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Solvent Effects on Internal Rotational Barriers in Furfural. NMR Measurements and
ab-Initio Molecular Orbital Methods Using Continuum Models
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Modern experimental and theoretical methods for determining solvent effects on internal rotational barriers
in small molecules are compared. The barrier to rotation of the aldehyde group in furfural dissolved in
toluene, acetone, and methanol is used as a test case. Ab-initio molecular orbital methods such as self consistent
reaction field (SCRF) calculations, performed with the Onsager and isodensity surface polarized continuum
(IPC) model, predict an increase in barrier with increasing solvent dielectric constaatcombination of

three nuclear magnetic resonance experiments are used to obtain rate data over 6 orders of magnitude
representing an approximately 150 K temperature range. Activation parameters were obtained with errors
less than 1 kJ/mol and 6 J/(mol K) faH* andAS, respectively. In acetone and toluene larg§ values

of —26 and 20 J/(mol K) were found, along withA8> of 10 J/(mol K) in both solvents. In methanol no
appreciable values fokSF andAS® were measured. Th&H* for toluene, acetone, and methanol are 48.6,

40.2, and 46.4 kJ/mol, respectively, which do not obey a simple relationshipwilthis indicates that the

solvent effect is likely more complex than just the effect of a solvent reaction field. The ABgealues

support this and also imply that equating* and AH* is not always justified, even for aprotic solvents. The
behavior of these three barriers and their correspondifigare discussed in terms of direct solvesblute
interactions.

Introduction transition state searches and frequency calculations po3sfle.
With these developments, barriers in liquid phase are as readily
obtained as in gas phase, with some additional computational
effort. It should be stressed however that these methodologies
0 not account for direct solutesolvent interactions.
In order to obtain good experimental values\d* andA S,
te measurements are needed over as wide a range as possible.
Recently this laboratory developed a technique that employs
three complementary NMR experimefts?8-32 These, when
combined, are capable of generating rate data over 6 orders of
magnitude, corresponding to temperature ranges of ca2@50
Measurements made on furfural in acetone revealed that the
AH* was much smaller than previously seen in polar solvents
and a large negativAS" was observed® AGH(298) was in
line with the previous experimental and theoretical studies.
'Consequently ignoring the entropy of activation is not always
justified and equatindA\G* with AH* can be misleading.

This study will compare barriers calculated by recently
a&eveloped computational methodologies with those measured
S 17 by the most accurate NMR methods for furfural in toluene,
be S|gn|f|c_antly nqnzeréf" ) o acetone, and methanol. Measurements will be carried out with

Calculations of internal rotational barriers in solvent usually he three NMR experiment techniques, and computations will

include continuum model; 2! which compute the electrostatic employ self consistent reaction field (SCRF) methods using the
contribution to the free energy of solvation. The total energy Onsage® 25 and Tomasi's isodensity surface polarized con-

is just a combination of the free energy of solvation with the tin,um (IPC) modeld334 The importance of consideringSt
gas phase energy. To make the model more complete, they| pe discussed.

electrostatic solvation energy is often accompanied by contribu-

tions from cavitation and dispersion _ener@%%z. Recently, the Methodology

electrostatic interaction has been incorporated into the Fock

operator of the solute, including it in the self-consistent cycles ~ Rate Measurements. The most common way of measuring
which optimize the electron density. This allows the solute to rates by NMR is with line shape methods. These rates are only
be polarized by the solvent fiefd-2> Second derivatives of ~ accurate when the line shape in question is bfg&d?which

this self consistent reaction field energy, with respect to the occurs when the line width is dominated by the contribution

nuclear coordinates, are now read”y determined, making from eX_Change and other |ine-br0adening factors are small in
comparison. In the extreme ranges of measurement, both when

* Author to whom correspondence should be addressed. the rates are slow and fast, th.e Ii.n.es are narrow and other line-
€ Abstract published irAdvance ACS Abstractéyugust 15, 1997. broadening factors become significdhtAs a result the rates

Rotations of chemical bonds in molecules are seldom “free”.
In other words there is always some barrier to rotation, which
can furthermore depend on solvent. Studies into solvent effects
on these processes are primarily concerned with measuremen
or theoretical predictions. Measurements are achieved mainly

) ; . ra
by nuclear magnetic resonance (NMR), microwave, and infrared
(IR) spectroscopies. Barriers are computed using molecular
orbital calculations of the solute in the presence of the reaction
field due to the solvent. The main aim of this study is to
compare the most recent methods of measurement with predic-
tion, on a sample system.

Usually NMR rate measurements are made with line shape
fitting procedures:® Due to limits on the temperature range
over which rate measurements can be made, barriers are ofte
reported as\G*.810-14 Tg compare these barriers with calcula-
tions (which giveAH*), AS' is often assumed to be zeté®
This assumption is not unreasonable since these are unimolecul
processes. However, there are cases wh&ds observed to
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H H contribution due to solvent polarization is given in (3),
10\3__2/9
4 0 ’1 C/Hs [o:| \?//O E = WH WU- (1/2)a-R 3)
H 5 ¢
3 (7) H where W is the full wave function. First- and second-order

) energy derivatives with respect to nuclear coordinates are easily
0,0-CIS 0,0-TRANS obtained for geometry optimizations and transition state seatthes.

Figure 1. Isomerization of furfural from its O,0O-cis to its O,0-trans The implementation of the Tomasi model considered in this

form. study is based on the apparent surface charge apptdach.

may be overestimated in the slow regime and underestimated!nitially the electric field,Es, from the solute charge density
in the fast exchange regimes, giving rise to systematic errors ininduces a dipole density distributid(r) in the continuunt?
AH* and AS'. Therefore it is necessary to make additional = = — -
measurements of slow and fast rates which are independent of PN =1 = 1= E(n + Ep(r)) )
these broadening effects.

In the slow exchange regime, where the conformer lifetime
is on the same order of magnitude as the siaittice relaxation
times of the observed nuclei, the rate can be measured usin
the selective inversion experimeitt236:37 The line corre-

In this equationE(r) is the total electric field at including the

contribution from the dipoles themselves. From Gauss’ law,
the potential from the solvent dipole field can be described as
garising from a charge density on the surface of the cavity by

sponding to one site is inverted selectively, and the relaxation OF
of both lines is observed. The exchange rate can be extracted (e — 1) = -
by fitting the data to the set of differential equations that describe o(r)=— e [E(R) + Er)(rs)]-ﬁ(rs) (5)

the relaxation and exchange behavior.
In the fast exchange reginfe is measured independently of  \yheren(ry) is the vector normal to the cavity surface at a point
the magnetic field inhomogeneities using the offset saturation g the surfaca<2’ The potential from this surface charge
experiment® The decoupler is tuned near the spectral line, gjstribution is included in the solute Hamiltoniao, for self
which is irradiated for a period long enough to establish a steady ¢onsistent isodensity polarized continuum calculations. In eq
state. After a short delay an FID is acquired. A plot of the g the Hamiltonian is made up of three parts: the isolated solute
partially saturated line intensity as a function of offset frequency molecule Hamiltoniant,, the contribution of the solute electron

exhibits a dip at resonance, whose width at half-depftBigT:/ density, and the contribution of the nuclei to the reaction field
T2)Y238 With independent measurementsTafandyB,, T, can potential33
be determined, which in turn is directly related to the fate.

Solvent Calculations. The barrier to interconversion between op(rg) drg op(rg drg
the O,0-cis and O,0-trans forms of furfural (Figure 1) will be H=H,— f— Zp——— (6)
computed in gas and solvent phase up to the MP2/6-31G** o L E Rl N = IR,y

level. With both the gas phase and SCRF calculations, the
transition state geometries will be determined at saddle points The Onsager method is simpler than the Tomasi method and
in the energy surface with respect to the reaction Coordinateslis thus not expected to be as accurate. It restricts the electrostatic
The SCRF techniques will employ the Onsager and the IPC energy to the dipoteinduced dipole contribution and ignores
models. Both these models assume the solute is in a cavity ofhigher order term&? Due to its simplicity, its main advantage
a given shape which is surrounded by a polarizable continuousis that computations can be performed quickly. Its main
medium with dielectric constant.18-2123-2539 The solute disadvantage is that its conventional implementation is restricted
electron density polarizes the medium, causing the medium toto using spherical and ellipsoidal cavity shapes. The results
impose an inhomogeneous electric field onto the solvent, leadingare also dependent on cavity dimensions, often making inter-
to a net stabilization. The reaction field can polarize the solute, pretation of the results arbitra?y. The Tomasi model includes
altering the electric field it produces, which in turn changes the the higher order electrostatic terms, so it should give more
reaction field itself, and so on, leading to higher order corrections accurate electrostatic contributions to the solvation en&tgy.
to the solvation energy. The two solvent models differ mainly main disadvantage is that it requires much more computational
in the way the reaction field is modeled. effort than the Onsager method, needing as much as 50%
The Onsager model assumes a perturbation to the Hamiltonianadditional CPU timé? Its main advantage is its ability to use
of the isolated solute molecule based on the interaction energyarbitrary cavity shapes, reflecting the actual structure of the
between the molecular dipolg)and the reaction fieldR), H1 solute. Despite the different advantages and disadvantages of
= -u-R.23 The reaction field is related to the molecular dipole both methods, both performed equally well in studies into the

and the cavity radiusag) as in eq 1. The cavity radius is usually ~ solvent effect on the gauchérans ratios of 1,2-dichloro-

ethane?3:33
R = gii- _ 2 — 1) 1 A Brief Overview of the Literature on Furfural. Experi-
=o¢ 9= (2¢ + 1)a03 @) ments on furfural have focused mainly on the relative conformer

stabilities#0-63 After some initial confusio? the O,O-trans

based on the molar volume of the solute. The interaction energyform was seen to DreqominaFe in'the gas pﬁ&aadza JZ%Q?E;%Q
term can be included directly into the Fock matrix as in (2), OCccurs to the O,0-cis in media wittgreater than 82.4043.4057,
Theoretical studies employing both classical reaction field and

Fo = F5, — quld, || ¢,0 (2) SCRF methodologies reproduce this trend clo$éty>"626The
gas phase energy difference is 6.3 kJ/fiol.
where¢, and¢, are basis function® In SCRF calculations Measurements of the barrier in furfural are rare. To date,

the molecular dipole moment is not computed as an expectationbarriers are known only in gas phase and a few solvents.
value but rather as a derivative of the solute energy with respectMicrowave experiments by Mwmig and infrared measurements
to a uniform electric field® The total energy including the by Miller gave gas phase barriers of 34 and 25 kJ/mol,
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TABLE 1: Summary of Temperature, Rate, and 10
Equilibrium Constant Data for Furfural in Toluene, . Methanoq
Acetone, and Methanol, As Obtained from the NMR 0 1
Analyses 10
toluene acetone methanol

T2 Ke—i? Ke Ed Ke—t K E Ke—t K E 20

177 0.20 0.10 si -80 7

180 0.18 0.17 si

182 0.44 0.10 si £, * Toluene

185 0.88 0.24 si 0.63 0.18 si g R

190 1.89 0.26 si 1.60 0.11 si 1.13 0.19 si T .40

195 3.25 0.13 Is i

200 10.0 0.30 Is £ -20

205 23.0 031 Is 11.3 0.15 Is 16.0 0.21 Is F=4

210 40.0 033 Is 30.0 0.20 Is 28.6 0.22 Is —-30

215 80.0 035 Is 46.8 0.28 Is 51.8 0.23 Is

220 135 037 Is 885 0.24 Is ; *  Acetone

225 225 039 Is 150 024 Is :

230 415 041 Is 110 030 T 258 0.25 Is

235 715 042 Is 260 031 T 417 0.26 Is

240 1200 0.44 Is 403 032 T 630 0.27 Is

245 1980 0.46 Is 922 0.28 Is

250 3150 0.48 Is 819 033 T 2217 028 T

260 11 300 052 T 5150 029 T

262.5 2680 035 T 7

275 7290 037 T 1000/T

%ggg i% ggg ggg $ Fig_ure 2. Eyring plots of the rate data in mgthanol (tc-))_, t_oluene
297' 237 000 065 T ’ (middle, ®), and acetone (bottona), each with the remaining plots
300 31 100 040 T in the background.
2(1)(5) 388000  0.68 T43 800 041 T 173000 036 T TABLE 2: Activation and Equilibrium Thermodynamic
3175 61 400 0-.42 T : Parameters of Furfural in Three Solvents, Determined by

NMR Chemical Exchange Measurements
solvent AH*  AH° ASw  AS  AGy Keq

2 All temperatures are given in Kelvifi.All rates are cis to trans
rates.c Equilibrium constants were calculated from integration values

of the cis and trans aldehyde proton signal in the low-temperature toluene 486 4.0 20 10 42F  0.64
spectra. At room temperature the equilibrium constants were taken from acetone 40.2 51 -26 10 47.8 0.45
the literature. The intermediate values were obtained by extrapolation Methanol  46.4 2.6 5 0 44.9 0.33

with the van't Hoff isochored The columns with heading E indicate

. . . : i - 2Allenthalpies are given in kJ/mol. The error is taken directly from
with which experiment the rate was measured (si, selective inversion; e regression error of the slope of the Eyring plot and is approximately
Is, line shape; and T, the offset saturation experiment).

1 kJ/mol at the 95% confidenc@All Entropies are given in J/(mol
K). The error, including the contribution from the uncertainty in the
respectively?® In solution they are 44 kJ/mol for dimethyl ether  slope of the Eyring plot, is approximately 6 J/(mol K) at the 95%
and 46 kJ/mol for neat solutidii. Studies predicting this barrier ~ confidence® All Gibbs free energies are given in kJ/mol and are
in solvent are restricted to Abraham and SivelRBirnstock22 evaluated at 298 K Equilibrium constants are trans/cis and are
Benassf2 and In-Suk Haff who found that the barriers €valuated at 298 K.

increased Wlilth inﬁreasinlg d}electrihc constant, as wasl Se‘lanare below 10% for all three methods. The thermodynamic
experimentally. The results of Abraham and Han agree c oseyparameters, for bothe_, and ki, obtained from the Eyring

with experiment. Bennassi's analysis, which includes contribu- plots are given in Table 2. Values far were computed from

tions from cavitation and dispersion energies, overemphasizesy,o corresponding._ and equilibrium constant. By moving
this effect tremendously. Birstock’s approach, similar to that origin to the average 1000value, any covariance between
of Bennasi's, predicts a barrier around 50 kJ/mol in tetra- yha error in the slope and that of the intercept is remd¥ded.

chloromethané? which is large compared to 44 kJ/mol meas- the error in theAH* was taken directly from the regression
ured in dimethyl ether. The more recent study by Han uses .oy in the slope&m). The error inAS* was computed with

single-point Onsager SCRF calculations with MP2/6-&t™ the regression error in the intercepty and slope using (7),
geometries giving barriers of 38.6 kJ/mol in gas phase and 46.8
kJ/mol in a medium withe = 78.54.

8.314V AN + Ay? 7)

Results wherex is the average of 1000/

The rate constants at various temperatures for thetass The total and relative calculated electronic energies along with
processk.-, in toluene, acetone, and methanol are given in the electric dipole moments of all three geometries of furfural
Table 1 along with their equilibrium constants. The equilibrium are shown in Table 3. All relative energies are reported with
constants were obtained by extrapolating low-temperature valuesrespect to the energy of the O,0-trans form. The MP2/6-31G**
to room temperature values using the van't Hoff isochore. In geometries of the cis, trans, and transition forms are given in
toluene and acetone significant entropy differencass’) Table 4. The results from the self-consistent IPC/6-31G
between the cis and trans forms were observed. The equilibriumcalculations with geometry optimization are shown in Table 5.
constants at low temperature were determined by integration The stabilization due to the solvent for each geometry is reported
of the spectral lines, and those at room temperature were givenwith respect to the corresponding gas phase value. The
by Bertran and other¥:57:63 The Eyring plots are shown in  predicted barriers at the 6-31G level with geometry optimization
Figure 2. The relative error in rate constants, at 95% confidence,are given in Table 6. These barriers were corrected using MP2/
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TABLE 3: Energies and Dipole Moments of the Three TABLE 6: Barrier to Internal Rotation of the Aldehyde
Conformations of Furfural Obtained from Molecular Orbital Group, E(cis) — E(trans) and Electric Dipole Moments of
Calculations Furfural As Predicted by SCIPC HF/6-31G Calculations
transition a b
basis property  O,0O-trans 0,0-cis state j?:e ;ES; iftgg i 2521 i ‘:”;8 i ; 5
gas . . . . . .
STO-3G iE &336-982 18 3336-980 95 523’2‘1972 18 toluene  49.61 4223 737 594 450  4.32
b e og S 1ol acetone  48.66  47.61 1.05 677 503 475
6-31G E —341.20051 —341.196 05 —341.181 58 MeOH 48.52 41.97 0.55 6.82 5.06 a1t
AEgans O 11.69 49.69 aThe change in energy between the transition stgtar{d the trans
u 3.98 5.21 3.92 conformer (t) (c stands for the cis conformerMolecular dipoles
6-31G** E —341.364 07 —341.362 02 —341.346 66 computed in solvent field. All dipoles are given in debyeall relative
AEyans 0 5.38 45.71 energies are reported in kJ/mol.
u 3.50 4.32 3.21
MP2/6-31G** E —341.358 64 —341.356 27 —341.340 81 TABLE 7: Internal Rotational Barrier in Furfural
AEgans O 6.22 46.81 Predicted by Combining Gas Phase Values from MP2/
u 3.87 4.75 3.43 6-31G** Computations and Stabilization Energies from

. . ) . . Self-Consistent IPC HF/6-31G Calculations
a All total energies are given in hartreésAll relative energies are

given in kd/mol.c All electric dipole moments given in debyes. AEH® AEck AEtC
TABLE 4. Geometries of the Cis, Trans, and Transition ?jﬁene ig'g% 42'4539 6'2232
Forms of Furfural as Determined by MP2/6-31G** acetone 45.76 50.04 —4.27
Calculations: All Geometries Were Allowed To Fully Relax; MeOH 45.49 50.30 —4.80

Bond Lengths Are Given in Angstroms and Angles Are
Given in Degrees @ The change in energy between the transition stgtar{d the trans
conformer (t) (c stands for the cis conformetGas phase values from

parameter _cis trans * parameter cis twans * MP2/6-31G** calculations. All relative energies are reported in kJ/
C1-C2 1.379 1.377 1.369 CiC6—-07 124.6 122.9 122.5 mol. ¢ Stabilization energies due to solvent taken from SCIPC HF/6-
C2-C3 1.418 1.417 1.427 CiC6—H8 113.5 114.9 116.7 31G calculations (See Table 3)

C3-C4 1.371 1.372 1.366 Gi1C2—H9 125.9 125.2 126.2

C4-05 1.360 1.361 1.368 C2C3—-H10 127.8 127.6 127.4 TABLE 8: Single-Point Self-Consistent IPC and Onsager
C1-Cé6 1.457 1.458 1.493 G4-H11 133.4 133.6 134.0 Calculations Employing Gas Phase Geometries from

C6-07 1.227 1.229 1.224 GiC2-C3-C4 0.0 0.0 -0.2 6-31G** and MP2/6-31G** Calculations
C6—H8 1.104 1.103 1.102
C2-H9  1.078 1.077 1.077 G2C3-C4-05 0.0 0.0 0.0 SCIPC HF/6-31G** SCIPC MP2/6-31G**
C3-H10  1.076 1.077 1.076 GX2-C1-C6 180.0 180.0 181.0 solvent AE# AEcE AEtc AEt AEck  AFEtc
Ca-H1L ~ 1.076 1.076 1'075(:5&:2?% 3%0'0 fé% 0_981573 gas 457F 4033 -538 46.82 40.61 —6.22
' 0 179 luene 4564 4326 —238 47.13 4431 -281

C1-C2-C3 106.4 106.3 106.1 O5C1-C2—-H9 180.0 180.0 179.9 to

o e acetone 44.86 46.51 1.66 46.66 48.46 1.81
C2—-C3-C4 106.0 106.4 106.4 GIC2—C3—H10 180.0 180.0 179.6 hanol 4479 4672 193 4650 4871 519
C3-C4-05 110.9 110.6 110.4 G2C3-C4—H11 180.0 180.0 180.0 methano : : : : : :
C2-C1-C6 131.5 133.1 133.6 Onsager HF/6-31G** Onsager MP2/6-31G®
TABLE 5: Solvent Calculations with the Self Consistent solvent AEtr AEct AEtc AEH  AEck  AEtc
Isodensity Surface Polarized Continuum Model to the 6-31G gas 4571 40.33 -—-5.38 46.82 40.61 —6.22
Level on the Cis, Trans, and Transitions Forms of Furfural toluene 46.40 43.06 —3.34 49.23 46.78 —2.45

i i - . acetone 47.46 46.44 —1.02 53.29 55.35 2.06
medium  property 0,0-cis 0,0O-trans  transition state tharol 4754 4667 —OB7 15360 omam 530

gas E2 —341.1961 —341.2005 —341.1816 ) . ) ) )

toluene E —341.2029 —341.2057 —341.1868 a Single-point SCRF calculations using the 6-31G** basis, HF/6-
AEP —17.87 —13.56 —13.64 31G** gas phase geometries, and the isodensity surface polarized

acetone E —341.2104 —341.2108 —341.1923 continuum model° Single-point MP2 SCRF calculations using the
AE —37.79 —27.15 —28.18 6-31G** basis, MP2/6-31G** gas phase geometries, and the isodensity

methanol E —341.2109 —341.2111 —341.1927 surface polarized continuum modelsas phase energies at the 6-31G**
AE —39.04 —27.90 —29.08 level. ¢ All energies are given in kJ/maot.Gas phase energies at the

L . e MP2/6-31G** level. Single-point SCRF calculations using the 6-31G**
2 Total energies including the stabilization due to solvent. These are py55is  HF/6-31G** gas phase geometries, and the Onsager model.

reported in hartree$.Energies relative to gas phase. These are reported g Single-point MP2 SCRF calculations using the 6-31G** basis, MP2/
in kd/mol. 6-31G** gas phase geometries, and the Onsager model.

6-31G** gas phase relative conformer stabilities and SC-IPC/ ment29 this was an expected result since the cis form is known
6-31G stabilization energies and are seen in Table 7. Barriersig predominate in polar solver&#04346:57.638ased on the five-

from the Onsagei*and IPC single-point calculations at 6-31G** pond coupling constant from the aldehyde proton to the proton
and MP2/6-31G ‘iie given n Table*f. These were per- oriho to the ring oxygerfJus uis the cis conformer was found
formed with 6-31G** and MP2/6-31G** gas phase geom- {5 prevail in toluene and methanol as well. These couplings

etries. The IPC MP2/6-31G** results are depicted in Figure 3 \yere both 1.08 Hz, which is in line with those measured by
and are compared with measured barriers in Figure 4. OnsagerDamqvist and Forseff:65

SCRF calculations with geometry optimizations indicated no
significant change in gas and liquid phase geometries using
= 32.63.

The rates were determined over 6 orders of magnitude
corresponding to a temperature range of ca—1®0 K. Thus
the errors in both the slope and the intercept of the Eyring plots
are much lower than with analyses using only line shape
methods. The 95% confidence limits for the entropies of
The assignment of the O,0-cis form as the major conformer activation are 6 J/(mol K) and for the corresponding enthalpies
in acetone was done previously by an NOE difference experi- are around 1 kJ/mol.

Discussion
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data did not line up as well with the two remaining data sets.
Lastly, the first two methods greatly over- and underestimate
the room-temperature equilibrium constants. In the third
approachAS’s and AS”’s were the least extreme.

Having nonzero entropies is not unreasonable. The dipole
moment and shape of the molecule change significantly
throughout the rotational process; thus it is possible that changes
occur in the steric and electrostatic interactions with local solvent
molecules. These changes could affect the organization of the
local solvent, giving rise to changes in entropy.

For all calculation levels but STO-3G, the gas phase-cis
trans and transcis barriers are both overestimated by the HF
calculations. At 6-31G** and MP2/6-31G** levels the eis
trans barrier is 40 kJ/mol, which is 4 kJ/mol larger than the
measured values. The energy difference between the two planar
forms is 5-6 kJ/mol, which is close to 6.28 kJ/mol reported
previously%8:59.63 The electronic dipole moments of the trans
and cis conformers given in the literature are 3.23 and 3.97 D;

60

40

20

Relative Energy (kJ/mol)

* Gas v Acetone
4  Toluene ¢ Methanol . R K
‘ ! ' ' the transition state dipole moment was predicted to be 2.93

0 45 %0 135 180 D.4163 Both 6-31G** and MP/6-31G** overestimate them;

Angle (Degrees) however their relative sizes are approximately correct.

Figure 3. Barrier in three solvents and gas phase compared on an |t js better to follow the behavior of the cidrans barrier
absolute scale. This depicts the stabilization due to the solvent field since it expected to be the most sensitive to solvent effects.

with respect to gas phase, given by single-point SCIPC MP2/6-31G** - .
calculations (see Table 8). Notice differential stabilization of the cis Both theory and experiment have shown that the dipole moment

form with respect to the trans form. The gas phase energies are fromOf the cis form is much larger than the trans form, as one might
MP2/6-31G** calculations. The single-point SCIPC calculations were €xpect. Thus in environments of high dielectric constant, the
performed at MP2/6-31G** using MP2/6-31G** geometries. The cis form should be the most stabilized. The trans dipole moment

energy of the cis conformer in methanol is set to zero. is approximately the same size as that of the transition state;
thus the barrier from trans to cis is expected to be least sensitive
o Gas —— Toluene to €, as opposed to the cis to trans barrier, which is expected to
50 1 & Toluene Methanol increase significantly.
v Methano! ——- Acetone

The solvent calculations predict the same trend in relative
conformer stabilities and barrier heights with respect tas
previous investigation&.23.57.62.63 For the self-consistent IPC
method it was necessary to go to the 6-31G** level to obtain
the correct behavior, and electron correlation was required for
the Onsager SCRF approach. The self-consistent IPC calcula-
tions with the 6-31G basis did not recover the correct behavior
primarily because the gas phase energy difference between the
cis and trans conformenE, is greatly overestimated. When
using the MP2/6-31G** foAE; the stabilization of the cis with
respect to the trans conformer is predicteddor 5. The self-
consistent IPC calculations at 6-31G** and MP2/6-31G** come
; closest to previous work, the barrier increases by &J/mol
s from gas to liquid phasee(= 32.63), and in methanol and

/ acetone it is predicted to be at least 3 kJ/mol larger than in
toluene.

45 90 135 180 The behavior of the enthalpies of activation for the-gimns
Angle (Degrees) process with respect todeviates from previous observatiéh®

Figure 4. Schematic comparison between the experimental barriers and pred|ct|on§.2a62‘.64 The value for toluenee(— 2.38) is 8
and those determined by single SCIPC MP2/6-31G** calculations. The kJ/mol Iarggr than in acetone € 20.7). NO_ Slmple trend is
experimental barriers are given in Table 2, and the computed barriers Observed with respect tg except that the barrier increases when
are from Table 8. The experimental barriers are shown as curves, whilegoing from gas to liquid phase. When considering the free
the computational results are given as symbols. energy of activation at 298 K, the relative order of toluene and
The rate data were determined using three different trial setsacetone is reversed, which is in line with previous work. Thus
of equilibrium constantsK, based on different methods of the observed solvent effect is contrary to predictions made by
extrapolation with the van't Hoff isochore. The first method —current theoretical method3.%* Since the barriers do not obey
employs only the low-temperatukés and makes no assumption @ simple relationship witla, it would seem that there is more
aboutAS’. The second method is similar to the first except at play than just the effect of a solvent field. Consequently the
that it assumesAS is zero. The last method uses room reaction field methods by themselves should not be expected
temperatureK’s from the literaturé’-6366 based on NMR  to account for this behavior.
coupling constants, and those measured at low temperature. The The behavior ofAH*,; and AS'; can be understood more
third method gave the best fitting Eyring plots where the data clearly if direct interactions with the solvent are considered.
sets from all three NMR experiments fell closely along a straight These interactions can be steric, electrostatic, or bonding in
line (Figure 3). In the other two methods the offset saturation nature, giving rise to some type of preferred sotgelvent

& Acetone
40

30

Relative Energy (kJ/mol)
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structure. In toluene the large entropy of activatione20 The off-resonance saturation experiments, described in previ-
J/(mol K) indicates that the transition state is disordered with ous work2?:3%were performed using the proton homodecoupler
respect to the planar forms, which implies that there is some set to high power providing a saturating field. The field strength
preferred orientation of the solvent with respect to the planar of the decoupler was calibrated using the single-spin double-
forms. Rotational processes could disrupt this sets@vent resonance experiment, with the TMS signal. The values for
structure, possibly increasing the enthalpy of activation due to yB,/27 were typically 36-40 Hz. TheT; for the aldehyde
steric interactions between the solvent and the transition state.signal ranged from 5 to 40 s with increasing temperature;
In acetone, the transition state is ordered when compared toconsequently the irradiation periods required in the off-resonance
the planar forms, as is indicated by an entropy of activation of saturation experiment ranged over3D0 s. The preacquisition
—26 J/(mol K). Thus there is some preferred assembly of delay was set to typically 0T} and thus ranged from 0.5 to 4
solvent with the transitions state that is disrupted when going s. The free induction decays were obtained with/2 pulse
to the planar forms. Steric interactions between the solvent andusing 6 kHz sweep widths. Decoupler frequencies were chosen
the ring could destabilize the planar forms, decreasing the with emphasis on the region near the half-height of the curve
barrier. of intensity as a function of offset frequency. An average of
In methanol ¢ = 32.63) there is no significant entropy of 35 frequencies were used.
activation, indicating that there is no preferred interaction  The intensities, relative to that furthest from resonance, were
between the solute and any of the solute forms. This is not to analyzed using DIPPER, a nonlinear least-squares fitting
say that there are no direct solutsolvent interactions, because program. Values foil; and T, were obtained in this manner.
they are wel-known for furfural and primary alcohofs. The Separate inversion recovery experiments were carried out at each
barrier in methanol is the most compatible with that determined temperature to obtain an independent valud of
in neat furfura® and agrees reasonably with SCI-PCM calcula-  Restricted HartreeFock calculations were performed using

tions. Gaussian 9% with an IBM RS 6000 470 series computer.
Optimum states of both the cis and trans conformers were
Conclusions computed to the MP2/6-31G** level. Transition state calcula-

f tions were performed using the QST3 method of searching for
saddle points in the energy surface, available in Gaussian 94.
Self consistent reaction field computations were done with the

but the combination of excellent experimental data and good Onsaggr and isodensity.s.urface polari;ed continuum m'odel. B.Oth
calculations makes the effects particularly clear. This means tﬂe g‘g:g‘gm anhd (tjransworé %elté;mletnels Wgre detekr]mlgeéjlvaitP
that entropies of activation cannot be ignored for internal the | for th rget 0 toSthF- evs ?I'nh Lcle TOt € ©-

rotations and that measured enthalpies need to be reported ir{eve or the Onsager approach. The dielectric constants

the literature. Approaches to modeling medium effects on '[hesegz1 dplt(()))llfgn\éverreessggi,\/ g’fi)ﬁj’siﬁgdg azléSShg)sreagg(t)?m:(Stlri;n:;[‘?()ar?]OI’
rocesses should allow for local interactions with the solvent. ' o ) .
P 6-31G** and MP2/6-31G** single-point SCRF computations,

reaction field calculations were performed via both models at

6-31G** and MP/6-31G** |levels. The cavity radius was 3.70
Furfural was purchased from Aldrich and was used without A 23

further purification. Samples, of approximately 5 mol %, were
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