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Intramolecular Hydrogen Bonding in Disubstituted Ethanes: General Considerations and
Methodology in Quantum Mechanical Calculations of the Conformational Equilibria of
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The importance of intramolecular hydrogen bonding between the carboxylate oxygen and amide proton of
succinamate anion has been investigated by quantum mechanical simulations as a function of solvent for
comparison with conformational equilibria estimated by NMR spectroscopy. The focus is on those
methodological considerations of general interest to the conformational equilibrium problem, which are also
particularly relevant to the quantum calculations. The roughly planar symmetry of the amide and carboxylate
substituents of succinamate anion and the possibility of intramolecular hydrogen-bond formation together
suggest that the orientational degrees of freedom of the substituents could play an important role in the
equilibrium of the CH—CH; torsion. To test this hypothesis, two-dimensional potential-energy surfaces (PESS)
were mapped out from the quantum mechanical calculations, with coordinates corresponding te-the CH
CH, torsional and amide group rotational degrees of freedom. The Boltzmann populations obtained from
two-dimensional PESs and those obtained from a one-dimensional adiabatic surface fostH@Hzkbrsion

were compared with the experimental results. In these comparisons, the agreement of calculated gauche fractions
with corresponding experimental values was checked, as well as the agreement between predicted coupling
constants and those determined from experimental spectra. In polar protic and aprotic solvents, where highly
polar trans conformations can be stabilized by dipalgole and hydrogen-bonding interactions with the
solvent, the orientational degree of freedom of the amide substituent appears to play a sufficiently important
role in the CH—CH, torsional equilibrium that it cannot be safely ignored in the simulations.

Introduction Anion 1 presents an interesting test platform for several
reasons. First, it is possible for one of its amide protons to form
an intramolecular hydrogen bond with one of its negatively
charged carboxylate oxygens. Second, the experimental results

We are interested in the effects of hydrogen bonding on the
conformational preferences of small molecules that have the
ability to form internal (and external) hydrogen bonds. While and quantum mechanical simulations indicate that, at least in

one might expect that intramolecularly hydrogen-bonded con- some solvents. the conformer pooulations are near the pure
formations would dominate all others in the conformational mix, g ’ ) 1er pop . P
statistical values of 2:1. In this regime, the predicted conformer

there are important competing factors that can decrease the .” =" ~" o :
importance of hydrogen bonding in the conformational equi- dlstr[butlons are most sensitive to changes in the calculated
librium. First, internal hydrogen bonding may only be possible relative energies of the conformers. At room temperate,

from a very restricted set of conformations which may otherwise :hgﬁs?asl,(icnalc/?n(:l;uttrz;l;oiztlsrégl(jl trserlﬁxgtnl:t):gg:r?yafgglznzyir\llé?clgtles
be energetically less favorable than the majority of the non- 9 P P

hydrogen-bonded conformations. This leads to an entropic g]ci[utrr:;eﬂ:g%ﬁﬂ?r?locilfﬂggﬁr?;ﬁ?gﬁii?/tzrgl\?esnneﬁgli:gtit\)/ee
penalty for hydrogen bonding. Additionally, interactions with agreement with ex érimental results. While this m(;kes it even
the solvent including external hydrogen-bond formation can g p ’

compete directly with the internal hydrogen-bond interactions more difficult to achleyg .good agreement between experiment
to favor more open conformatiodg. and theory, this sensitivity forces us to find ways of refining

We have studied these effects through the conformational our meth.OdS to capture more than just the simplest effects. As
analysis of the possible role of carboxylate to amide hydrogen part of this refinement, because of the planar shape of carboxy-

succinamate monoaniod)(using nuclear magnetic resonance late groups and the possibility of intramolecular hydrogen-bond

(W) expriments and quantum mechaical smulie (TR, Las tecessar o estte uhether e subeits
experiments involved a wide range of protic, aprotic, and 9 P

nonpolar solvents. Simulations reported here were performed'tglljice)z(;engzot:see ng;ct)lrr?r%‘tlfgr?(l:eiﬂzlltljtl)ar;r\c/);(;k:/?ci%;?%ton
at a different level than previously and focused on three solvents roton couplings q y P
of rather different character, namely water, acetone, and dioxane P piings.

CHy—CH, Quantum Mechanical Calculations
0=C, C_;=O All guantum mechanical calculations were made with Jaguar
H/N_H"O version 4.2 release 77 (Schrodinger, Inc.) using Becke 3-LYP

1 type density functional theory (DFT)To investigate the effect
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Figure 1. Definition of the angles manipulated in the quantum
mechanical calculations.
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of basis set on the calculations and to ensure the convergence
of all final results, the following series of basis sets was
employed in the calculations: 6-31G**, 6-31G¥*,
6-311G**++, aug-cc-pVDZ, and aug-cc-pVTZ(-$)¢ The (-f)

in aug-cc-pVTZ(-f) indicates that no f-type functions were used
in this basis set.

Solution-phase calculations were modeled using the continuum-
solvation approximation. This method finds self-consistent
solutions for the Sctidinger and PoisserBoltzmann equations
describing a molecule in a cavity wita = 1 (vacuum)
suspended in an infinite dielectric block; these solutions were
found using the PS Solve package of Jaguar with solvent
parameters as follows: acetone= 20.7, Ryope = 2.44 A;
dioxane e = 2.209,Ryone= 2.57 A; watere = 80.37,Ryrone=
1.40 A. Although the succinamate species studied is anionic,
no positively charged counterions were incorporated in the
calculations, because the incorporation of multiple solute cavities
is not supported by the current Poiss@oltzmann solvation
model. This limitation is one of the possible sources of error in
the calculations but might also be taken as representing the
results of calculations at infinite dilution, at least to the extent
that such conditions are interesting.

NGCC Dihedral Angle (Degrees)
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Generation of Potential-Energy Surfaces

Because of its relevance to observed NMR pretproton
couplings and its dominant role in determining the qualitative
geometric features of molecular conformations, the rotational
state of the central C#H+CH, bond dihedral angle is central to
both experimental and theoretical work on disubstituted ethanes o 60 120 180 240 0 380
of this sort. Many systems such as succinic acid, succinonitrile, CCCE Dihedral Angle (Degrees)
and -alanine have been studied previously by mapping out Figur_e 2. Theoretica_l PESs as a function of anglesand 6 for
simple (one-dimensional) adiabatic rotational energy curves asSUc¢inamate monoanion in (a) dioxane, (b) acetone, and (c) water.
a function of this CHH—CH, torsion?:8 . . .

While adiabatic curves of this type contain useful information o!oglc_al accuracy, calculations were performed gvefylﬁmoth
about the energy landscape available to the system with respecf“rectlons for ¢, _a) on the_domaln [ 360’]. X .[0 . 360]. No .
to one important degree of freedom, at finite temperatures all orced symmetries were imposed on the initial structures or in
degrees of freedom must, in principle, be taken into account to the geometry (')p.tm.nzauons. The redundgnpy n thg grid was
properly calculate the conformational statistics. For succinamate,used to help minimize the chan_ce of Obt‘?"F"”g spurious res_,ults
we expected that the amide substituent-orientational degree Offrom conformers getting caughtin qual_m|r1_|ma of_the pot(_antlal-
freedom would have a large effect on the equilibrium of the energy surface durllng geometry optlmlz.atllon_by increasing the
CH,—CHj, dihedral because of its influence on hydrogen-bond number of_nonequwalc_en_t initial (pre_opt|m|zat|on) structures.
formation and steric interactions. Thus, we investigated the effect For_plottlng and St"’_‘t'St'Cal analysis, the P.ESS were fit with a
of including a second degree of freedom corresponding to thet.WO'd'”.‘e”?'O”a' CUb.'C splmg surfacg anpl interpolated onto a
orientation of the amide substituent on calculated,€8H, f'Pef.g”‘?' with a spacing of 9in bOth directions. A Boltzmgnn .
dihedral angle rotamer populations. distribution was assume_d for the discrete states on the fine grid

The CH—CH, dihedral and one angle defining the amide and the relative populations calculated by
substituent orientation were fixed to values on a two-dimensional

square grid, with all remaining geometric degrees of freedom exp (_E(G,a)/kBT)

optimized for each conformer. These two angular degrees of fom = (1)
freedom, denoted by and a, are shown in Figure 1. As Zexp(—E(B,a)/kBT)

shorthand for referring to specific conformers, we label them ol

by the values of these two angles using the notatthro. In
a compromise between computational expense and methodwheref( ) is the relative amount of the species with dihedral
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TABLE 1: Measured Vicinal H —H Couplings and
Calculated Gauche Fractions for Succinamate Monoanion in

Various Solvents %

solvent Jiz, HZ Jiy, HZ % G2 (J1s) % G2 (Jg) % G2 (avg) §
DO 6.85 8.28 59 51 57 50 58 51 E
ethanol 6.89 8.48 59 52 55 48 57 50 [
t-butyl alcohol  7.92 5.86 80 69 80 69 80 69 EF
acetone 9.04 3.90 102 89 98 85 100 87 LE
DMSOP 8.41 5.32 89 78 85 74 87 76 g
dioxané 8.96 3.77 100 88 98 86 99 87 2
THF 9.13 3.08 103 90 105 ‘92 104 91

a Altona procedure calculated gauche populationgfor 60° (left
column) andfy = 70° (right column).® This succinamate sample
contained 0.5 as much water as the succinamate anion in DMSO.
¢This succinamate sample containeck Gs much water as the
succinamate anion in dioxane.

angles and o. as defined earlierEpq) is the energy of Figure 3. Sample energy-difference surface for succinamate monoan-
conformer @, ), kg is the Boltzmann constant, aridis the ion in water, calculated by taking the point-by-point energy difference
absolute temperature. THerotamer populations were calculated 26tWeen the PESs generated using the aug-cc-pVTZ(+) and aug-cc-

b . h babiliti f h val B > pVDZ basis sets. The root-mean-squared deviation in this plotis
y summing the probabilities overfor each value ob, eq 2. 0.18 kcal/mol. Plots of this type were used to examine the convergence

of our calculations with basis set size and composition.

3607
Po= ) fow (2 (a)
o=0° -436.55
For comparison, we also calculated the adiabatic populations g “*®
considering only the lowest-energy structure for each value of & -ases -
4 g -436.70
min b 6-31G""++
» exp(—E, /KT) [ e oC-pVDZ++
Py = 3 =-436.50 - E5TIG
min &
ZeXp(_ Ey /KT) i |1 oohe 6-311G"+ CC-pVTZ(H)
B trans ce-pVTZ(-f)++
-436.90 q
Wlth (b) Basis Set
_ 05
min _ i 6-311G™"++
E0 mal nE(g,a) (4) 0.0 4 . = il — o
‘05 631G+ cc-pVDZ++ || ce-pVTZ()++
This procedure thus recreated the results of the simpler one-
dimensional adiabatic model (see Figure 5). =i CopVTZ(A)
3 -15
Experimental Results w20 631G
Our experimental studies of the conformational preferences 254 & |
of succinamic acid utilized the NMR and analytical techniques 30, P
for the calculations of conformational equilibria described s
elseWheré I Basis Set

The theoretical calculations strongly indicated that the gauche Figure 4. Convergence of quantum calculations with basis set. In (a),
angle should be substantially larger thari @e below). Thus, the absolute energy for fully optimized gauche and trans structures is
the results of our analyses are reported twice, once with the plotted for each basis set. In (b), the plots are of energy differences
classical gauche angle between the substituents°® once between these fully optimized gauche and trans structures.

with the gauche angle set to 7Experimentally determined - cajculations across changes in basis set. The standard

Jis and Ju4 coupling constants, gauche populations estimated e\ jations of these surfaces added a further quantitative measure
from these coupling constants, and amide proton chemical ShlftSof convergence.
for succinamate monoanion are presented in Table 1. Convergence was also monitored by plotting the absolute
energy of the lowest-energy gauche and trans structures for each
basis set in agueous solvent (Figure 4a). The convergence with
Figure 2 shows the PESs for succinamate monoanion increasing basis set size within each family is clearly evident
calculated with the aug-cc-pVTZ(-f) basis set in dioxane, in this plot. Figure 4b shows the energy difference between the
acetone, and water solvents. To investigate the convergence ofowest-energy gauche and trans structures for each basis set in
these calculations, PESs for each solvent system were generatedqueous solution. Similar plots were made for the other solvents
with basis sets 6-31G**, 6-31G*+, 6-311G**++, aug-cc- and are summarized in Table 2.
pVDZ, and aug-cc-pVTZ(-f). PESs from different basis sets  The relative energies of the gauche and trans conformers are
were then compared by forming the point-by-point difference very different depending on whether diffuse functions are
surface (Figure 3). Visual inspection of the plots of these included in the basis set. Recent work by Lynch and co-wotkers
difference surfaces aided in the tracking of the convergence of underscored the need for including diffuse functions in basis

Results and Analysis
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TABLE 2: Summary of Convergence Data for B3LYP 005 (a) ® Poulations from raw 2D surface
Calculations in Three Solvents as Measured by the Standard — Pogulaﬁonsfrom 2D fit
Deviation of the Changes in the Point-by-Point Energy 0.045¢ = Populations from 1D adiabatic curve
Difference Surface as the Basis Set Was Changed 0.04k
- <
Oag, dioXané oag, acetong oag, watef 2 0,035k
basis set Npasis  kcal/mol kcal/mol kcal/mol S
[
6-31G** 150 E 0.03f
6-31G**++ 188 0.99 1.04 0.96 B o005
6-311G**++ 218 0.27 0.24 0.39 § '
aug-cc-pvVDZ 238 0.26 0.21 0.33 T o2k
aug-cc-pVTZ(-f) 334 0.23 0.18 0.18 2
< 0015}
aThe g,e value on linek is the standard deviation of the energy &
difference surface corresponding to the basis sets listed onKiaed 0.01}
k —1).
( ) 0.005}
sets for DFT calculations. Because the method converges to its 9 .
theoretical limitations as more functions are added to a given 180 120 60 60 120 180
. . . CCCC Dihedral Angle (Degrees)
basis set, we conclude that diffuse functions are absolutely g s5-
necessary for calculations of this type. The comparison of our (b) ; ﬁz‘;ﬂliilﬁﬂi 282 rz%mfifD suriece
theoretical with experimental resulalso strongly supports this 0.03k » == Populations from 1D adiabatic curve
conclusion (see below). o .
The results of our theoretical calculations of the conforma- &
tional preferences of succinamate are reported in Table 3. o
Gauche populations were calculated by summing over all &
conformations with9 between—120° and+120° with the aid 2
of eq 3. To compare with the one-dimensional adiabatic method, g
o
120 2
%G= 3 p ® g
0="T2¢

gauche populations were also calculated by summing up the
populations of only the conformers of lowest energy (with
respect ton) for 0 between—12C° and 120

L . -
60 60 120
CCCC Dihedral Angle (Degrees)

0.035
120° (C) @ Populations from raw 2D surface
%G, = pad (4) == Populations from 2D fit
ad P 0 0.03f mm  Populations from 1D adiabatic curve
0,="Toc g
These populations are presented in the columns label&€dfo 5 0025
of Table 3. <
The changes in these results with basis set size give furtherg %%
evidence for the necessity of large basis sets with diffuse 3
functions. With the exception of water with 6-311G#*-, the g 0015

trend is very clear. We have no explanation for this anomalous 2
case. For both acetone and water, where the conformational§
equilibrium is less than 100% gauche, the results are sensitive
to basis set size and composition. BecdgJeis approximately
0.59 kcal/mol at room temperature, a high standard of conver- : . . .
gence is needed in order to report reliable results for the 180 120 60 0 60 120 180
conformational populations. For these systems, it appears that CCCC Dihedral Angle (Degrees)
at leasta triple basis set with diffuse functions is needed. Figure 5. Boltzmann rotamer populations &= 298 K from quantum
Judging by the change in going from the correlation-consistent calculations using the full two-dimensional PESs and one-dimensional
double (aug-cc-pVDZ) to triplet (aug-cc-pVTZ(-f)) basis sets, ~ adiabatic energy curves for succinamate monoanion in (a) dioxane, (b)
we estimate that moving up to a quadrufjleéasis set would ~ acetone, and (c) water.
change the populations by less than about 5% for acetone and
water, and would have no observable effect on the dioxane Finding that consideration of the additional degree of
results. freedom leads to a consistent and significant change in the
It is both interesting and important to notice the differences results is important for two reasons. First, and specific to this
between the results calculated using the full two-dimensional system, it shows that the decreased rotational freedom of the
PESs and the one-dimensional adiabatic results. Here, the oneamide group in gauche conformations disfavors the gauche
dimensional method tended to overestimate the gauche fractionconformations relative to what one would expect from purely
in all cases by about XR0%. Figure 5 shows the one- energetic considerations of representative gauche and trans
dimensional population curves for each system, as calculatedconformers. This is the entropic penalty for intramolecular
(&) by summing over theo-coordinate of the full two- hydrogen-bond formation. Second, and more generally, it shows
dimensional PES and (b) by using just the one-dimensional that more care must be taken in designing computational studies
adiabatic energy curve. of this type than has historically been taken in many cases.

0.01

0.005f
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TABLE 3: Gauche Fractions and Mean Gauche Dihedral Angle Calculated with B3LYP Density Functional Theory as
Described in the Text

gauche angle % G % Gad % G % Gadt % G % Gadf

basis set Nbasis 6° dioxane dioxane acetone acetone water water
6-31G** 150 75 100 100 99 100 97 99
6-31G**++ 188 74 100 100 51 67 45 62
6-311G**++ 218 74 100 100 60 82 66 90
aug-cc-pvDZ 238 76 100 100 70 87 48 62
aug-cc-pVTZ(-f) 334 77 100 100 62 82 42 55

30h Gaq values were calculated from the adiabatic one-dimensional energy curves.

TABLE 4: Theoretical Coupling Constants Calculated from

Unfortu.nately, It is quite common in pomputatlonal work the Quantum Mechanical PESs and the Haasnoot Equation
employing quantum mechanical calculations for researchers tORelating Jy_ to Dihedral Angle

focus on only the single-point energetics of a few representative
cases of a system, rather than exploring the full thermodynamic
picture. Although finite computational resources do place basisset  Jiz HZ Jia HZ J13 HZ Ji4, HZ Jis, HZ Jus HZ
restrictions on the amount of data that can be collected in a 6-31G** 9.9 1.8 9.7 2.0 9.6 2.2
computational study, one must keep in mind what the limitations 6-31G**++ 9.8 1.8 7.2 7.4 7.0 7.9
of any particular method are and strive to capture as much of 6-311G™++ 98 19 77 63 80 56
the relevant physics in the corres_ponding model as possible. gg:g&%&;dr g:g i:g ?:é g:i g:% g:;
Our agreement between experiment and theory is not excel- )

lent. The tendency toward trans is clearly strongest in water, , " Experimental values werdis = 8.67 Hz andJi, = 4.46 Hz.
but the theory predicts a larger gauche population in acetonecE)"Oer.'mentt""lI Vel"“es Wirfli gsg.?—ﬁ sz]and_Jng :'90 Hz.
than in dioxane, while the experiments show the reverse. — o menta VaUes wetfs = .85z anhs = .26 Hz.
Although the one-dimensional adiabatic results appear to be

better than the two-dimensional results, because the gauche, ,q,,ce theoretical values for the observed statistically averaged
population values predicted by the adiabatic method for acetoneproton—proton couplings. These results are presented in Table
and water are quite close to those estimated from the experi- 4

mental coupling constants, we believe that this result is surely
coincidental and that there is no real justification to accept these
results as validation of the one-dimensional over the two-
dimensional method.

dioxané acetoné watef

For water with the largest basis set, aug-cc-pVTZ(-f), the
agreement looks very good. Note, however, the high sensitivity
of the predicted coupling constants to basis set (and hence PES).
When extracting the gauche populations from the experi- Because no calqulatlons were run with an even larger quadru-

ple-¢ basis set, it is not clear exactly how much more these

mental data using the modified Altona procedfite estimate - ;
the coupling constants for each conformation, the standard valueVaIueS could change. As estimated above, ﬂ;e gauche fra.Ct'an
of 60° was used for the gauche dihedral angle, as well as a.ShOUId not change t.’y more than about 5% .'f the basis IS
value of 70. These choices were dictated because molecular mcregs_,e_d further, which should keep the coupling constants in
models and theoretical results indicated that the minimum of 1€ V'C'r?'ty ‘?f 6'5__7'0 Hz and 8'9'5.;'5 HZ'_ .
the potent|a| energy Surface was ||ke|y to be at an angle |arger The situation W|th acetone al"ld d|0Xa.ne IS not so SatISfaCIOI’y,
than 60. The impact of this choice on some of the results begs because now theory and experiment disagree strongly about the
the question of how this angle really should be chosen and callsconformational preferences. The fact that the acetone results
into question the validity of this method of analyzing experi- disagree with the experimental results, both in terms of
mental data. The true spectrum is an average over a continuunfalculated gauche populations and in terms of predicted coupling
of states corresponding to all values @fIf the gauche and ~ constants, shows that there is ample room for improvement in
trans potential energy wells are not exceptionally deep and sharpthe theory. The most likely source of this problem is the
angles other than those of just the well bottoms will contribute continuum-solvation model, which neglects the detailed char-
Signiﬁcan“y to the observed average Coup"ngs_ acteristics of solvent molecules such as acetone with its IOca"y
Noting the particular inherent problem in the analysis of Polarizable carbonyl bond. Although this can be expected to
experiments of this kind, other ways of evaluating the perfor- be an equally serious problem for water, the recommended
mance of our theoretical calculations against experimental Jaguar parameters for water have been specially optimized to
observations were considered. The most |Ogica| approach is toimprOVe the results of calculations in aqueous solutions. This
compare theoretical results directly with the observed spectral could explain the apparent better performance of the water
features (protorproton couplings). While the “holy grail” of calculations as compared to calculations in the other two
this approach would be to include the electraniclear interac- solvents. Newer software versions with hand-selected parameters
tions in the quantum calculations and calculate the values of for other solvents such as acetone may lead to better agreement
the coupling constants for each conformer on the two- With experiment.
dimensional potential energy surface, just calculating quanti-  With regard to the trend with increasing basis set size, it is
tatively accurate protenproton couplings for a single conformer  highly unlikely that a change in basis set could result in any
still poses a great challengkAs a compromise, we used the significant improvement for the dioxane or acetone calculations.
dependence af;3 andJi4 on 6 employed by Haasnoot et.# It is possible that a different flavor of DFT, or possibly higher-
to assign values of these couplings to each angte leétween level ab initio calculations such as those employing MP2
0° and 360 in 2° increments. Populations for each of these corrections to the wave functions, could result in improved
conformers were then calculated from our two-dimensional results using the current continuum-solvation model, but this
cubic-spline-fit PES by summing over the-coordinate to would have to be tested in future work.
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Conclusions work should be to look into the possibility of applying adaptive/
multiscale grids to more efficiently map out the multidimen-

We present recent findings about methodology in conforma- sional PESs available to this kind of system.

tional analysis in the context of a quantum mechanical study
of succinamate monoanion in solutions of acetone, dioxane, and
water. Several important lessons were learned with regard to
this specific system, which surely apply to conformational
analysis in general.

First, it was found, in accordance with the recent report of
Lynch et al., that the convergence of DFT calculations requires
large basis setwith diffuse functionsin water, there was an
unexplained disagreement between the results from the
6-311G**++ and aug-cc-pVTZ(-f) triples basis sets. To
understand the convergence requirements for this type of study,
further work should be done with even larger basis sets to
determine if and when the results have stabilized. Currently,
however, such calculations are prohibitively computationally
expensive.

The most significant result was that taking into account a
second degree of freedom corresponding to the orientation of
the amide substituent in our PES calculations led to important
changes in the conformational equilibrium. In this case, the
effect could be attributed to the fact that this second degree ofS (1)99?’1? Sé;slg/lgiilggé;. K.; Tsai, H. Y.; Roberts, J. D. Am. Chem.
freed_om is ml_Jch more res;rlcted in ga_u_che-llke conformations OC-(Z) Price‘f‘D_ 2 Jorgehson, W. L Roberts, J.JDAm. Chem. Soc.
than in trans-like conformations, thus giving the trans conforma- 1995120 9672-9679.
tions an entropic advantage and reducing the effect of intramo-  (3) Rudner, M. S.; Jeremic, S.; Petterson, K. A.; Kent, D. R. IV; Brown,
lecular hydrogen bonding on the conformational equilibria. More K(-)%:_&)%%dard, W. A, lll; Roberts, J. DJ. Phys. Chem. 2005 109,
gene_rally, hovyever, this underscores the_need to conS|d_er r_nore9 @) Becke, A. D.J. Chem. Phys1993 98, 5648.
than just the simplest degree of freedom in studies of this kind.  (5) penre, w. 3.; Ditchfield, R.; Pople, J. A. Chem. Phys1972 56,
When the energy profiles of any other degrees of freedom are 4233.
significantly affected by rotations of the primary dihedral, then (6) (l-siariharan, P.C; F;OPle, J. Khdeor- Chim. Actelfé993 28, 213.
all such degrees of freedom should be considered in the Hang&/, Lfef?wél';: B’Y%". ; c';gd'dggf?/v'. i-‘;\g-égéﬁgel J'D*Z- n'?..’CFhoerﬁﬁP”
calculations. Furthermore, these considerations apply to a muchggc 1998 120 7337-7343.
broader range of computational problems, where one must not  (8) Kent, D. R., IV; Petterson, K. A.; Gregoire, F.; Snyder-Frey, E.;
neglect the importance of entropic contributions to the free Hanely, L. J.; Muller, R. P.; Goddard, W. A.; Roberts, J.JDAm. Chem.
energ.y,.which could_well be missed in. a study consisting merely SOC&SSOS/:CZS ‘é‘_‘??‘;ﬁ%, ¥.: Truhlar, D. GJ. Phys. Chem. 2003
of a limited set of single-point energies. 107, 1384-1388,

In this work, we have studied only two degrees of freedom,  (10) Altona, C.; Francke, R.; de Haan, R.; Ippel, J. H.; Daalmans, G.
but future work might consider an additional degree of freedom J.; Hoekzema, A. J.; Wijk, wagn. Reson. Chenl994 32, 670-678.
corresponding to rotations of the carboxylate group. However, (1) Helgaker, T; Jaszunski, M.; Ruud, €hem. Re. 1999 99, 293~
because the computational expense grows exponentially With ™ 12) Haasnoot, C. A. G.; Deleeuw, F. A. A. M.; Altona, Tetrahedron
the number of degrees of freedom, another direction for further 198q 36, 2783-2792.
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