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The importance of hydration on the equilibrium involving internal rotation around carbon-carbon single bond

is investigated for the furfural molecule dissolved in water. To analyze the solvent effects in stabilizing any
preferred conformation of furfural, we perform Monte Carlo (MR T simulations corresponding to different
rotation angles of the carbonyl group. The hydrogen bonds formed between solute and solvent are also analyzed
along the conformational equilibrium. They are found to be equivalent, both in number and in binding energy,
for all rotation angles. These results give a strong evidence that the conformational stability and the rotation
barrier of the furfural molecule in water relate to the bulk properties rater than solute-solvent hydrogen bonds.

1 Introduction has no attraction by non polar groups held in any mole:
[9]. Thus, hydrophobic substances tend to be concent

Biochemical processes are transformations that occur in, 0|l.)y decreasing entropy [8], with the non polar groups dip

by means of, living organisms. They involve a great variety into the bulk, and the non polar groups clustered togeth
of proteins, carbohydrates, lipids, steroids, and other sub-the surface of water.

stances which have important and specific activities. Yetall ~ Therefore, it is an increasing consensus that there
these complex substances make up only a minor portion ofconsiderable difference between studying the behavic
the total weight of biochemical systems. In fact the main isolated molecules and their reactions in solution. Indk
constituent is water, present in amounts far exceeding theeven the most basic characteristic of the molecules,
total of all the other components [1]. Furthermore, water structures, may be strongly influenced by the solvent.

is known to be the indispensable matrix for the structural effects of solvents on the properties of organic and bio
components and the activities of living organism. Thus, an ical molecules have been successfully described by L
important characteristic feature of water is the property of different and complementary theoretical models [10-12]
hydration. Because of its high dielectric constant [2], wa- this direction a useful tool to investigate the solvation me
ter can dissolve better ionic compounds like salts, acids, andanism and the specific role of the solute-solvent interact
bases than any other medium. Also in aqueous environmenis provided by statistical mechanics simulation technic
compounds containing hydroxyl, carboxyl, amino, or keto [13]. Particularly, applications of the Monte Carlo (M
groups are extensively hydrated [3]. All these groups can method [13, 14] have permitted to obtain statistical a
become interconnected with water molecules by hydrogenages of thermodynamic properties and solute-solvent

bonds [4, 5]. In virtue of these power to dissolve many dif- figurations as well. Also, supermolecular structures cal
ferent substances water is considered a universal solvent. efficiently extracted from the MC simulations to be usec

The importance of hydration for conformational stability subsequent quantum mechanical (QM) calculations [15-

of organic molecules and for the specificity and affinity of Here, we direct attention to the study of the conforr
folding and binding events has long been recognized [3, 6]. tional equilibrium [18] of furfural (Fig. 1) in aqueous soll
It is clearly important to obtain a detailed understanding of tion using MC simulations. The furfural molecule may |
the origin of the hydration effects so that observations cantate the carbonyl{CHO) group around the carbon-carb
be correctly interpreted and that accurate predictions can besingle bond and the specific equilibrium conformatior
made in the course of designing biological processes. Forsolvent-dependent. This single-bond rotation to some
instance, the hydrophobic effect [7] is considered to be thetension mimics the rotation around the peptide bond th
major driving force for the folding of globular proteins and crucial for protein folding. Then, our major interest is to
the formation of membranes and micelles in aqueous solu-vestigate the importance of water (a strong protic solv
tion [8]. Such phenomenon is related to the fact that water in stabilizing any specific rotation of the carbonyl group
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furfural. In doing this, we give a detailed statistical analysis
of the hydrogen bonds formed between solute and solvent
as a function of the rotational angle for the OO-gisOO-
trans interconversion [19]. To asses the effects of hydrogen
bonding in stabilizing any preferential conformer of furfural
along the conformational equilibrium, we also perform MC
simulations of furfural in chloroform (a weaker protic sol-
vent) and compare the results.

H o]
/ H /
- — 0§ — D)<
O © o © O H
0O0-cis (0°) TS (90°) OO-trans (180°)
Figure 2. Symbols of the atomic sites in the furfural molecule
Figure 1. Conformational equilibrium of furfural. The carbonyl showing the dihedral angle/@5C.O.
group (-CHO) rotates along the furan ring.
The MC simulations are carried out with the DICE code

[26] and consist of a thermalization stage of 2.a.0° MC

steps, followed by an averaging stage of 2%.0.0° MC

. . steps in the case of water; and 20610° MC steps in
2 Compmat'onal Details the case of chloroform. The intermolecular interactions are
spherically truncated for a center of mass separation large
The conformational analysis of the furfural solutions is than the cutoff radius, which is half of the cubic box, and
made using Monte Carlo (MC) statistical mechanics sim- long-range corrections are calculated beyond this distanc
ulations with Metropolis sampling technique [13, 14]. To select statistically uncorrelated configurations we use th
The conformers are analyzed rotating the dihedral angleautocorrelation function of the energy [15, 16, 27] that pro-
(O4C5CcO¢, shown in Fig. 2) by 9 from OO-cis (0) to vides the correlation interval. In total, 60 configurations are
OO-trans (180). The MC simulations are carried out with - gptained with less than 10% of statistical correlation. Using
one specific conformation of furfural plus 450 molecules (in e radial distribution function we separate the first solvation
the case of water) and 343 (in the case of chloroform). All shell, composed of one furfural molecule surrounded by 32

systems are contained in cubic boxes that are surrounded by, molecules or one furfural molecule surrounded by 1
images of themselves to remove the edge effects. The Ca"chloroform molecules.

culations are performed NPT (isotermal-isobaric) ensem-

bles at temperature of 298.15 K and pressure of 1 atm. The

intermolecular interaction is given by the three-parameter 3  Results and Discussion

Lennard-Jones plus Coulomb potential [28), (0;, andg;)

for each site, j on moleculesy and: Before discussing the solvent effects on the conformationa

equilibrium of furfural, it is interesting to mention that this

Uuslres) = onZoc % - (&) 12 B (%>6 N a4y 7 rannodleglgigsz (eli(iist ;-n two possif)le conformgtions: OO-cis
L Tij Tij rij g. 1). The OO-trans form is known to be
v more stable in the vapour, whereas the OO-cis form is mor

stable in polar media [18]. Recently, Baldridgeal. [12]

showed that the conformer with larger dipole moment, OO-

cis, prevails in solvents with dielectric constants higher thar

rameters [21], with @, symmetry, OH distance of 1.00 5. Howeyer, the stqbility b etvyeen bOt.h conformers does no

A, and HOH angle of 109.47 The chloroform molecules obey a simple relationship with the dielectric constant [28].

are modeled by the five-site potential parameter suggestedTh's' of course, |nd|cate_s that the solv_ent effects _are mor|
by Barlette and Freitas [22]. For the furfural molecule we COMPIex than could be inferred by a simple reaction field.
employ the OPLS-AA [23] set, but the atomic charges are The s_olvent depeqdence of the gctlvann bgrrler for the cis
calculated for each conformation with the CHELPG fitting trans interconversion of furfural is really an important topic
method [24], at the MP2/6-311+G(d) level of theory [25]. in biophysical chemistry.

We can notice that the oxygen atom in the carbonyl group ~ Bain and Hazendonk [28] have used NMR measure:
(Oc¢) has always a larger negative charge than the ring oxy-mentS to determine the thermodynamic parameters for th
gen (Q). Thus, as we shall see further, the occurrence of rotation of the carbonyl group in furfural dissolved in
hydrogen bond formation is more likely inc@han in Q, toluene, acetone, and methanol. They have found large et
(Fig. 2). tropy effects for the non protics solvents, toluene and ace

where the geometric combining rules for the parameters in
Eq (1) are given by,] = (57',5]')1/2 andm;j = (0'7;0']‘)1/2.
For the water molecules we use the SPC potential pa-
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tone, and none for the protic solvent methanol. In toluene
the activation entropy is obtained to be positive, indicating

that the transition state is disordered compared to the pla-
nar form. Conversely, in acetone it is observed a negative
activation entropy, which means that the transition state is
ordered with respect to the planar form. However, in the

case of methanol there is no preferred interaction between
the solvent and any conformation of furfural.

This analysis is of interest because one normally expects
that in protic solvents like water the hydrogen bonds formed
with the oxygen atoms in the furfural molecule should favor
one conformation along the internal rotation of the carbonyl
group. To understand the specific role of solute-solvent in-
teractions, we perform a detailed investigation of the hydro-
gen bonding along the OO-cig OO-trans interconversion
in water, a strong protic solvent [19]. We also compare our
results performing MC simulations for furfural in a weaker
protic solvent, chloroform. Then, we perform an structural
analysis, as obtained via converged atomistic MC simula-
tions.

3.1 Hydrogen Bonding Patterns

The number of hydrogen bonds formed between furfural and

water, as well as the corresponding binding energies, are

obtained as a function of the rotation angle@C.O. de-
scribed in Fig. 2. Our results correspond to 20 different MC
simulations, one for each conformation of furfural. These
provide a microscopic description of the specific interaction
involving the proton acceptor furfural and the proton donor
water during the cis-trans interconversion. The hydrogen
bond is defined using the geometric and energetic criteria
[15, 29, 30], which ardiox < 3.7 A, foxn < 36°, and pos-
itive binding energy, as given in Fig. 3. Along the carbonyl
rotation in water, we have obtained the geometric parame-
ters as given in Figs. 4 and 5, i.e., about B.6or the inter-
molecular G-0 distance and T%or the hydrogen bonding
angle. Also, in chloroform, a very similar result is found,
i.e., about 3.3 and 2T, respectively.

~
~
~
~

Figure 3. Geometric parameters for the hydrogen bond formation.

The X atom represents oxygen in the case of water and carbon in

the case of chloroform.

In aqueous solution, by considering only the most rep-
resentative conformers of furfural, OO-cis, OO*9@an-
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Figure 5. Hydrogen bonding anglédor) between furfural anc

water calculated as a function of the rotational angl€gC.Oc.

therefore, 0.97 hydrogen bond on average. Thisis the s
tics of the hydrogen bonding for the solution of furfural
water. In fact, most of the hydrogen bonds have the carb
oxygen (Q) as the proton acceptor. Similar results are
tained for the OO-trans conformer and transition state, \
an average number of 1.13 hydrogen bonds in the first
and 0.84 for the transition state.

The total number of hydrogen bonds is remarkably
ble, varying between a minimum of 0.75 hydrogen b
for the 135 —conformer, and a maximum of 1.25 hydr
gen bonds for the 4#5-conformer. This indicates that tt
hydrogen bonds do not contribute strongly to any con
mation of furfural in water. These results lead to a sn
change in the binding energy along the rotational interc
version angle. For instance, in the OO-cis case the &
ing energy is calculated as 3.360.70 kcal/mol, wherea
the maximum value lies in 3.5& 0.80 kcal/mol for the

sition state), and OO-trans, we calculated that for the OO- 162°—conformer. In comparison, the minimum value lies
cis 23% of the configurations make no hydrogen bond, 58% 2.83 + 0.80 kcal/mol for the 63—conformer. The binding
make one, 17% make two, and 2% make even three hydro-energy for the OO-trans conformer is 3.4%.80 kcal/mol,
gen bonds. Then, out of the 60 configurations selected there.e., 0.1 kcal/mol stronger than in the case of the OO-cis
exist 58 hydrogen bonds in the OO-cis conformer, making former. Indeed, as the standard deviation in the calculal
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is 0.8 kcal/mol, we cannot distinguish the conformers. For 3.2 Stabilization of the Solute

the transition state the binding energy is only 0.5 kcal/mol

weaker than in the planar forms. The main conclusion is Although the carbonyl group in furfural appears to make

that hydrogen bonds between furfural and the water are esthe hydrogen bonds less significant to stabilize any specifi

sentially equivalent for all conformations and therefore they conformation of the solute, the entire dipole moment of the

make no significant contribution for any rotamer. molecule is relatively high to allow an electrostatic stabiliza-
tion. In gas phase the dipole moment of furfural is 3.97 D
for the OO-cis form, 2.93 D for the transition state, and 3.23
D for the OO-trans form [18]. Thus, the difference in dipole
moment for two species in equilibrium is large enough to
drive the conformational stability. In polar solvents the more
polar conformer is expected to be preferentially stabilized
as predicted by the reaction field theory [31]. For instance
in water the OO-cis form is predominant. However, in the
case of chloroform (a low polarity solvent with dielectric
constant of about 5) a simple reaction field analysis seem
to be inappropriate in predicting which is the more stable
conformer of furfural [12, 31]. In this case, the energy dif-
ference between the OO-cis and OO-trans forms tends t

(@ approximately zero [18]. As given in Table 1, the hydro-

gen bonding energy contribution predicts qualitatively that
the higher dipole moment conformer, OO-cis, is more sta-
ble when dissolved in water. In fact, a dielectric constant
around 5 (e.g. chloroform) seems to be the turning-point fo
the OO-cis= OO-trans change in the conformational equi-
librium of furfural [12].

The polarization effects thats occur in the furfural
molecule when dissolved in chloroform or water are bet-
ter described by calculations of the dipole moment for the
three more important conformers embedded in solvent an
comparing them with the calculated dipole moments in the
gas pase. Having obtained the solvation shells of furfura
using the radial distribution functions, we treat the solvent
as discrete molecules surrounding the solute. Then, dipol

(b) moment calculations are performed as averages over 60 M

configurations. To obtain these values we have employed

Figure 6. Hydrogen bonds formed between furfural and chloro- Monte Carlo/quantum mechanics (MC/QM) procedure with
form (a) and furfural and water (b) along the conformational equi- the ab initio MP2/6-31+G(d) level of theory [25], treating

librium. the molecules in the first solvation as point charges. We als

Now we compare the statistical analysis for the hydro- compare our results, presented in Table 3, with the dipole
gen bond formation of furfural dissolved in water by con- moments calculated using the reaction field, where the sol
sidering the conformational equilibrium of furfural in chlo-  vents are characterized by their dielectric constants4.8
roform, a weaker protic solvent than water. In this case we (for chloroform) ande = 78.5 (for water). All calculations
consider the three more important conformers of furfural, are carried out at the MP2/6-31+G(d) level with the same
OO-cis, transition state, and OO-trans. The statistics for thegeometries of the furfural conformers. Using this method
other conformations are very similar to that for water. In our calculated dipole moments for the gas phase are abo
Fig. 6 we show two types of hydrogen bonds formed with 0f 0.2 D higher than the corresponding experimental value:
arbitrary conformers of furfural in both solvents. Our results [18] of the more stable conformer, and only 0.08 D for the
are summarized in Tables 1 and 2. As we can observe, a simtransition state.
ilar hydrogen bonding pattern is obtained dissolving furfural Here, it is interesting to notice that the back polarization
in water or chloroform. Here, the average number and theof the solute due to the reaction field appears to overest
strength of hydrogen bonds formed between the solute andmate the solvent effects. As can be seen in Table 3, in th
the solvent are essentially constant along the internal rota-case of chloroform the reaction field predicts a dipole mo-
tion, giving again no contribution to the activation entropy. ment increase of 21% for the OO-cis form, and 23% for the
These results are in fair agreement with previous observa-OO-trans. Using our MC/QM procedure, we obtain polar-
tions from Bain and Hazendonk [28] for the investigation of izations 10% less than the reaction field for these cases. Th
furfural in methanol.
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Table 1. Statistics of the hydrogen bond formation in water. The distBaeds given inA, the angleg)oon in degree, anc
binding energy-AFE in kcal/mol. The standard deviations are also given.

Conformer (No. of H-bond$ (Roo) (Aoom) (—AE/H-bond
OO-cis 0.97 3.03:0.23 19.5£8.0 3.36+ 0.70
Transition state 0.84 2.980.23 20.8:£8.0 3.08+ 0.60
OO-trans 1.13 2,95 0.23 16.5+8.0 3.45+ 0.70

H-bonding energy contribution in4D: A Ejs trans= —0.64 kcal/mol.

Table 2. Statistics of the hydrogen bond formation in chloroform. The distBagds given inA, the anglefocy in degree,
and the binding energy AFE in kcal/mol. The standard deviations are also given.

Conformer (No. of H-bond$ (Roc) (Aoch) (—AE/H-bond
OO-cis 1.07 3.26: 0.23 21.7£8.0 3.26+ 0.70
Transition state 0.97 3.240.23 20.9£8.0 3.21+ 0.50
OO-trans 0.92 3.2£0.23 20.7+£8.0 3.19+ 0.60

H-bonding energy contribution in CHEIA Feis.trans= +0.56 kcal/mol.

Table 3. Calculated dipole moments (in debye) of furfural in different media at the MP2/6-31+G(d). The statistical
are performed over 60 uncorrelated MC configurations considering only the first solvation shell.

Dipole moment OO-cis Transition state ~ OO-trans
Hgas 4.17 3.01 3.46
ILSCRFICHCH 5.06 3.49 4.26

(1) veiche, 4.64+ 0.30 3.32+0.19 3.91+ 0.30
HSCRF/H,0 5.50 3.71 4.67

() mem.o 5.37+ 0.55 3.46+0.40 4.26+0.55

analysis is more interesting in the case of water, when we(OO-trans) is the most stable. However, considering |
use only a dielectric constant to model the solvent effects. solvents, we have demonstrated that the hydrogen bor
Going from the gas phase to water in the OO-cis conforma- patterns along the rotational equilibrium are very simi
tion, the polarization is of 32%, whereas the MC/QM pro- For instance, the number of the hydrogen bonds formed
cedure gives an value of 29%. On the other hand, considerthe binding energies do not vary much along the OO=gi
ing the less stable OO-trans form in water, the reaction field OO-trans interconversion. This suggests that the hydr
predicts a higher polarization of 35%. As expected, this con- bond interaction makes no preference for any particula
former is found to be less polarized, with a dipole moment tamer. These results are in agreement with experiment:
increase of 23%, when we use the MC/QM scheme. tained for protic solvents.
This investigation might be important to underste
more complicated processes that occur for biomolecule
4 Concluding Remarks aqueous solutions. An interesting observation about the
formational analysis in a medium is that the equilibrium p
Water is the most important solvent in hature. Because of itscess can be limited by the potential energy barrier or the
high dielectric constant and ability to form hydrogen bonds, ganization of the solvent molecules around the solute
the hydration effects can control many different molecular non protic solvents the molecular orientation around the
processes. In this work we have investigated the mecha-ute seems to be important, possibly stabilizing certain fo
nism of hydration on the conformational equilibrium of fur- of the solute due to steric interactions. In water, if the
fural. It is well known that this molecule can exist in two lute is a strong donor-acceptor system, the hydrogen b
stable conformations, OO-cis and OO-trans, separate by @ecome important to stabilize one specific conformatio
relatively large interconversion barrier. In aqueous solution, detriment of another. This is not, however, the case of
the conformer with the higher dipole moment (OO-cis) is the fural that is a weaker proton acceptor and its rotational e
most stable. Comparing this stability in chloroform the re- librium appears to be dominated by the polarity of the :
verse occurs, i.e., the conformer with lower dipole moment vent instead of any specific solute-solvent interaction.
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other words, the bulk properties of water are responsible for[16] K. Coutinho, S. Canuto, and M. C. Zerner, J. Chem. Phys.

keeping specific conformers of the solute.

Acknowledgments
This work has been partially supported by CNPqg an

FAPESP.
References

[1] J. T. Edsall and J. Wymamiophysical ChemistryAcademic
Press, New York, 1951, vol. 1.

(17]

d 18]

(19]

(20]

[2] K. Coutinho, R. C. Guedes, B. J. Cabral, and S. Canuto, [21]

Chem. Phys. Let369, 345 (2003).
[3] T. V. Chalikian, J. Phys. Chem. B05 12566 (2001).

[4] S. ScheinerHydrogen Bonding, A Theoretical Perspective
Oxford University Press, Oxford, 1997.

[5] G. A. Jeffrey,An Introduction to Hydrogen Bondin@xford
University Press, Oxford, 1997.

[6] G. A. Jeffrey and W. Saengefydrogen Bonding in Biologi-
cal StructuresSpringer, Berlin, 1991.

[7] L. R. Pratt, Annu. Rev. Phys. Cher®3, 409 (2002).

[8] J. Kyte, Biophys. Cheml00, 193, (2003).

[9] G. Hartley, Aqueous Solutions of Paraffin-Chain Saltder-
mann & Cie., Paris, 1936. As quoted in C. Tanfoiithe
Hydrophobic Effect: Formation of Micelles and Biological
MembranesWiley, New York, 1973, p. viii.

[10] C.J.Cramerand D. G. Truhlar, Chem. R@9, 2161 (1999).
[11] P. Kollman, Chem. Re®3, 2395 (1993).

[12] K. K. Baldridge, V. Jonas, and A. D. Bain, J. Chem. Phys
113 7519 (2000).

[13] M. P. Allen and D. J. Tildesle\Computer Simulation of Lig-
uid, Oxford University Press, Oxford, 1987.

[14] N. Metropolis, A.W. Rosenbluth, M. N. Rosenbluth, A. H.
Teller, and E. Teller, J. Chem. Phy&l, 1087 (1953).

[15] S. Canuto and K. Coutinho, Int. J. Quantum Ché&m.192
(2000).

(22]
(23]
(24]
(25]

(26]

27]
(28]

[29]
(30]

(31]

112, 9874 (2000).

S. Canuto, K. Coutinho, and D. Trzesniak, Adv. Quantum
Chem 41, 161 (2002).

R. J. Abraham and E. Bretschneider, litternal Rotation
in Molecules edited by W. J. Orville-Thomas, Wiley, New
York,1974, pp. 481-584.

R. Rivelino, K. Coutinho, and S. Canuto, J. Phys. Chem. B
106, 12317 (2002).

J. O. Hirschfelder, C. F. Curtiss, and R. B. BiiMplecular
Theory of Gases and Liquidg/iley, New York, 1954.

H.J. C. Berendsen, J. P. M. Postma, and W. F. van Gunsterel
in Intermolecular Forcesedited by B. Pullman, Reidel, Dor-
drecht, 1981, p 331.

V. E. Barlette and L. C. G. Freitas, Quim. No22, 574
(1999).

G. A. Kaminski and W. Jorgensen, J. Phys. Cheml@,
1787 (1998).

C. M. Breneman and K. B. Wiberg, J. Comput. Cheti,
361 (1990).

M. J. Frisch et al., Gaussian 98, Revision A.7, Gaussian, Inc.
Pittsburgh, PA, 1998.

K. Coutinho and S. Canuto, DICE: A Monte Carlo Program
for Molecular Liquid Simulation, University of & Paulo,
Brazil, 1997.

K. Coutinho, M. J. Oliveira, and S. Canuto, Int. J. Quantum
Chem.66, 249 (1998).

A. D. Bain and P. Hazendonk, J. Phys. Chetfl, 7182
(1997).

F. H. Stillinger, Adv. Quantum Chen3l, 1 (1975).

M. Mezei and D. L. Beveridge, J. Chem. Phy&}, 622
(1981).

M. W. Wong, M. J. Frisch, and K. B. Wiberg, J. Am. Chem.
Soc.113 4776 (1991).



