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Abstract: The dependence of hydrogen-bond interaction energies between identical amides (two formamides and
two N-methylacetamides) on the hydrogen bond lenggh.(;), the two hydrogen bond angle8con andénno), and

the dihedral between the two amideBdycn) has been assessed by semiempirical calculations (SAM1 with single
point transfers to AM1/SM2.1 aqueous solvation calculation&l. initio calculations (MP2/6-31G(d,p)//HF/6-
31+G(d,p)) at given values ofcnen and Ocon predict the same change in interaction energies with changes in
Onno as the semiempirical calculations. With formamide, hydrogen-bond interaction energies are independent of
the dihedral angl&cneny when 6con and Onpo deviate less than 40rom 18C°. Most importantly, the increased
interaction energies #:on andfnno below 140 and above 220are found to be associated with steric interference
between the carbonyl oxygen of the hydrogen-bond acceptor and the amide nitrogen of the hydrogen-bond donor.
Comparing formamide angd-methylacetamide, the angle requiremefits(, Onno, anddcnen) of favorable hydrogen-

bond interaction energies are much more stringent for the latter due to the steric effects of the methyl substituents.
In summary, by both semiempirical SAM1 aal initio MP2/6-3HG(d,p)//HF/6-3%G(d,p) calculations, the strength

of amide hydrogen bonding in the absence of steric hindrance is essentially independent of the angles defining the
hydrogen bond.

Introduction strengths between the carbonyl oxygen and the amide proton

o _ of two identical amides have been carried out with formarfiiée,
Hydrogen bonding is undoubtedly one of the chemical worlds . methylacetamid@10.121417 simple peptided!12and assorted
most interesting phenomena due to the crucial role it plays in gther system#01517 These calculations have primarily been
the structure and interactions of biomolecules. Experimental performed usingb initio computational methods. Most of the
data for hydrogen bonding in proteins has been organized andsygies are limited to a coplanar arrangement and only a few
summarized carefully by Baker and Hubbdrbut those re-  haye examined the effect of different orientations between the
sults do not show the relative stability of different hydrogen- wvo amides. Additionally, most of the studies do not examine

bonding conformations. They do, on the other hand, form a the effect of varying both hydrogen-bonding angles, but only
library to which the results from other studies can be compared. gyamine the effect of varying the-Nd+++O angle.

A study by Murray-Rust and Gluskeexamined the direction- This study examines the dependence of hydrogen-bond

ality .Of hydrogen bonding to oxygen atoms of ether, ketone, trength of intermolecular hydrogen bonds on the hydrogen-
epoxide, enone, and ester groups using the Cambridge Structur, onding distancerf....), the two hydrogen-bond angleguio
D_atabase _Syster‘n.Various studie; have been pe_rformed with andfcor), and the inter;nolecular dihedral angiedycy) (Chart
simple ar_nlde rlr;odel systems using b°t.h experiméritand 1). To do so requires examination of the potential energy
computationdt-** approaches. Computations of hydrogen bond surface of intermolecular amide hydrogen bonding in much

greater detail than is feasible using reliabkeinitio methods.

® Abstract published i\dvance ACS Abstract#ugust 1, 1996.
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Experimental Section to the most favorable IE. A cross section of the surface is shown

The procedures described below apply to both formamide dimer and in Figure 2, alorlg with comparatlve. S.tl.JdleS using AM1/SM2.1
N-methylacetamide dimer calculations. Semiempirical gas phase 2dU€ous solvation calculations aatulinitio MP2/6-3HG(d,p)/
geometry minimizations were performed using the semiempirical /HF/6-31+G(d,p) calculations. From these studies it is apparent
SAM18 method in the program Ampac 5'9.Interaction energies (IE) ~ that the three different methods agree on the variation in
were determined by subtracting twice the calculated heat of formation interaction energy for the change #hnno specified above,
for a geometry-optimized amide monomer from the heat of formation although the absolute calculated interaction energies are dif-
calculated for the dimers. Hydrogen bonding was only considered for ferent. The result is the same for all dihedral angles examined
the hydrogertransto the carbonyl oxygenN-Methylacetamide was (see below). Semiempirical gas phase IE surfaces calculated

arranged such that the amide methyl group wisto the carbonyl for formamide andN-methylacetamide witbenen fixed at 180
oxygen. After constrained gas phase geometry optimizations had been,

. - ; : and Ocon fixed at 160 are shown in Figures 1 and 3,
completed, single-point aqueous solvation energies were calculated - .
for the resulting geometries using the semiempirical AMhethod resp_ectlvely. Forty-two such _pote_anI energy surface cross
along with the SM2.2* aqueous solvation model, yielding aqueous sections were generated for VIsua.Ilza'.flon. .
interaction energies. Constrainald initio HF/6-31+G(d,p) geometry The dependence of the formamide interaction energy on
optimizations were performed for select geometries from the poten- Ocon was found to be less than the dependence dp@a. An
tial energy surface using Spartan 4.824MP2/6-3H-G(d,p) single examination of the potential energy surface where the angles
point energies were calculated for the resulting geometries using associated with the COH geometry were variedd¢on and
Gaussian 942 ®ncon Chart 2) show#con = 140° to be favored by a mere

The degrees of freedom examined for the potential energy surfaceq 1 kcal/mol ovecon = 180 (sections | and Il in Figure 5).
are shown in Chart 1. For each of the three dihedral angles evaluatedln Figure 5, the effect of varyingcon at ro.t = 1.9 A and

(®Pcnen = 0°, 90°, and 180 respectively), seven=€0---H hydrogen- _ . -
bonding anglesfcor) ranging between 12Gand 240 in 20° intervals Denen 18t0° ont.the calculated Senﬁlemplrlgril.gas phase atr?d

were examined. Within each fixethon, 45 O+-H hydrogen-bonding ~ 2dU€0us interaction energies is shown. is cross section
distancesr...) were investigated from 1.75 A to 3.5 A. At each of displays a 0.1 kcal/mol preference for hydrogen-bond angles

these fixed hydrogen-bonding distances we carried out 60 calculationscorresponding to the positions of the lone pairs of the carbonyl
of the N—H-:-O hydrogen-bonding anglé\c) incremented from 120 oxygen.

to 24C. The semiempirically calculated five-dimensional potential Dependence of the formamide interaction energy ono...4
energy surfaces thus obtained for formamide Brehethylacetamide was examined in both gas phase and aqueous solvation
consist of 56 700 points each. Several three-dimensional potential semiempirical calculations. The gas phase calculations predict
energy surfaces were plotted for each of the systems to visualize thegp, optimal hydrogen-bonding distance of 1.94 A with a large

|nteracpon energies of the corresponding geometries as a function .Ofincrease in IE for long hydrogen bonds. The aqueous solvation
the variables being incremented. The surfaces were used to determlneCalculations redict an obtimal hvdroaen bonding distance of
the location and shape of the hydrogen-bonding energy minimum, and p P ydrog 9

select cross sections of each surface were used to examine the effec12'20 A and a much smaller change in IE for long hydrogen
of each variable on the hydrogen-bond interaction energies. bonds. S _

Dependence of the formamide interaction energy on
Results ®dcnen Was found to be insignificant0.02 kcal/mol) in the

Formamide interaction energy dependence oo was absence of steric limitations. The steric limitations due to van

found to be in the range of 0:0.3 kcal/mol when 140 < (23) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Gil, P. M. W.;

OnHo < 220 and 140 < Ocon < 22C°. A representative surface éOTS(K/In’ '?- G; Rogb,AM-R A-§hCheﬁS¢m|2”A~|]-LRH Keich, /I- é';kPEterSE-on’
. PR : . . - . A.; Montgomery, J. A.; Raghavahari, K.; Al-Laham, M. A.; Zakrzewski,
1S Shown in Figure 1, displaying semiempirical gas phase IE as V. G,; Ortig, J. \y Foresmgn, J. B.; Cioslowski, J.; Stefanov, B. B.;
a function ofro..; and Oyno at fcon = 160° and denen = Nanayakkara, A.; Challacombe, M.; Peng, C. Y.; Ayala, P. Y.; Chen, W.;
180°. The depression in the surface (colored red) correspondsWong, M. W.; Andres, J. L.; Replogle, E. S.; Gomperts, R.; Martin, R. L.;
Fox, D. J.; Binkley, J. S.; Defrees, D. J.; Baker, J.; Stewart, J. P.; Head-
(22) Spartan version 4.0.4, Wavefunction, Inc., 18401 Von Karman Ave. Gordon, M.; Gonzales, C.; Pople, J. Aaussian 94 (Resion Al);

#370, Irvine, CA 92715. Gaussian, Inc., Pittsburg, PA, 1995.
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Figure 1. A sample cross section of the potential energy surface of intermolecular formamide hydrogen bonding showing the dependence of
semiempirical gas phase interaction energies upgnand Onvo (Penen = 180°, Ocon = 16(F). The structures show the optimum geometry
(center) and the steric hindrance accompanying van der Waals overlap between carbonyl oxygen acceptor and amide nitrogen égaer. The
cross section in Figure 2 is shown as a line through the surfacgat 2.0 A.
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P dimer arrangementdfcnen = 0° or 18C) are much more
o 0 0-6-0-6-0-6-0 50 50 60 68 GaTR-e 00 SO ETE pronounced than for formamide. This can clearly be attributed
to the greater size of the methyl as compared to the hydrogen
substituents. The potential energy surface therefore displays a
significant energy stabilization upon twisting the two amide units
20 | out of their common plane. In the absence of steric limitations,
W interaction energies are independent of the degrees of freedom
defining the hydrogen bond. Thémethylacetamide calcula-
tions also show a more pronounced tendency to relieve
unfavorable steric interactions by varying the other degrees of
60 \1// freedom associated with the hydrogen bond, such as the
hydrogen-bonding angles and distance, than the formamide

calculations do.
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Figure 2. Interaction energies for formamide hydrogen bonding plotted ~ The formamide potential energy surfacepredicts 0.2-0.3
vs bond angléuo. Computed via SAM1@), AM1/SM2.1 (), and kcal/mol variations in interaction energy when eitiggo or
MP2/6-31-G(d,p)//HF/6-31-G(d,p) @) (ron = 2.1 A, fcon = 160, Ocon deviate less than 4Grom 180 and the other hydrogen-
Denen = 18C°).  Inspection shows that though the int_eraction energie; bonding angle is equal to 180 Earlier semiempirical AM1
vary greatly, dependent upon the mode of calculation, the change in .o |ations of hydrogen bonding of two formamides showed
interaction energies with change @y are quite comparable. no change in interaction energy upon changing the hydrogen-
bonding angles; however, HF/6-31G** calculations showed
changes exceeding 1 kcal/mél.The dependence of interaction

Discussion

der Waals overlap between the hydrogen bond-donor nitrogen

?nlfj Vthg bhydLognen-ki)g)nd-acceptor carbonyl oxygen were nOtenergies upon hydrogen-bond angles predicted by our semiem-
eSet € i y_tc t'a 9e tl’C]:NC':N.t i ios of id pirical SAM1 calculations correlate very well with our predic-
eric imitations on the Inferaction energies otormamice o from ab initio MP2/6-31G(d,p)//HF/6-3%-G(d,p) cal-

were found to be the only forces at constapt.y that limit : : : : :
. . . culations (Figure 2), but the SAM1 interaction energies are
feasible hydrogen bonding. When the distance between thealmost 4 keallmol higher than those found &l initio MP2/

hydrogen-bond-donor nitrogen and the hydrogen-bond-acceptor6_31+G(d’p)//HF/6_3B_G(d,p) calculations. It has been ob-

oxygen fell below 2.5 A, which is well within van der Waals served that a procedure which gives poor estimates of free

gﬁgﬁaft ]:Sr 230332 daniﬁgyf,fn|gt?é;?gﬁiracgf?hinﬁr%',%s é%s_eenergies of individual molecules may reproduce the difference
Ply P : 9 ty ydrog in free energy between reactants and products in a reaction

bondgd dir_ner, therefore, decrea_ses Fap‘d'y at short hydrogen’correctly.24 The excellent agreement between the changes in
bonding dls_tances, thus, favoring linear hydrogen-bonding interaction energies using semiempirical SAM1 adminitio
geometry (Figure 1). MP2/6-3HG(d,p)//HF/6-31-G(d,p) calculations gives a good

N-Methylacetam|de displays similar fe_atures In the f:_alcu- indication that this is the case here. The calculated semiem-
lated potential energy surface as formamide. Most significantly,

the steric limitations on favorable conformations for periplanar  (24) Dewar, M. J. S.; Jie, C.; Yu, Jetrahedron1993 23, 5003.
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Figure 3. A sample cross section of the potential energy surface of intermoledtizethylacetamide hydrogen bonding showing the dependence

of semiempirical gas phase interaction energies upgm@ndfyno for intermoleculaiN-methylacetamides hydrogen bondinbducn = 18C°, Ocon

= 160°). The structures show the optimum geometry (center) and the steric hindrance accompanying van der Waals overlap between carbonyl
oxy%ien and acetamide methyl group (left) and two amide methyl groups (right).OndHaecross section in Figure 4 is shown as a linegat =
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pirical aqueous enthalpy angle dependency determined by AM1/g *° [

SM2.1 aqueous solvation calculations also correlates well with
the results from thab initio gas phase calculations mentioned
above (Figure 2). The interaction energies calculated in the
aqueous solvation model are about 1 kcal/mol; i.e., the calcula-
tions predict that the hydrogen-bonded formamide dimeris less . . : ) . . .
stable in water than the non-hydrogen-bonded monomers. This 100 1500 1600 1700 180 190 2000 2100 2200
corresponds well with publisheab initio calculations which 8 nwo (deg.)

show that an amideamide hydrogen bond to an amide proton  Figure 4. Interaction energies foN-methylacetamide hydrogen
trans to the carbonyl oxygen is about as strong as the bonding plotted vs bond angiro (fon = 2.1 A, con = 160, denen
corresponding amidewater hydrogen boné. The change in = 18C"). Computed via SAM1@) and AM1/SM2.1(J). Comparing
interaction energies due to modest changes in hydrogen bondhe results to formamide, the sensitivity auo is greatly increased
angles Quro or Ocon varied less than £0from linear) are  due to the acetyl and amide methyl groups.

usually fairly small. For example, our calculated increase in
interaction energy when narrowingyyo from 180 to 140
(Ocon at 160 and dcnen at 180) is 0.2 kcal/mol (Figure 2).

As mentioned above, an examination of the potential energy
surface where the angles associated with the-@&Ogeometry
were varied @con and ®ncon, Chart 2) show®con = 140° to

be favored by a mere 0.1 kcal/mol ov@ton = 18C°. This is

in agreement with the finding that “there is a statistically
significant tendency for hydrogen bonds to occur within about
13 of the lone-pair plane and 1®f the idealized splone-

pair direction® in the crystal structures of a number of
N—H---O=C hydrogen bonded compounds. A study by Mur-
ray-Rust and Glusker examined hydrogen bonding in several

hundred crystal structures of ethers, ketones, enones, epoxides,
and ester8. This study showed a wide distribution éfon
angles, with a marked tendency for hydrogen bonds to occur at
the lone-pair directions of carbonyl oxygens. We find that when
the distance between the hydrogen-bond-donor nitrogen and the
hydrogen-bond-acceptor oxygen is below 2.5 A, well within
van der Waals contact for the two atoms, the interaction energies
rise sharply. The flexibility of the hydrogen-bonded dimer,
therefore, decreases rapidly at short hydrogen-bonding distances,
favoring linear hydrogen-bonding geometry. This corresponds
very well with the experimental observation that-N:--O
hydrogen bonds show an increased preference for linearity at
shortro...y distances. It is well-known that interaction energies

(25) Dixon, D. A.; Dobbs, K. D.; Valentini, J. J. Phys Chem 1994 rise sharply upon bringing two molecules into van der Waals
98, 13435. contact. On doing so, the hydrogen-donor and -acceptor atoms
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Va ‘ ' ‘ ‘ ‘ \4 structuresa andc), bending of hydrogen bond anglé@son and
170l 1 Onno from 180 brings the methyl groups into contact, causing
the calculated interaction energy to rise. Thus, the calculated
1601 7 penalty for hydrogen-bonding anglégson or Onno deviating

more than 20from 180 is much lower when the planes of the
amides are perpendicular than when they are parallel. The
calculations also predict that an unfavorable hydrogen bonding
angle @con or Onno) can be compensated for by bending the
other hydrogen bonding angle in the opposite direction. That
is what would be expected from the potential energy surface
found for intermolecular formamide hydrogen bonding (Figure
1). On the basis of these observations, one would predict steric
effects to be the main determining factor in controlling
hydrogen-bonding geometry in proteins, with hydrogen-bond
length being the only term that is sensitive to variations.

150

eCOH

Conclusion

Figure 5. A contour plot of the potential energy surface generated by ~ The geometry of hydrogen bonding between amides can be
varying the angle®ncon andfcon associated with the hydrogen-bond  described in terms of hydrogen bond length..(4), the two
geometry around the hydrogen-bond-acceptor carbonyl oxygen (Charthydrogen bond anglesf¢on and 6nho), and the dihedral
2). Labels | and_ll marlf areas of minimum energy, corresponding 10 petween the two amide®gnen, Chart 1). At an optimumo...
the two _Ione pair positions on the carbonyl oxygen. Contour line yiciance (2.1 A), and with the very minimum of steric overlap
spacing is 0.1 kcal/mol. (formamide, ®cneny = 90°), there is little or no interaction
approach such that the dependence of interaction energies upoffN€rgy change in hydrogen bonding between two formamides
o OF Hcon iNCreases. when 140 < 6 < 220 for poth GCQH and OnHo. . Outside this .
The N-methylacetamide potential energy surfacelisplays range of parameters, the interaction energy increases precipi-
a well-defined optimal region for intermolecular hydrogen bonds toUSly. This is not due to electrostatic factors involving the
(Figure 3). Cross sections of the potential energy surface predictydrogen bond, but to approach of the van der Waals surfaces
a significant increase in interaction energy from steric influences ©f the amide nitrogen of the H-bond donor to the carbonyl
upon changing eitheficon or Onro from their preferred values ~ ©XYgen of the_H-bond_acceptor. The constant interaction energy
(Figure 4). Steric hindrance to hydrogen bonding is much surface at a giverp...4 is much Qecreased for hydrogen bonding
greater than for formamide due to the size of the acetamide Petween twoh-methylacetamides when compared to that of
and amide methyl groups. Systems havifigon O Onno |ntermolecular formamide hydrogen bor_1d|ng. The interaction
narrower than 140were not examined, since the calculated €nergies calculated foN-methylacetamide are much more
interaction energy rose sharply outside those limits. Steric d€Pendent on the torsion angle between the amides due to the
effects are minimized by rotation abodicnen resulting in steric hindrance of the larger terminal substituents. To conclude,
greater stability acnen &~ 90°, a conformation similar to that there_ is essentially no dependence of the st_re_ngth of hydrogen
shown in Chart 1b, in which the acetamides are not coplanar. Ponding between amides on the angles defining the hydrogen
This is consistent with the result that the angular energy Pond that is not explained by steric hindrance.
dependgncy Is less when the planes of the two .am|des are Acknowledgment. This work was supported by a grant from
perpendicular than when they are parallel. This difference is the National Institutes of Health (DK09171)
much more pronounced fd¥-methylacetamide than for for- ’
mamide. When both amides are in the same plane (Chart 1JA954267N



