Mclver, R. T., Jr.J. Am. Chem. Sod 979 101, 6047. (b) Acetylacetone
343.8+ 2.1 from: Taft, R. W.; Bordwell, F. GAcc. Chem. Re4988 21,

463.



How Strong Is the &-H---O=C Hydrogen Bond?

From the predicted proton affinity & and the relationship
in Figure 4, we obtain an estimate of 4400.5 kcal mot? for
the BSSE-correcte®, value for the €—H---O=C hydrogen
bond. This result can be compared wid values calculated,
again at comparable levels of theory, for other types of hydrogen
bonds traditionally associated with protein structure. TheHN
-+O=C hydrogen bond in th&l-methylacetamide dimer has a
De value of 7.2 kcal moi!,5! the N—H---O hydrogen bond in
theN-methylacetamidewater dimer has ®. value of 7.0 kcal
mol~151 and the OH--O hydrogen bond in the water dimer
has aDe. value of 5.0 kcal moi'.?6 This comparison reveals
that the G—H---O=C hydrogen bond, with an interaction
energy greater than half of a-NH---O=C hydrogen bond, is
stronger than previously recognized.

Although theD¢ values provide a rigorous point of compari-
son, they overestimate the strength of the interaction/eir¢f®

J. Am. Chem. Soc., Vol. 122, No. 19, 2d06G5

interaction from 5.3 to 8.3 kcal mol, an increase of 60%.
Similarly, the hydrogen bonding pattern observed in the collagen
triple helix, which involves the formation of thre¢*€H---O=

C hydrogen bonds, could be worth as much as 9 kcaf thot
conclusion, the present analysis suggests tifatHG--O=C
hydrogen bonds are of sufficient strength to make a significant
contribution toward the stabilization of secondary and tertiary
protein structure. In some cases, such as the collagen triple helix,
the formation of @—H---O=C hydrogen bonds may actually
play a critical role in determining the folded structure.
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