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We present a quantum mechanical investigation of the rotation mechanidié-dimethylformamide (DMF)
andN,N-dimethylacetamide (DMA) in water. This rotation can happen through two distinct transition states
known as TS1 and TS2, where the nitrogen lone pair is on the opposite side of the oxygen atom or on the
same side, respectively. The analysis is focused on complementary descriptions of the solvent, either represented
by a limited number of explicit solvent molecules (microsolvation), by an implicit (or continuum) solvation,

or by combinations of these two approaches. The combined approach (microsolationtinuum) can

provide quantitative agreement with the experimental results for the gas to solution shift of the rotational
barrier. For both amides, continuum effects alone are sufficient to select the correct channels. However,
hydrogen-bond effects (via the explicit solvent molecules) are necessary to obtain quantitative agreement
with experiment, provided this is combined with a continuum description. In the rotation in DMF, it seems
that a single water molecule is directly involved, while the other solvent molecules act as a “mean field” (the
bulk), which is well reproduced by a polarizable continuum medium. The mechanism in DMA is less clear.

In gas phase the steric repulsive interactions between methyl groups make TS1 clearly favored with respect
to TS2. In water, the larger dipole moment of TS2 produces an opposite effect with respect to the repulsion
interactions, making the corresponding channel less disfavored than in gas phase. The results are compared
with previous Monte Carlo simulations, and this comparison is used to draw a more general picture about
how different descriptions of the solvent can take into account long-range and mediated effects on one side
and shorter-range and dynamic effects on the other side.

1. Introduction of these aspects, specifically those that arise when a quantum-
The inclusion of solvation effects in the computational mechanical (QM) microsolvation augmented with a polarizable

modeling of chemical reactivity and processes has in some Wayscontin_uum is used fo_r the study of the cen_tral bond rotatipns of
become a standard procedure. This does, however, not meah:N-dimethylformamide (DMF) and\,N-dimethylacetamide

that including solvation effects is easy, neither that the definition (DMA) in aqueous solution.

of the best description is straightforward. The large variety of DMF and DMA serve as prototypes for a number of
techniques in use ranges from representation of the solvent byhiochemically important processes. Some binding proteins of

a macroscopic (polarizable) continuum that surrounds the solutethe immunosuppressive agents cyclosporin A and rapamycin
to t_he explicit incorporation of many solvent molecules. Des_pite are classified as rotamases (peptiegtolyl cis/trans isomer-

their proven usefulness, each of the approaches currently in USeygeq) hecayse their action on the substrate happens through bond

2??]'té’r%ag'gug%rngﬁ]akgiﬁiznFZ(r)ﬁ/);TleatzglElticitgoggjsifigeeztﬁotation processes’ The binding sites of these proteins are rich
ydrog 9 with hydrophobic residues, and their activity is retarded in polar

oorly by continuum models, while explicit descriptions, which . . o
poorly by P P solvents® which suggests a relatively nonspecific mode of

are always size-limited, cannot fully take into account long- )
range (or bulk) effects. It follows that many of the approaches C&talysis. Furthermore, DMF and DMA are commonly used as

complement each other, and it is therefore worthwhile to prototype compounds for the study of cis/trans isomerization
investigate the possibility of combining different techniques in about peptide bonds. Insights into their rotation mechanism can
the same calculation. This has indeed been the topic of a numbei@lso bring more light to the understanding of protein folding in

of recent studiés®> in which the analysis is focused on general. For these reasons, the rotation mechanisms of DMA

complementary representations of the solvent, namely, explicitly and DMF have been the topic of various theoretical studiigs,
by a small number of solvent molecules (microsolvation) or employing a variety of methodologies such as Monte G&#b
implicitly by a continuum, or by their combination. However, and high level ab initio calculatiorfs2 It was found that the
there are a number of important but not Clearly evident issues equi]ibrium structures of both Compounds have a p|anam
that arise from such studies. In this work we will discuss several N—(C), moiety, as shown in Figure 1. The planarity of these
' Depart 0 de Outica, UFRuralRy. E-mail dlarissa-dq@umib systems can be understood if theorbital of the CG-O bond
epartamento ade IcCa, ural . E-mall clarissa-aq@utrrj.or. . .
# Universitadegli Studi di Pisa. E-mail bene@dcci.unipi.it and the p pure orbital of the N atom are considered. When the
8 Gaussian Inc. E-mail thom@Gaussian.com. molecule assumes a planar configuration, the system is stabilized
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o © o® solution, because the former is stabilized by approximately 1.8
)\ kcal/mol relative to the ground state, while TS1 is destabilized
_CHs /$\ _CHs R \C;?/C”ﬂ with respect to the ground state by approximately 2.1 kcal/mol.
R T ~— R T - | However, TS1 remains the favored channel, by about#9.2
CHs CHs CHs 0.1 kcal/mol, with barriers of 16.71 and 16.91 kcal/mol for TS1

and TS2, respectively. The authors attribute the large stabiliza-

Figure 1. Resonance structures for the GS of the prototype amides. © ’ A .
tion of TS2 mainly to hydrogen-bond interactions between the

o o oxygen and/or nitrogen of DMA and the hydrogen atoms of
)& CHs )‘LQ the solvent.
R AR 5 -+ To summarize, there is no full agreement in the literature
0 ch‘ "’/fCH3 about the effect of solvation on the rotational mechanism of
DMF and DMA prototypes in aqueous solution. In the present
TSl Ts2 study we investigate this mechanism, using QM microsolvation
Figure 2. Rotational transition structures for DMF /1) and DMA of the solute combined with a continuum, as outlined in the
(R=CHy). next section.

by the resulting conjugatiotf,which can be represented by the 2. Methodology
resonance structures in Figure 1. . . o
Simultaneous rotation about the-®l bond and pyramidal- In this paper we apply the following combinations of
ization of the nitrogen atom leads to two different transition Microsolvation and a continuum description of the solvent.
states, which are shown in Figure 2. In the first case, the nitrogen Model 1. Gas PhaseThe mechanism will be described in
lone pair is on the opposite side of the oxygen atom (anti or the gas phase. At this stage, we primarily want to evaluate the
trans, Figure 2), and in the second case the oxygen lone pair is€vel of theory required by comparing our results to those
on the same side (syn or cis, Figure 2). In this work, we refer accepted in the literature.
to the transition structures as TS1 and TS2, respectively. Model 2: Microsolvation. The calculation will still be
The literature agrees on the preferred channel for thédC  carried outin gas phase, but one or two explicit water molecules
rotations in gas phase. For DMF both TS1 and TS2 are possible,are added to the GS and TS structures of DMA and DMF. In
while in DMA the repulsion between the methyl groups causes this model, the hydrogen-bond specific interactions are the main
TS1 to be the only chann&When the same process is studied Stabilizing factors.
in solution, however, the situation is less clear, and there is no Model 3: Continuum Solvent. The systems will be studied
agreement in the literature. Due to their different conformations, in agueous solution with a solvent continuum description. In
the transition structures have very different dipole moments and this model we do not include any specific soldtolvent
interact differently with solvents that have high dielectric interaction.
constants. The situation becomes even less clear if a protic polar Model 4: Microsolvation and Continuum. Models 2 and
solvent as water is considered. Not only the bulk effects will 3 are combined. The clusters consisting of an amide plus one
be present but also specific interactions such as hydrogen bond®r two water molecules will be studied in a dielectric continuum,
will be established between the amide and the solvent, and thesdo analyze the effects of specific interactions coupled to the bulk
could stabilize structures that are not energetically favored in effects.
gas phase or in other solvents. In all the calculations we used the B3LYP functional with
Wiberg et aP performed NMR selective inversiemrecovery the basis set developed by Rablen et’af to describe
experiments on DMA and DMF and found that the heights of hydrogen-bonded complexes. The latter is a standard Pople basis
the C-N rotational barriers in aqueous solution are ap- Setaugmented by a set of diffuse polarization functions, included
proximately 2.8 kcal/mol (for DMF) and 3.7 kcal/mol (for only on atoms that have lone pairs (N and O) with exponents
DMA) larger than the experimental values in a vacuum. They one-fourth of that in the original set. In the following this basis
also carried out computational studies on the DMF and DMA set will be indicated as 6-31G(d(X+),p). For the water
rotations in gas phase and a variety of solvents, using an abmolecules in the solutesolvent clusters we employed the
initio description coupled to the isodensity polarizable con- 6-314+G(d,p) basis set.
tinuum model (IPCM}8 Their theoretical studies found that, For the continuum description of the solvent, we used the
in water, the G-N rotation occurs through the same mechanisms integral equation formalism (IEF version of the polarizable
as proposed for the gas phase: TS1 for DMA and a competition continuuum model (PCMJ?! In this approach the solute is
of both TS1 and TS2 for DMF. represented as a quantum mechanical charge distribution inside
Gad? studied the &N rotation in DMF using a combined a cavity of molecular shape immersed in a macroscopic
guantum mechanical and molecular mechanical (QM/MM) dielectric with known permittivitye. The electrostatic interac-
potential in Monte Carlo (MC) simulations. In this study it was tions between solute and solvent can then be represented in terms
found that in aqueous solution TS2 becomes the preferredof an apparent surface charge on the cavity, which produces a
transition state due to its higher dipole moment. Relative to the perturbation to the solute wave function, translated as an operator
ground state, the solvation effect increases the activation freeto be added to the solute Hamiltonian. The solution of the
energy for TS1 by 2.7 0.2 kcal/mol, while the change for  resulting quantum mechanical problem gives the solute wave
TS2 is only 0.5+ 0.1 kcal/mol. This results in barriers of 22.5 function modified by the solvent in a mutually polarized way.

+ 0.2 and 20.8t 0.1 kcal/mol for TS1 and TS2, respectively. The molecular cavities were built from interlocking spheres
Duffy et al1!investigated the effects of solvation on the free centered on selected atoms, namely, all the carbons, the nitrogen,
energies of activation for rotation about the carbonylNCbond the oxygen, and for DMF, the hydrogen bonded to the carbonyl

in DMA, through a combination of gas-phase ab initio calcula- C; the radii of the corresponding spheres are 2.04 A for the
tions and solution-phase statistical mechanics simulations (MC). carbonyl C, 2.40 A for the methyl carbons, 1.86 A for N, 1.82
They found that TS2 becomes competitive with TS1 in aqueous A for O, and 1.44 A for H in DMF (these values have been
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TABLE 1: B3LYP/6-31+G(d(X+),P) Geometrical
Parameters for Ground and Transition States of DMF in
Gas Phase

TABLE 3: Height of the Rotational Barrier for the C —N
Bond in DMA and DMF in Gas Phase

DMF DMA

GS calc GS exp TSlcalc TS2calc Ts1 Ts2 Ts1 Ts2
C=0 1.225 1.224 1.209 1.204
C-H 1.106 (1112 1.106 1117 AE AG AE AG AE AG AE AG
C—N 1.362 1.391 1.441 1.436 thiswork 22.77 22.43 22.30 21.75 16.83 17.38 19.96 19.90
N—-C2 1.451 (1.453)ean 1.473 1.471 ref 4 19.54 20.07 19.44 19.64 15.05 15.64 18.05 18.13
N—-C1P 1.455 (1.453)ean 1.473 1.471 ref 5° 19.87 19.80 20.46 20.24
NCO 125.6 1235 125.1 124.4 ref 6° 14.32 14.61 18.55 18.71
CINC 121.8 (121.6)an 110.9 109.5 )
C2NC 1205 (121.6an 111.0 109.5 expe 19.25;19.4: 0.1 15.3+0.1
6(C2NCO) 1800 62.4 118.9 @ Rotational barrier values are given in kilocalories per mole.

a Distances are given in angstroms, and angles are given in degrees. G2(MP2) level. MP4(SDTQ)/6-31g(d).
bC1 and C2 refer to the two methyl carbons bonded to N.
DMF and DMA are 109.5and 113.3, respectively, which again

can be attributed to repulsive effects between methyl groups.
We note the good agreement between the experimental data

TABLE 2: B3LYP/6-31+G(d(X+),P) Geometrical
Parameters for Ground and Transition States of DMA in

Gas Phase and the calculated parameters obtained with a B3LYP/6-
GScalc GSexp TSlcalc  TS2calc 31+g(d(X+),p) for the GS of both amides. This confirms the
Cc=0 1.232 1.22 1.213 1.210 reliability of the level of theory for the GS. Since experimental
Cc-C 1.523 1.52 1.507 1.519 data are not available for the transition states, we can only
C—N 1.374 1.38 1.456 1.451 compare our results to previous theoretical work; the agreement
VS dE M M M emans saisiecods
NC=0 1218 122 1226 120.2 In Table 3, we report our calculated gas-phase rotational
CINC 125.3 120 110.5 113.3 barriers over the €N bond, compared to experimental data
C2NC 119.5 120 110.5 113.2 and previous theoretical results. All the computed free energy
6(C2NC=0)  180.0 61.8 1151 dataAG include both zero-point energy (ZPE) and thermal and

aDistances are given in angstroms, and angles are given in degrees_entropic corrections to 298.15 K. The thermal corrections are

b Results of electron diffraction foN-methylacetamidé® since gas- obtained by assuming both the harmonic approximation for all
phase data do not appear to be available for DM81 and C2 refer  vibrations and the rigid rotor model for all rotations. We see
to the two methyl carbons bonded to N. that our values for the barrier heights are higher than experi-

mental and previously reported theoretical values. This can be

obtained by scaling the van der Waals &by a factor of re_Iated to_the BSLYR hybrid functional, despite it being used
1.2). The explicit water molecules in the supermolecules are in With a basis set optimized for these types of syst€htowever,
cavities with spheres of radii 1.44 and 1.82 A for H and O, the differences between the TS1 and TS2 barrier heights (0.68
respectively. Since the PCM-IEF quantum mechanical results kcal/mol for DMF and 2.52 kcal/mol for DMA) are very close
include only electrostatic interactions, we added cavitation, © those computed by Wiberg et al. (0.43 and 2.49 kcal/mol),
dispersion, and repulsion terms in order to obtain free energies.Which represent the most accurate results to date. Since in this
These terms, referred to as nonelectrostatic contributions (NE), Work we are mainly interested in the relative barrier heights,
were computed by applying semiempirical formula based on Which B3LYP/6-3H-G(d(X+),p) predicts accurately, we have
the cavity surface and on solvent macroscopic parameters; forcontinued using this level of theory.

cavitation a generalization of a theory reducing the fluids to ~ OUr theoretical description clearly identifies TS1 as the
rigid classical bodies was used (see refs 23 and 24 for moretransition structure for the rotation of DMA, in accordance with
details) while for dispersion and repulsion an approach basedthe previous works. For DMF, however, it is not possible to
on the use of classical pair potentials projected on the cavity [dentify TS1 or TS2 as the preferred channel as the heights of
surface was adopted (see ref 25 for details). Throughout this the barriers are very similar. Therefore, we can only say that
work, the geometries were optimized for the respective level POth channels are possible reaction paths for thé\Cotation

of theory. All the calculations were performed with a private Of DMF in gas phase. As suggested by Wiberg ef s in

development version of the Gaussian computational 8bde.  this case important to consider that a part of the reaction will
proceed via the energetically slightly higher transition state.

Therefore areffectve free energys introduced, which applies
the Arrhenius formula assuming that the rate constants of the

3.1. Model 1: Gas Phaseln Tables 1 and 2 we report a individual channels can be summed to give the total rate
selection of B3LYP/6-3+g(d(X+),p) geometrical data for DMF  constant. For DMF the effectivAG* is 21.58 kcal/mol. For
and DMA in gas phase, compared with available experimental DMA, where the two channels are well separated, the resulting
data?’28 Upon rotation to the transition states, the most effective AG* is identical to the height of the TS1, the lowest
significant structural changes are the nitrogen pyramidalization of the two barriers. In Table 3, values shown in boldface type
and the G-N bond elongation. For both amides, the difference are those that significantly contribute to the effective®.

3. Numerical Results

between the &0 and C-N distances is smaller in the GS than
in the TS, which shows that the rotation reduces thgpace

3.2. Model 2: Computing H-Bond Interactions. Since
previous Monte Carlo studi#s!! showed that oxygen is the

interaction between O and N. The main geometrical differences most effective site for hydrogen bonding, we started the

between DMF and DMA are in the CINC and C2NC angles.
In DMF the two angles are very similar in the GS, while in
DMA the methyl-methyl repulsion causes them to be quite
different. In addition, in TS2 the CINC and C2NC angles for

geometry optimizations of the amide water clusters from
O---H structures. Three different sets of clusters were consid-
ered, which are schematically represented in Figure 3. Since
the DMF and DMA clusters are very similar, we show only
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IwL STRUCTURES TABLE 5: Height of the C —N Rotational Barrier for
N \ - R )\ Clusters of DMA and DMF plus Water in Gas Phasé
3
A /1\ J /& DMF DMA
e & — ‘.;;'\‘ - TS1 TS2 effAG' AAG' TS1 TS2 effAG"* AAGH
T —— . IwR 24.29 22.67 22.67 1.09 19.40 20.44 19.30 1.92
1 ¥ ;) 1wL 2457 22.92 2292 1.34 1836 20.44 18.36 0.98
e ) 2w 25.08 22.34 22.34 0.76 19.63 21.04 19.58 2.20

J’\ \ exp 22.04 2.79 19.05 3.85
B L Ts1 /L\ Il p i . . Lo .
s /L ; :%4\ e a Rotational barrier values are given in kilocalories per mole; ZPE

+ themal corrections are included.

2w STRUCTURES
5 ,l /\ TS2 this is only true for DMF, for which 1wL is more stable
N - : ' by 1 kcal/mol; for DMA the two structures are nearly identical
SNy in energy.
l\ : ; In Table 5 we report the rotational barriers for the clusters.
A, ’%/\ )& As in Table 3, values shown in boldface type are those that
as Tsi TS2 significantly contribute to the effectiv&G*. When the heights
Figure 3. Scheme of the clusters of DM water considered in the for the TS1 and TS2 barriers are very different, the effective
calculations. AG* is determined by the lowest energy channel. As shown
TABLE 4: (C)O--HOH Distances? in the Gas-Phase earlier _for the gas-phase calcu_lations, our Ievgl of theory
Complexes overestimates the rotational barriér$herefore we introduce

AAGF = AG¥H(X) — AG¥(model 1), where X%= 1wR, 1wL, or

GS st TS2 2w. This quantity represents the shift of the barrier going from
DMF  1wR 1.877 1.954 2.038 gas phase to solvated phase, which we can compare between
wi 1.865 1.955 1.952 experiment and our cluster models. Note that the experimental
2w 1.886 (L) 1.980 (L) 1.996 (L) AAGF | t the shift f h ¢ ) dihvdrated
1.886 (R) 1.993 (R) 2.094 (R) is not the shift from gas phase to mono- or dihydrate
DMA  1wR 1.865 1.921 2.038 clusters, as in our model 2 calculations, but the shift from gas
1wl 1.841 1.922 1.914 phase tdully solvated phase.
2w 1.868 (L) 1.952 (L) 1.964 (L) From results of Table 5 we see that for DMF the water
1.896 (R) 1.955 (R) 1.995(R) molecules preferentially stabilize the TS2 structures. Since the
aDistances are given in angstroms. isolated systems TS1 and TS2 are very close in energy (see

Table 3), TS2 now becomes the preferred channel. This
the former. In set 1. called 1wL. one water molecule is Corresponds qualitatively to the trend observed in MC simula-

hydrogen-bonded to the carbonyl oxygen, located opposite (left) tions. Our calculations give an average shiftde2 kcal/mol

the amino group in both the GS and in the TS structures. In setfor TSl_ and Ie;s thant1 keal/mol for TS2, . while MC
2, 1wR, the water molecule is located on the same side (right) calculations predict 2.7 and 0.5 kcal/mol, respectively. However,

with respect to the amino group. Finally set 3, 2w, combines the agreement with experiment is poor. None of the considered
sets 1 and 2 B clusters calculations reproduces the increase in barrier height

] ) ) ~of 2.79 kcal/mol, with 1wL (1.34 kcal/mol) yielding the shift
The geometrical arrangement of the amides in the clusters iscjosest to experiment.

very similar to those without water molecules, in Tables 1 and  For DMA the analysis is slightly more complex. From the

2, and is not reported here. The hydrogen-bond distances inresults reported in Table 5, it follows that the presence of a
the clusters are shown in Table 4. The increase in O---H water molecule at the right side of the carbonyl (1wR, 2w)
distances going from GS to TS1 and TS2 indicates that i C  stabilizes the TS2 structure. This makes the two transition states
rotation reduces the hydrogen-bond strengths. This was observe¢ompetitive, though TS1 remains the preferred channel. On the
in Monte Carlo simulations as wéft.Due to the inductive effect  contrary, a single water molecule on the left (1wL) yields the
of the methyl group, DMA has stronger hydrogen-bond interac- same barriers as the isolated system, and TS1 remains the only
tions than DMF. Indeed, all the correspondir@=0---HOH possible channel. Data from MC simulations predicts that both
distances are shorter for DMA than for DMF. channels are possible, with a gas-to-solution shift of about 2.2

For both amides, the hydrogen-bond lengths differ signifi- kcal/mol, which is very close to o_ur_2w result. Howevgr, also
cantly between TS1 and TS2 in the 1wR clusters, while they for D_MA there s not a quantitative agreement with the
are very similar in the 1wL clusters. These findings, together gxperlmental .Sh'ﬁ' Itis clear that |nclu5|0.nl of hydrogen-bond
with the fact that in the 1WL-TS2 structures the H-bond is Mteractions via a small number of explicit water molecules
significantly shorter than it is in 1IwR-TS2, may be an indication Eg?r?grt fully account for the solvent effect on the rotational
that the ~C=0---HOH ir_1te_raction i_s less strong at the right 3.3. .Model 3: Computing Bulk Effects.As an alternative
f’r']ie l% fntgepﬁﬁleggleﬁigggeﬁ mv?ﬁ?clhkegs%ueeiopltgﬁ sr(x’;;cﬁgf to the microsolvation scheme described in the p_revious section,

L . - . . we now apply the PCM-IEF model for solvation. The geo-
perturbation s larger in DM.A in which the amino group shows metrical changes upon rotation with PCM are similar but more
a more pronounced donorlike behavior. pronounced, as observed in the gas-phase calculations. In Table

Passing on to the energetics, it is interesting to first comment 6 we report the PCM-IEF rotational barriers for DMF and DMA
on the relative stabilities of the clusters in their TS conforma- in water for both channels and the effectives* with the
tions. For TS1, the 1wL structure is always more stable than corresponding gas-to-solution shifAAG*). We also report
the 1wR structure (by 0.4 kcal/mol for both amides). In case of experimental results, as well as theoretical results reported by
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TABLE 6: Height of the Rotational Barriers in DMA and DMF in Water 2

DMF DMA
TS1 TS2 effAG* AAGH TS1 TS2 effAG* AAGH
this work 25.04 22.76 22.75 1.17 19.59 19.84 19.29 1.92
ref & 22.77 20.77 20.75 1.34 17.87 18.32 17.64 2.01
ref 107 22.5+0.2 20.7£0.1 20.67 1.10
ref 11° 16.71 16.91 16.39 1.78
exp® 22.04 2.79 19.05 3.85

a Rotational barrier values are given in kilocalories per mbI®CM. ¢ Monte Carlo.? Such values were obtained from the difference between
effective AG* in solution and gas phase. The effectiv&* values for refs 10 and 11 were introduced here for the first time; gas-phase values are
19.57 kcal/mol for DMF and 14.61 kcal/mol for DMA.

TABLE 7: Dipole Moments of GS and TS of DMF and TABLE 8: (C)O :+-HOH Distances (in A) in the PCM
DMA in Gas Phase and in Watef Clusters?
DMF DMA GS TS1 TS2
GS TS1 TS2 GS TS1 TS2 DMF 1wR 1.822 1.923 1.916
vac 4253 1943 3508 4045 2085 3641 Ovt Wb 17T O 11§8§§(L) 119')3(7’2@)
PCM-IEF  5.877 2.487 4767 5.757 2.780 5.148 1.857 (R) 1.968 (R) 1.948 (R)
aDipole moments are given in debyes. DMA IwR 1.808 1.899 1.881
DMA 1wL 1.764 1.875 1.876

others. From the latter we derived the effectines* for DMA 2w 1.822,1.859 1.915, 1.936 1.909, 1.920
comparison with the current results. aDistances are given in angstroms.

From result§ reported in Table 6'it follows that for DMF the TABLE 9: Height of the C —N Rotational Barrier for
TS2 channel is favored. Gao obtained the same result with acjysters of DMA and DMF Plus Water in Aqueous Solutior?
QM/MM MC approach, which confirms the ability of the OME DMVA
continuum approach to accurately reproduce statistical explicit
solvent models. However, just as in Gao’s results and our results TS1 TS2 effAG" AAG' TS1 TS2 effAG" AAG*
obtained with model 2AAG* is still too small compared to  1wR 27.05 24.14 24.14 256 20.65 20.33 19.85 2.47
the experimental values. For DMA, the channels are very close 1wL  26.36 24.03 24.03 2.45 21.26 21.46 20.94 3.56
in energy and the resulting effectiveG* is smaller than that 2w  26.21 22.82 2282 124 22.15 21.47 21.31 3.93
for either channel. Similar to DMF, the same results were exp* 22.04 2.79 19.05 3.85
obtained with MC simulation¥! but also here the computed
gas-to-solution shift is too small compared to experiment.

To further analyze the PCM-IEF results, we calculated the
dipole moments of GS and the TSs, both in the gas phase and |n Table 8 we report geometrical parameters related to the
with continuum (Table 7). For both amides, TS1 has the smallest hydrogen bonding of the amides with the water molecules. From
dipole moment, and as a consequence it is less stabilized inthe results in Tables 4 and 8, it follows that solvating the clusters
water than GS and TS2 are. This results in a gas-to-solution enjarges the hydrogen-bond strength, as indicated by the
(positive) shift larger for TS1 than for TS2. For DMF this is  contraction of (C)®+HOH distances with respect to the gas-
reflected in the fact that, from the two possible channels found phase clusters. Furthermore, the difference between 1wR and
in gas phase, we pass to the clearly preferred TS2 in water. Forjw|_ lengths is significantly increased.

DMA the picture is less clear. In gas phase the steric repulsion |4 Table 9 we report thAG* for the TS1 and TS2 channels
between the methyl groups makes TS1 clearly favored over TS2,in the DMF and DMA cluster-continuum calculations, with one
but in water, the larger dipole moment of TS2 opposes the gnd two hydrogen-bonded water molecules. For all systems we
repulsive interactions. This ultimately results in computed report the effectiveAG* as well as the resultingAG* shift.
barriers for TS1 and TS2 in water that are very similar. For DMF, we again find TS2 to give the lowest rotational

From previous paragraphs it follows that the description barrier, exactly as found for the isolated clusters and the
obtained with the continuum-only model is qualitatively correct. continuum-only descriptions and in agreement with the MC
Both the assignment of the most favored mechanism in the two simulations by Gao. Now, however, we find much better
amides and the estimation of the differential solvation effect quantitative agreement with experiment, but only for the 1wR
(larger for DMA than for DMF) are correctly predicted. The and 1wL cluster-continuum models.
reason for the prediction not being quantitative is the neglect For DMA, the PCM calculations change the results obtained
of specific interactions between the amides and water. As for gas-phase and isolated clusters. In all the clusters, the
indicated by the data in Table 5, hydrogen bonding occurs presence of a dielectric continuum makes the two barriers very
between the solute and solvent, which can significantly affect close in energy, similar to the observation for the continuum
the height of the barriers. scheme without explicit water molecules (model 3). In fact, TS2

3.4. Model 4: Computing both Specific Interactions and is more stabilized by the solvent interactions than TS1, as was
Bulk Effects. To improve the description of the soluteolvent found by Duffy et al*! using a MC approach that includes both
interaction given by the continuum-only model, we now short- and long-range effects. This time we find very good
explicitly include several solvent molecules that may strongly agreement with experiment for the 1wL and 2w models.
interact with the solute. Recently this strategy was successfully  3.5. Alternative Clusters. In the Monte Carlo studies on
applied in the prediction of properties of solvated systéfis, = DMA and DMF by Gao and Duffy, it was reported that in the
but here we will use the approach to study the rotational barriers. TS2 structures hydrogen bonding also occurs between the water

a Rotational barrier values are given in kilocalories per mole; ZPE
+ themal corrections are included.
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Figure 4. TS2 clusters with N---HOH hydrogen bond. Hydrogen-bond < \
distances (in angstroms) are reported for DMF, and in parentheses for & .. A
DMA, in a sequence of two numbers: the number in italic type isthe 2 24 ™~ {k
length of hydrogen bond in model 2, and that in boldface type is the .8 |
respective value in model 4. & |
@ 23
TABLE 10: Free Energy Difference between the Two |
Possible TS2 Structures (IwR and 1wN) and (2w and 2wRl) ” |
gas phase PCM !
DMF DMA DMF DMA Poll " _
1w 0.7 0.2 0.9 0.2 GS TS1 TS2 Eff
2w 0.5 0.7 13 0.7 Figure 5. Representation of the TSs and effective rotational barriers

aFree energy is given in kilocalories per mole, with reference to for DMF in the various models considered.

the 1wN or 2wN cluster. .

molecules and the nitrogen atom of the amino group. We
investigated this possibility with the additional set of clusters 22{ DMA
shown in Figure 4. It is important to emphasize that-NOH
interaction can only be established when the water molecule is
on the same side of the amino group, analogous to the 1wR
and 2w clusters in the previous sections. The clusters obtained
for DMF (for DMA they are equivalent) in Figure 4 will be
referred to as 1wN and 2wN.

[ [~
o -

Barrier height (kcal/mol)
©

——as
In Figure 4 we also report the H-bond distances for the —8 — tulgas
TS2(N) clusters obtained in gas phase and with PCM. Compar- € 181 21"
ing these data with those reported in Tables 4 and 8, we see PCM
B 1wlL-PCM

sy
-

that the hydrogen-bond lengths of the 1wR and 2w clusters
(Tables 4 and 8) are longer than the corresponding distances in —&—2wrcM
1wN and 2wN, which indicates that hydrogen bonding with the
N atom is stronger than with the O atom. Furthermore, from
the geometrical data presented in this and the previous sections, 15 -
it follows that adding the continuum enlarges the hydrogen- Gs TS1 TS2 Eff
bond strength. Figure 6. Representation of the TSs and effective rotational barriers
In Table 10 we report the free energy differences between for DMA in the various models considered.
the TS2(N) and the corresponding TS2(O) structures. All the
TS2(N) structures are more stable than the correspondingchannel must correspond to the lowest rotational barrier. As
TS2(O) structures, which is most pronounced in DMF with the shown in Figure 5, for DMF the TS2 structure has always a
continuum description of the solvent. Consideration of the smaller barrier than TS1. In the gas phase, the difference is only
N---HOH interaction, either as alternative (1wN) or additive to about 0.7 kcal/mol, and the effective barrier has both TS1 and
O--*HOH (2wN), does not change the channel preferences TS2 contributions. Inclusion of solvent (models 2, 3, and 4)
obtained in the previous sections. TS2 is still the most probable, results in very distinct values for TS1 and TS2, and the effective
but in each case the shift in the barrier becomes too small barrier is identical to TS2 in all cases. From the 1wR-gas and
compared to experiment. In fact, the gas to solution shift 1wL-gas results it follows that when only one water molecule
disappears for the DMF 2wN model. is added (1wX-gas), its effect on the height of the barrier is
3.6. Summary.In Figures 5 and 6 we present an overview Mmore or less independent of its location. There is, however, no
of the results obtained with the different models. The GS is agreement with the experimental value. Addition of a second
taken as the reference and the plot presents a zoom on the regiowater molecule (2w-gas) enlarges the TS1 and TS2 energy
around the TS barriers. The exp line is an estimate of the difference and leads to values far away from experiment.
experimental barrier in water, which has been obtained by Inclusion of solvent via only the continuum (PCM) leads to
summing the experimental value of the barrier in solution and results very similar to those for model 2, and this seems to show
the error associated with the B3LYP description [defined as that H-bonding and bulk effects are quite similar for this system
the difference between the B3LYP/6-8G(d(X+),p) and the This is confirmed by the results obtained with model 4, in which
experimental gas-phase barriers]. We use this correction for thesolvation effects are considered via both PCM and microsol-
same reason as the use of INAG* quantity in the previous  vation. In this scheme, the 1w-PCM (L or R) TS2 structure
sections. satisfies both requirements for the preferred channel for DMF
When analyzing these plots, we must keep in mind that the (the circled values in Figure 5).
preferred channel must satisfy two conditions. First there must  In Figure 6 we show the equivalent plot for DMA, for which
be agreement with the experimental value, and second, thatthe results are less uniform than for DMF. In the isolated (gas-

=
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phase) amide, TS1 is clearly favored over TS2. The 1w-gas or So, in that sense, MC and PCM are very similar and yield (when
2w-gas results show that inclusion of only the hydrogen-bond parametrized correctly) the same results quantitatively. PCM,
effects does not change the preference. With only the continuumhowever, is not able to get steric effects of the solvent right,
description of the solvent, both transition structures become but that appears not to be a problem here.

possible channels, which is also the case for the 1wL-PCM  Both MC and PCM do not get specific interactions such as
description. However, in the 1wR-PCM and 2w-PCM models, H-bonding right, and that, of course, is the problem in the
TS1 is more destabilized than TS2, although in each case bothpresent work. This limitation is here solved by introducing one
TS1 and TS2 contribute to the effective barrier. Just from or two water molecules in addition to the continuum descrip-
looking at the absolute values for the height of the barrier tion: this limited approach (one or two water plus continuum
(circled values), it is not possible to distinguish between 2w- pCM) is not only able to account for the main solusmlvent

PCM and 1wL-PCM results. interactions present in the systems studied but also furnishes a
_ good quantitative agreement with the experimental results for
4. Conclusions the gas to solution shift of the rotational barrier.

In the previous sections we have compared different solvation ~ 1here are however, two (paradoxical) issues that need to be
models to study the changes of the rotation mechanisms of DMFaddressed in order to fully appreciate the results.
and DMA passing from gas phase to aqueous solution. In gas First, for DMF we see that inclusion of one water molecule
phase, the DMF rotation happens through both TS1 and TS2,and PCM reproduces the experimental values accurately but that
but the same EN rotation in DMA preferentially happens there is no longer agreement with experiment when a second
through a TS2 structure. This preference is due to the methyl Wwater molecule is added. This seems surprising at first, since
methyl steric repulsion. In aqueous solution, the situation is CoOmmon sense says that inclusion of additional solvent mol-
different. The two possible transition structures have very €cules at a high theoretical level should not negatively affect
different dipole moments, which leads to distinct sokselvent ~ the quantitative description. This reasoning, however, ignores
interactions. In DMF, TS2 is the preferred channel irrespective the fact that while PCM provides an averaged description of
of the theoretical model. On the contrary, the preferred mech- the solvent, the QM solvent molecules introduce some instan-
anism of DMA depends on the theoretical description of the taneous interactions that in reality may not occur or, in a
solvent and can therefore be completely misunderstood if not Statistical sense, not “often”. Thus, inclusion of QM solvent
all solvent effects are properly taken into account. When only molecules improves the description only when the added QM
specific hydrogen-bond interactions are considered (model 2), molecules are supposed to be coordinated to the solute with a
it is not straightforward to identify the operative channel for significant resident time, in a dynamical context. It is clear that
DMA. Conversely, when just the bulk effects are considered this is a problem in our approach when just one instantaneous
(model 3), the results are qualitatively in agreement with configuration has to resemble a noninteger average number of
experiments. However, only when specific interactions and bulk hydrogen bonds, as in fact predicted by the Monte Carlo
effects are taken into account together (model 4) can we obtainSimulations of DMA.
quantitative agreement between theoretical and experimental Second, explicit incorporation of solvent molecules might
values for the gas to solution shift in the respective rotational facilitate different interactions in the different compounds along
barrier. the reaction path. This can be an artifact of only a limited
The correlation between computed and experimental resultsnumber of QM solvent molecules being available. In fact, a
allows us to propose the rotational mechanisms of the two limited number of explicit solvent molecules also prevents the
amides in water solution. In the rotation in DMF, it appears correct accounting for the continuous changes in the solvation
that a single water molecule is directly involved, while the other shells along the reaction path. It is possible that this is the origin
solvent molecules act as a “mean field” (the bulk), which is of the 1wN and 2wN results underestimating the barrier: an
well reproduced by a polarizable continuum medium. This water O—H interaction in the ground state is replaced by a much
molecule can be indistinguishably located on the right or on stronger G-N interaction in the transition state and this
the left to the carbonyl, following the results obtained from our artificially lowers the TS barrier significantly.
approach. The two aspects we have introduced here seem to require
The mechanism in DMA is less clear. Perhaps due to the two opposite strategies: the first asks to reduce the number of
inductive effect of the methyl group, the water molecule explicit waters to those firmly (in a dynamical sense) tight to
H-bonded to the carbonyl oxygen located on the right side of the reacting system, while the second requires to enlarge such
the amide (1wR and 2w) is more effectively perturbed by the number so as to include also molecules not directly interacting
nitrogen lone pair than in DMF. This increased stabilization of with the reacting system. In reality, this opposition is only
TS2, when the water molecule is on the right side, can causeapparent; the problem is that a standard quantum-mechanical
TS2 to be preferred over TS1. description in which the first solvation shells are obtained as
Some conclusive comments can now be sketched. the minima of the corresponding potential energy surface is not
From this study it is evident that the results obtained with the correct way to look at the problem. Solvation is an
the continuum-only model are very close to the QM/MM MC intrinsically dynamic long-range phenomenon, especially when
results of refs 10 and 11 (sam&AG* value and same  coupled to areactive process, and statistical concepts involving
differences between TS1 and TS2), while things are quite averaging and fluctuations from averages are thus necessary.
different for models with the explicit solvent molecules. The In this paper we have tried to show that solvation QM models
main reason for the agreement between MC and PCM is thatwith few explicit solvent molecules can still be used, but only
in both the solvent is (statistically) averaged: in MC explicitly, if the statistical aspect is also included, at least in its ap-
and in PCM implicitly. In addition, in both PCM and QM/MM  proximated version represented by continuum approaches.
MC, the wave function “feels” the charge distribution of the We can thus conclude that QM microsolvation in combination
solvent, in MC via the explicit point charges of the MM region, with a continuum, even if surely does not represent the final
and in PCM via the charge distribution on the cavity surface. answer (for example, it completely misses effects due to
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fluctuations), still represents one of the most promising tools
for treating solvation phenomena and processes requiring th
level of accuracy that only full quantum mechanical approaches

can give.
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