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Abstract

The solvent effect on the Gibbs energy of activation for rotation around the (CyO)–N bond in cyclohexyl N,N-

dimethylcarbamate was investigated by dynamic NMR spectroscopy and density-functional theory at the B3LYP/6-311 þ Gpp

level. The experimental barriers were about 15 kcal mol21 with no appreciable variation when the solvent polarity was

changed. A reaction field model was applied to theoretically mediate the solvent effect and the results were comparable to the

experimental data. An analysis, based on the Onsager solvation theory, showed that the solvent effect on rotational barriers can

be understood employing the total molecular dipole moment, the difference between the dipole moments of the ground and the

transition state structures, or both, as appropriate. q 2002 Elsevier Science B.V. All rights reserved.

Keywords: Carbamates; Rotational barriers; DFT calculations; SCRF theory

1. Introduction

The barrier to rotation around conjugated C–N

bonds has been the subject of substantial investigation

[1–11]. The efforts to understand and theoretically

quantify rotational barriers have enriched our under-

standing about the electronic structure of molecules.

In this respect, amides are the most studied systems,

characterized by their high barrier to rotation about

the (CyO)–N bond (15–20 kcal mol21 typically);

their planarity and their low susceptibility to nucleo-

philic attack at the carbonyl carbon. The most used

explanation for these properties employs the

resonance model, although some authors have criti-

cized this interpretation [6,7].

Measurements by NMR spectroscopy, both in the

gas phase and in solution, have shown that the

rotational barrier in amides is remarkably affected by

the solvent medium [9–11,16]. Even though satisfac-

tory agreements between experiment and theoretical

calculations were obtained for the gas phase, there

were also efforts to reproduce the behavior in solution

[11,16]. For this purpose, the reaction field theory,

implemented in molecular orbital calculations as self-

consistent reaction field (SCRF) theory [12–15], has

been a suitable tool, delivering excellent results for

solvents which have no specific interactions, such as

hydrogen bonding [16–18]. For solvents like water,

the inclusion of some or even just one solvent
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molecule in strategic positions around the solute has

been an efficient approach [16,19].

However, the powerful of SCRF theory goes

beyond to simply reproduce the experimental results,

but rather it can be used to answer questions that are

not accessible to experiments. For instance, the

rotational barrier in N,N-dimethylacetamide (DMA)

was found to be somewhat more solvent sensitive than

in N,N-dimethylformamide (DMF) [16]. In the

former, the barrier increases by 2.44 kcal mol21 on

going from the gas phase to acetonitrile solution,

whereas in DMF the increase in only 1.38 kcal mol21.

This result has been explained in terms of the

difference between the dipole moments of the ground

state (GSs, Fig. 1) and the lower energy transition

state structure (TS1s or TS2s, Fig. 1). TS2 is preferred

in polar solvents for DMF, while TS1 is the favored

path for DMA. Once the dipole moment of TS2 is

much closer to that of the GS structure, the solvent

effect on the rotational barrier in DMF must be

determined by a small difference in dipole moments,

while in DMA a large difference is predominant.

Hence, the destabilization of the transition state

structure compared with the ground state structure is

expressively stronger in DMA.

Carbamates share the same structural features of

amides, having an –OR group replacing the hydrogen

or alkyl substituent attached to the carbonyl carbon.

Nevertheless, a different behavior is observed in

solution for that system. It has been found that, for a

series of simple carbamates, the rotational barrier is

apparently insensitive to the solvent polarity [20].

Theoretical calculations has shown that the difference

in the dipole moments of GS and TS is similar for

amides and carbamates, and a similar response should

be expected for both systems [18]. The lower total

molecular dipole moment of carbamates relative to

amides was pointed out as the main factor for the

insensitivity of their rotational barrier.

In this work, we are interested in assessing the

current proposals used to explain the solvent effect on

the rotational barrier in carbamates and amides. For

this purpose, we have performed density-functional

theory (DFT) and SCRF calculations for DMF and

cyclohexyl N,N-dimethylcarbamate (CDMC), along

with dynamic NMR measurements for the latter,

which has no experimental data available.

2. Experimental

2.1. Materials

Cyclohexyl N,N-dimethylcarbamate was obtained

from the reaction of N,N-dimethylcarbamyl chloride

with sodium-treated cyclohexanol in tetrahydrofuran;

bp 88–90 8C/0.7 Torr [21].

Deuterated solvents were obtained commercially

and used as received. Carbon disulfide was distilled

and stored over molecular sieves prior to use.

2.2. NMR experiments

NMR spectra were acquired on a Varian Gemini-

2000/300 spectrometer (300 MHz for 1H and

75.5 MHz for 13C). Samples were prepared by placing

50 mg of the compound in 0.5 ml of the appropriate

solvent in a 5 mm NMR tube. For CS2, (CD3)2CO was

used as external reference. 13C spectra were obtained

with sweep widths ranging from 12.5 to 16.5 kHz, a

308 flip angle (pulse width of 6.5 ms), 128–256 scans

with a delay time of 1 s, and stored in a 16 K data

block.

The variable temperature probe was calibrated

against vacuum-sealed methanol and ethylene glycol

standards. For each solvent, spectra at several

temperatures were acquired in order to determine

the maximum separation between the signals of the

exchanging nucleus (Dn ) and the coalescence tem-

perature (Tc). Gibbs energies of activation at the

coalescence temperature (DG ‡
c) were calculated using

the Eyring’s equation,

DG‡
c ¼ 4:58Tc½10:32 þ logðTc=kcÞ� ð1Þ

where kcð¼ pDn=21=2Þ is the rate constant for the

exchange process at Tc [22,23].

2.3. Calculations

The GAUSSIAN 98 package [24] was used to carry

out all the calculations. DFT was applied with the

Becke’s 3-parameter hybrid method [25] and corre-

lation functional of Lee, Yang and Parr (B3LYP) [26],

in conjunction with the 6-311 þ Gpp basis set.

Ground state structures were optimized in the gas

phase and in solution utilizing the Onsager model [12]
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and SCRF protocol [14]. The synchronous transit-

guided quasi-Newton (STQN) method [27,28],

invoked by the QST3 option, was used to locate

transition structures. This procedure requires the

specification of products, reagents and an initial

guess for the transition state. To get a first approxi-

mation to the latter, we have performed an AM1

relaxed potential-energy surface calculation by vary-

ing the f(O2–C3–N5–C10) angle for CDMC and the

f(O3–C2–N4–C5) angle for DMF, with increments

Fig. 1. Molecular structures and atom numbering for the studied compounds.
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of 108. A molecular volume calculation was performed

over the gas-phase structures prior the SCRF

routines. Stationary points were assigned as minima

or saddle points by frequency calculations and a

0.9806 scale factor was used for zero-point energy

corrections [29].

3. Results and discussion

Tables 1 and 2 present the calculated geometries

for CDMC and DMF, respectively. Table 3 lists the

energies and dipoles for the species of Fig. 1. Herein,

we are going to discuss the results of SCRF–DFT

calculations.

3.1. Experimental and calculated Gibbs energies of

activation

In Table 4 we present the results of the dynamic

NMR experiments for CDMC. Those values

actually correspond to a weighted average between

that of the equatorial and the axial conformers. To

take this fact into account in our theoretical

estimates, we have calculated the conformer

populations for each solvent (Table 5). For

comparison, our gas-phase result for the equatorial

conformer population, viz. 82.91%, is in good

agreement with an early determination by NMR

spectroscopy (82 ^ 2% in 10% CD2Cl2/CF2Br2)

[21]. The final DG‡ values were calculated from

Table 1

Selected structural parameters in the gas phase for cyclohexyl N,N-dimethylcarbamate (bond lengths in Å, bond angles in degrees)

Parameter Species

GSeq TS1eq TS2eq GSax TS1ax TS2ax

Bond lengths

r(C1–O2) 1.453 1.460 1.459 1.460 1.467 1.466

r(O2–C3) 1.360 1.338 1.352 1.360 1.338 1.351

r(C3–O4) 1.218 1.209 1.203 1.218 1.209 1.203

r(C3–N5) 1.370 1.433 1.428 1.367 1.433 1.429

r(N5–C6) 1.456 1.468 1.466 1.456 1.468 1.465

r(N5–C10) 1.455 1.468 1.466 1.455 1.468 1.466

r(C6–H7) 1.086 1.100 1.092 1.085 1.100 1.092

r(C6–H8) 1.098 1.092 1.093 1.098 1.092 1.100

r(C6–H9) 1.094 1.092 1.100 1.097 1.092 1.093

r(C10–H11) 1.087 1.100 1.092 1.087 1.100 1.092

r(C10–H12) 1.095 1.092 1.100 1.097 1.092 1.093

r(C10–H13) 1.097 1.092 1.093 1.095 1.092 1.100

Bond angles

/(C1–O2–C3) 117.0 117.7 118.1 116.8 117.6 118.0

/(O2–C3–O4) 123.7 124.6 124.0 123.6 124.6 124.1

/(O2–C3–N5) 111.7 110.2 111.8 111.8 110.2 111.8

/(O4–C3–N5) 124.6 125.3 124.2 124.6 125.2 124.1

/(C3–N5–C6) 123.9 110.9 112.7 124.2 110.8 113.0

/(C3–N5–C10) 118.7 110.8 112.9 119.0 110.8 112.8

Dihedral angles

f(C1–O2–C3–O4) 2.7 0.2 0.4 0.9 0.1 0.9

f(O4–C3–N5–C10) 5.7 62.0 115.6 3.8 63.2 114.1

f(O4–C3–N5–C6) 174.7 63.2 114.9 177.8 61.7 116.5

f(O2–C3–N5–C6) 25.6 117.2 64.8 2.8 118.0 64.0

f(O2–C3–N5–C10) 174.6 117.7 64.7 3.8 117.1 114.1

f(C3–N5–C10–H11) 212.8 56.5 51.2 6.1 64.7 51.1

f(C3–N5–C6–H7) 20.8 61.5 51.3 14.0 64.6 51.7

Computed at the B3LYP/6-311 þ Gpp level. For definitions of the species see Fig. 1.
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the equation:

DG‡ ¼ neqDG‡
eff;eq þ naxDG‡

eff;ax ð2Þ

where neq and nax refer to the population of the

equatorial and the axial conformer, respectively;

DGeff,eq
‡ and DGeff,ax

‡ refer to the effective Gibbs

energies of activation in which the contribution of

TS1 and TS2 has been taken into account. Table 6

lists the final estimates for DG‡.

Reaction field theory, used here to mediate the

solvent effect, has been successfully applied to

isomerization processes. The simplest approach, due

to Kirkwood and Onsager [12,13], is based on the

interaction of the solute’s dipole moment with the

bulk solvent. The dipole induces an electric field in

the solvent, which in turn interact with the solute

dipole leading to stabilization. The solute is placed in

a spherical cavity, which is a good approximation for

small molecules, but can lead to nonrealistic results

for the larger ones. In a spherical cavity, there would

be regions in which the charge distribution of the

solute should be closer to the boundaries than in the

others, giving rise to nonphysical interactions [15].

Such problem can lead to large errors in the absolute

energy. However, in intramolecular isomerization

processes these kinds of interaction do not change

too much on going from reagents to products, and a

cancellation of errors usually produces values com-

parable to the experimental data. The results in

Table 6, computed with the above theory, have a

very good agreement with the NMR measurements.

We have also performed calculations for DMF.

This compound has been studied before in a number

of works [3–8], but not at the same level of theory

used in this work for CDMC. The calculated DG‡

Table 2

Selected structural parameters in the gas phase for N,N-dimethyl-

formamide (bond lengths in Å and bond angles in degrees)

Parameter Species

GSdmf TS1dmf TS2dmf

Bond lengths

r(H1–C2) 1.105 1.105 1.117

r(C2–O3) 1.217 1.201 1.196

r(C3–N4) 1.363 1.441 1.435

r(N4–C5) 1.451 1.471 1.468

r(N4–C6) 1.455 1.471 1.468

r(C6–H7) 1.088 1.093 1.091

r(C6–H8) 1.095 1.092 1.092

r(C6–H9) 1.095 1.099 1.104

r(C5–H10) 1.091 1.093 1.091

r(C5–H12) 1.096 1.092 1.092

r(C5–H12) 1.096 1.099 1.104

Bond angles

/(H1–C2–O3) 122.2 121.3 121.0

/(H1–C2–N4) 112.0 113.5 114.4

/(C2–N4–C5) 121.7 111.2 109.7

/(C2–N4–C6) 120.5 111.2 109.7

Dihedral angles

f(C2–N4–C5–H10) 0.0 55.4 60.4

f(C2–N4–C6–H7) 0.0 55.5 60.5

f(O3–C2–N4–C6) 0.0 62.8 118.5

f(O3–C2–N4–C5) 180.0 62.8 118.4

Computed at the B3LYP/6-311 þ Gpp level. For definitions of

the species see Fig. 1.

Table 3

Gas-phase energies (in hartrees), zero-point corrections (in

kcal mol21) and dipole moments (in debyes) for cyclohexyl N,N-

dimethylcarbamate and N,N-dimethylformamide

Species Energy Zero-point

correction

Dipole

moment

GSeq 2558.590072 158.38 2.34

TS1eq 2558.565670 158.17 1.24

TS2eq 2558.564407 157.87 3.04

GSax 2558.588614 158.40 2.50

TS1ax 2558.564668 158.31 1.24

TS2ax 2558.563045 158.05 3.09

GSdmf 2248.590164 62.64 4.24

TS1dmf 2248.554380 61.85 1.92

TS2dmf 2248.554815 61.67 3.49

Computed at the B3LYP/6-311 þ Gpp with ZPE correction

scaled by 0.9806. For definitions of the species see Fig. 1.

Table 4

Rotational barriers for cyclohexyl N,N-dimethylcarbamate

measured by dynamic NMR 13C experiments (Tc in K, Dn in Hz,

and DG‡
c in kcal mol21)

Solvent Tc Dn DG‡
c

a

CS2 309 34.32 15.5

CDCl3 304 30.35 15.3

CD2Cl2 304 27.83 15.3

(CD3)2CO 302 27.44 15.2

CD3CN 300 24.27 15.2

10% D2O/CD3OD 302 24.83 15.3

Measurements perfomed at 75.5 MHz.
a Values estimated to be within ^ 0.2 kcal mol21.
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values for DMF, Table 7, are slightly overestimated

when compared to the experimental data of Ref. [16].

However, the trend of the outcomes is well repro-

duced and, to the current purposes, the results derived

from the B3LYP/6-311 þ Gpp level will suffice.

3.2. Solvent effect on the rotational barrier

The difference in dipole moments of GS and TS

structures was used before to explain the solvent effect

on the rotational barrier in amides [16,10]. The GSdmf

structure has a dipole moment higher than both

TS1dmf and TS2dmf (Table 3), and it must be relatively

stabilized when the solvent polarity increases. The

greater the difference between the dipole moments of

GS and TS structures, the greater should be the

variation in the rotational barrier for a given

compound. This is well illustrated by DMF and

DMA as aforementioned, but an interesting situation

arises when we compare amides and carbamates.

Take, for instance, the preferred transition state for

DMF (TS2dmf) and which one of the transition states

for equatorial CDMC (TS1eq or TS2eq). In the gas

phase, TS2dmf has a dipole moment 0.75 D lower than

that of GSdmf, while for CDMC the dipole moment of

the TS2eq structure is 1.10 D higher than that of GSeq

(Table 3). According to these data, an even strong

dependence with the solvent polarity should be

expected for the carbamate, but the barrier for

CDMC via TS2eq decreases only 0.14 kcal mol21,

whereas for DMF an increase of 0.72 kcal mol21 was

obtained on going from the gas phase to acetonitrile

solution (Tables 6 and 7). To overcome this problem,

it has been proposed that the total dipole moment of

the species should be considered [18]. Actually, the

Onsager’s equation predicts a quadratic dependence

on the dipole moment for the electrostatic solvation

free energy [12] and the solvent effect on rotational

barriers should also follow a quadratic profile. Since

the amides’ dipole moments are typically twice that of

carbamates, the rotational barrier in the former must

be more solvent sensitive, even with similar differ-

ences between the dipole moments of GS and TS.

However, calculations at the MP2(fc)/6-31 þ Gp

level showed that the dipole moment of DMF is a little

higher than that of DMA, and a prediction based on

the total molecular dipole moment gives the opposite

Table 5

Calculated equatorial conformer populations for cyclohexyl N,N-

dimethylcarbamate

Solvent e % eq

Gas phase 1.0 82.91

Carbon dissulfide 2.6 81.64

Chloroform 4.9 80.77

Dichloromethane 8.9 80.37

Acetone 20.7 79.77

Acetonitrile 36.6 79.56

Computed at the B3LYP/6-311 þ Gpp with ZPE correction

scaled by 0.9806.

Table 6

Calculated Gibbs energies of activation (in kcal mol21) for

cyclohexyl N,N-dimethylcarbamate

e TS1eq TS2eq TS1ax TS2ax eff. eqa eff. axa avb

1.0 15.11 15.59 14.94 15.69 14.89 14.79 14.87

2.6 15.26 15.64 15.14 15.54 15.01 14.90 14.99

4.9 15.33 15.56 15.22 15.46 15.02 14.92 15.00

8.9 15.38 15.51 15.28 15.41 15.03 14.93 15.01

20.7 15.41 15.47 15.34 15.37 15.03 14.94 15.01

36.6 15.42 15.45 15.35 15.36 15.02 14.94 15.00

Computed at the B3LYP/6-311 þ Gpp level with ZPE correc-

tion scaled by 0.9806. For definitions of the species see Fig. 1.
a Effective barrier, incorporanting the contribution of both

transition states.
b Averaged barrier, taking into account the populations of

equatorial and axial conformers.

Table 7

Calculated Gibbs energies of activation (kcal mol21) for N,N-

dimethylformamide in solution (kcal mol21)

e TS1a TS2a Effectivea Exp.b

1.0 21.66 21.21 20.98 19.25

2.6 22.64 21.55 21.47 –

4.9 23.10 21.72 21.66 –

8.9 23.38 21.82 21.78 –

20.7 23.60 21.90 21.87 20.45

36.6 23.68 21.93 21.90 20.65

Computed at the B3LYP/6-311 þ Gpp with ZPE scaled by

0.9806. For definitions of the species see Fig. 1.
a Effective barrier, incorporating the contribution of both

transition states.
b Values from Ref. [16].
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result as compared to the experimental data [16]. For

this reason, we have examined closely the parameters

employed in comparing the solvent effect for different

compounds. In this way, consider the Onsager’s

equation,

DGsolv ¼ 2ðe 2 1Þm2=ð2e þ 1Þa3
0 ð3Þ

where m is the solute dipole moment, e is the

dielectric constant of the medium, and a0 is the radius

of the cavity where the solute is situated [12]. Suppose

that a0 has the same value for GS and TS, which is a

reasonable approximation for simple compounds, and

let us write the TS dipole as mTS ¼ mGS þ dm; dm

being the difference between the dipoles for GS and

TS ðmTS 2 mGSÞ: Substitution of this result into Eq. (3)

gives the following expression for the solvation

energy of TS:

DGTS
solv ¼ 2jðe ; a0Þm

2
GS 2 2jðe ; a0ÞmGSdm

2 jðe ; a0Þdm
2 ð4Þ

where

jðe ; a0Þ ¼ ðe 2 1Þ=ð2e þ 1Þa3
0

Now, the first term in Eq. (4) is just the solvation

energy for GS in a medium of dielectric constant e.

The remaining terms express how differently GS and

TS are affected by the solvent polarity.

Consider two systems, which have similar dipoles

for the GSs. The first term in Eq. (4) will be similar for

both, and the difference in the observed behavior for

each system will be determined by dm. The DMF and

DMA case, mentioned above, matches this situation.

However, when we deal with systems with dipole

moments remarkably different for the GSs, the first

term in Eq. (4) must be used to compare their

behavior. The latter approach is recommended for

comparing amides and carbamates, and correctly

predicts a solvent effect much more pronounced for

an amide. Of course, between these extreme cases

there would be intermediary situations, for which m as

well as dm should be considered.

Finally, an additional factor must contribute to the

insensitivity of the rotational barrier to the bulk

solvent polarity in CDMC and other carbamates. In

DMF, as an example, both TS have a dipole moment

lower than GS, while in CDMC the TS2 s have larger

dipole moments compared with the GSs (Table 3).

Hence, the rotational barrier must decrease for the

isomerization via TS2 for CDMC, and increase via

TS1. Nevertheless, the observed rotational barrier

must reflect the behavior for both TS, i.e. the increase

in the reaction rate through one path is compensated

by the decrease through the other path.

4. Summary

The rotational barrier for CDMC was studied by

NMR spectroscopy and SCRF–DFT theory, and an

excellent agreement was obtained between them. Bulk

solvent polarity has little or practically no effect on the

rotational barrier of this carbamate, in agreement with

earlier reports for similar compounds. An analysis

based on the Onsager’s equation for the solvation

energy was satisfactory. The total molecular dipole

moment is appropriate for predicting the solvent effect

on the rotational barrier for a given compound.

However, when comparing the behavior of different

compounds, either the total molecular dipole moment

or the difference between the dipole moments of the

ground state structure and the transition state structure

must be employed, according the values of the dipoles

for the ground state structures. Intermediary situations

require both quantities usage. This approach seems to

be suitable for a qualitative understanding of the

solvent effect on the kinetics of rotational isomerism.
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