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The solvent effect on rotation about the conjugatedNC bond has been studied for methyl
N,N-dimethylcarbamatelj, S-methyl N,N-dimethylthiocarbamate2j, O-methyl N,N-dimethylthiocar-
bamate 8), and methyN,N-dimethyldithiocarbamatetf. The present investigation included experimental
determination of activation parametersH*, AS, and AG*) combined with theoretical calculations via

both quantum and classical approaches. Rotational barriers were measured through dynamic NMR
experiments in solvents of varied polarity and proton donor ability. In the less polar solvents, the values
were 15.3+ 0.5 (CS), 14.0+ 1.1 (CS), 17.5+ 0.4 (CCl), and 14.64+ 0.5 kcal/mol (CCJ) for 1, 2,

3, and4, respectively. Upon changing to an aqueous solution, the greatest variations occugeahdor

4, whereas forl and 3, there was no observable effect. Quantum chemical calculations at the HF/6-
311+G(2d,p) and B3LYP/6-31tG(2d,p) levels, with the inclusion of solvation effects via the isodensity
polarizable continuum model (IPCM), correctly reproduced the experimentally observed trends but failed
to account for some of the measured rotational barrier's magnitudes. Hydrogen-bonding effects were
included by performing molecular dynamic simulations. For these latter calculations, it was necessary to
parametrize the force field against energies of wasalute complexes calculated at B3LYP/643&-

(d,p). Through the results of radial distribution functions, solution rotational barriers could be calculated,
presenting good agreement with experimental determinations and revealing the role of hydrogen bonding.
Interestingly, only for2, the rotational barrier is predicted to increase as a result of complexation with
water. For the remaining compounds, hydrogen bonding causes the barrier to decrease, contrasting with
most of the molecular systems studied up to now.

Introduction increases its rotational barrier by more than 10 kcal/mol as
compared to ordinary amines, for which roughly 4 kcal/mol is
required to twist a €N linkage® Such an elevated energy
barrier is largely responsible, for instance, for the conformational
stability of proteins and enzymes through peptide bdnés.
Currently, a great deal of knowledge has been accumulated
about the origin of the barrier and its response to the medium

When a nitrogen atom is attached to a double bond (as in
>N—C=0), its lone pair can delocalize over the system
forming an approximately planar three-atom framework (Figure
1).175 The double bond character acquired by theNCbond
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FIGURE 1. Resonance structures used to explain the barrierttl C FIGURE 3. Structural formulas of the studied compounds.
rotation in amides and correlated compounds.

solvents. Rablen et .22 performed related studies fot,N-

0 )J\ dimethylaminoacrylonitrile and also for this compound they
)L - NO verified variations with the solvent.
- Ts2 l Carbamates; O—(C=0)—N<, bear the same amide frame-

work and would be expected to have their rotational barrier
changed by the solvent polarity. However, Cox and Lettka
demonstrated that the rotational barrier of carbamates is practi-
cally insensitive to the medium. Additionally, Rabfércalcu-
lated the dipole moments for the groun@§) and transition
l J states of methyN,N-dimethylcarbamate and found an interesting
situation because the differences between the dipolésSaind
FIGURE 2. Transition statesTS1 and TS2) generated by rotation ~ the preferred transition statd §1) were similar to those of
over the central €N bond of the planar ground stat€$). amides. Even so, the calculations corroborated the experimental
results of a small or vanishing solvent effect. The paradox was
then solved by arguing that the solvent effect should be
for amides’ 41920 The comprehensive study of Wiberg efal.  proportional to theGS dipole moment. This proposal was
demonstrated that the rotational barrier in amides increases withsuccessful in explaining the distinct behavior of amides and
the solvent polarity and proton donor ability. RgiN-dimethyl- carbamates because the dipole moment of the latter is about
formamide and\,N-dimethylacetamide, variations of 4 and 2  one-half of that of amides; this difference further increases if
kcal/mol, respectively, were observed when passing from the one assumes a quadratic behavior like the one of the Onsager
gas phase to a water solution. Such increases could betheory25 Additionally, carbamates are poorer proton acceptors,
rationalized on the basis of the transition states for the processwhich makes them less sensitive than amides to protic sol¥fents.
as follows. Rotation over the-€N bond breaks the conjugation  Complementary studies by the present authors helped to confirm
and generates two transition stat&€§1 and TS2 (Figure 2). that the solvent insensitivity is a characteristic of the functional
Because the transition and ground states are expected to possegfoup carbamate, also clarifying the role of dipole moments
different dipole moments, the rotational barrier of amide-like and dipole moment variations in the rotation proc&ss.
systems should, in principle, vary with the solvent polarity, and  To get a better understanding of the rotational barrier in
this is indeed observed for amid&Similar results were obtained  gmide-like systems, it is necessary to extend the studies to a
for the corresponding sulfur derivativesl,N-dimethylthio- broader class of compounds. On the basis of this, we wished to
formamide andN,N-dimethylthioacetamid&: The rotational  see if sulfur substitution would maintain the carbamate behavior
barriers are larger for the thioamides but still increase in polar of no increase with the solvent polarity or proton donor ability.
This was not the case, as described below. The inclusion of a
(6) Benson, S. BThermochemical Kinetics: Methods for Estimation of  third-row element was expected to affect the molecular struc-

Lg‘j\ﬂ%‘;pegggl Data and Rate Paramefdsd ed.; John Wiley & Sons:  y,re5 in all of its aspects that are important to the rotational

(7) Cox, C.; Lectka, TAcc. Chem. Re00Q 33, 849-858. barrier behavior: polarizability, proton affinity, conjugation, and

(8) Cox, C.; Lectka, TJ. Org. Chem1998 63, 2426-2427. steric effects. Carbamates and thiocarbamates have been studied
178)1%‘%“2"’" W. F.; Kambe, N.; Sonoda, N.Phys. Org. Chem.996 9, on several occasions regarding their rotational barrier, but

(10) Deetz, M. J.; Forbes, C. C.: Jonas, M.: Malerich, J. P.; Smith, B. Unfortunately, the set of data is not enough to definitely establish
D.; Wiest, 0.J. Org. Chem?2002 67, 3949-3952. the role of sulfur substitution on the solvent eff@é.27-39 As

(11) Duffy, E. M.; Severance, D. L.; Jorgensen, W.L.Am. Chem. we shall see, this is an issue where the combination of

Sofi%?%iiééfl’ l\7/l5$g_tr7a55i%er . Mol. Struct. (Theochem993 283 experimental measurements and theoretical calculations is of

33-48. the most importance to achieve a clear understanding.

(13) ;ack;nan, L.%M.;dCot_tor:D, F. AD)l:lnami? Nkucllg% Magnetic Reso- In this way, we selected four compounds, namely, methyl
nance spectroscopyAcademic Fress: ew YOorkK, . _di _di i -

(14) Vassilev, N. G.; Dimitrov, V.J. Mol. Struct 1999 484, 39—47. N,N-dimethylcarbamatelf, SmethyIN,N-dimethyithiocarbam

(15) Wiberg, K. B.; Breneman, C. Ml. Am. Chem. Sod992 114, ate @), O-methyl N,N-dimethylthiocarbamate3], and methyl
831-840. ' _ N,N-dimethyldithiocarbamatelf (Figure 3). Each of them was

(16) Wiberg, K. B.; Hadad, C. M.; Rablen, P. R.; CioslowskiJJAm. prepared and subjected to experimental measurements by

Chem. Soc1992 114, 8644-8654.
(17) Wiberg, K. B.; Laidig, K. EJ. Am. Chem. S0d 997, 119, 5935.

(18) Wiberg, K. B.; Laidig, K. EJ. Am. Chem. S0d 987, 109, 5935~ (22) Rablen, P. R.; Miller, D. A.; Bullock, V. R.; Hutchinson, P. H.;
5943. Gorman, J. AJ. Am. Chem. Sod999 121, 218-226.

(19) Wiberg, K. B.; Rablen, P. Rl. Am. Chem. S0d 995 117, 2201 (23) Rablen, P. R.; Pearlman, S. A.; Miller, D. A. Am. Chem. Soc.
2209. 1999 121, 227-237.

(20) Wiberg, K. B.; Rablen, P. R.. Am. Chem. S04 993 115 9234- (24) Rablen, P. RJ. Org. Chem?200Q 65, 7930-7937.
9242. (25) Onsager, LJ. Am. Chem. Sod.936 58, 1486-1493.

(21) Wiberg, K. B.; Rush, D. JJ. Am. Chem. So@001, 123 2038~ (26) Basso, E. A.; Pontes, R. M. Mol. Struct. (Theochem2002 594,
2046. 199-206.
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TABLE 1. Activation Parameters for Compounds 14 Determined through DNMR Total Line Shape Analysis Measurements

1 2
AH* AS AG* AH* AS AG*
CCly - - - - - -
Bz-ds - - - - - -
CS 10.8+0.3 —15.0+1.2 153+ 0.5 12.5+ 0.7 —544+28 140+ 1.1
CDxCl> 10.4+ 0.6 —16.6+2.1 15.3+£ 0.9 147+ 1.0 1.7£4.1 142+ 1.6
CDsOD 14.2+ 0.6 —3.1+21 15.2+£ 0.9 12.6£ 1.1 —6.7+£4.2 14.6£ 1.6
CDzCN 129+ 1.4 —7.0+54 15.0+£ 2.1 13.5+ 0.7 —2.8+2.7 143+ 1.1
20% D,O/CD;0OD 10.1+ 0.8 —-17.1+29 152+ 1.2 9.7+ 0.3 —17.7+1.2 149+ 0.5
DMSO-ds - - - - - -
D20 11.6£1.0 —10.6+3.4 148+ 1.4 11.6+ 0.5 —10.8+ 1.7 14.8+ 0.7
3 4
AHF AS AG* AH* AS AG*
CCly 17.4+0.3 —0.2+0.9 17.5+£0.4 13.8£ 0.4 —27+£12 14.6+ 0.5
Bz-ds 19.9+0.8 8.0+ 25 17.6+£1.1 15.1+ 0.2 0.3+ 0.5 15.0+£ 0.2
CS - - - - - -
CDxCl» - - - - - -
CDs0OD - - - 14.2+0.1 —3.1+0.4 15.2+0.2
CDzCN 17.44+0.3 —0.2+0.9 17.5+0.4 157+ 0.1 0.4+0.3 15.6+ 0.1
20% D,O/CD;0D - - - 14.8+0.2 —2.5+0.6 15.5+ 0.3
DMSO-ds 18.7+0.3 2.7£0.7 17.9+£0.3 16.0£ 0.2 0.0+ 0.5 16.0+£ 0.2
DO - — - 12.7+0.2 —10.8+ 0.6 15.9+ 0.3

a AH* and AG* in kcal/mol andAS' in cal/K mol.

dynamic nuclear magnetic resonance (DNMR) in solvents of entropies are still negative in the gas phase where no solvation
varied polarity and proton-donor ability. The theoretical study structure can affect its values.
was composed of electronic structure routines (ab initio and  The probable reason for the negative entropy is the loss of

DFT) together with molecular dynamics simulations. one vibrational mode when going fro@Sto TS, once the &N
torsion becomes an imaginary frequency and no longer con-
Results and Discussion tributes to the thermodynamic properties of the systérhe

) ~ few cases for which the entropy is positive can be understood

NMR Measurements.The results of total line shape analysis  jn terms of complexation with solvent molecules. For instance,
(TLSA) for compoundd—4 are presented in T¢able 1. Ourmain jt js knowrf® that aromatic solvents complex to the plaGs
interest is in activation Gibbs energieA&"), but before  of amides due to the effect associated with resonance structure
commenting on them, let us make a brief analysis of entropies p (Figure 1), an effect that disappears in @s. Thus, for the
and enthalpies of activation. There are some cases in which thecases where the activation entropy is positive, the ground states
rotational barrier can be thought of almost completely as an seem to be more organized with the solvent molecules overcom-
enthalpic phenomendhe.g., compoundt in DMSO or com- ing the negative gas-phase entropy.
poynd3 in CCly, Whereas for most of them, it is |nd|sp¢nsable Consider now the activation Gibbs energies that are what we
to include the entropic contribution. With a few exceptions, the ftectively call rotational barriers. The values fbin Table 1
activation entropiesS’) are negative, and we are tempted to agree with previous studi¥"26é for carbamates both in the
imagine a more organized solvation shell for the transition states 7 riar magnitude and in its response to the medium, i.e., the
(TS1andTS2). However, as already reported for amitiead absence of a representative variation upon changing the solvent
also verified in the calculations to be presented (Table 4), the polarity or hydrogen-bonding ability. (The rotational barrier in
water is actually 0.5 kcal/mol smaller than that ing88ggesting

(%) \l\;alega'lx} E/I-'JMort?' ChFemTl%G 3l}' 11&?'13}153- Chem1o8 a decrease in the rotational barrier; however, the variation is
85’(76)_7?“”’ - L+ Marbon, F; Trierweller, MJ. Phys. Chem(.981 smaller than the experimental error and this hypothesis cannot
(29) Smith, B. D.; Goodenough-Lashua, D. M.; D'Souza, C. J. E.; Norton, be confirmed by these data only.) Compoudiresents a
K.J.; Schmidt, L. M.; Tung, J. Cletrahedron Lett2004 45, 2747-2749. rotational barrier about 1.0 kcal/mol smaller than that¥on
45§§%)6?magam" C.; Takao, N.; Takeuchi, Xust. J. Chem1986 39, the apolar solvent GSbut the values become essentially equal
(31) Lemire, A. E.; Thompson, J. Can. J. Chem197Q 48, 824-829. for both in water. Thus, experiments suggest an increase in the
(32) Kost, D.; Kornberg, NTetrahedron Lett1978 35, 3275-3276. rotational barrier oR. There is a limitation in this conclusion

Spg?o%ﬁﬁﬂxictgg‘éii 57- ARL-%;l fgéhya”a’aya”a' D. N.; Manogaran, S. jmposed by the experimental errors. To overcome this problem,
(34) Julia S.; Ginebreda, A.; Sala, P.; Sancho, M.; Annunziata, R. C. F. W€ also used\G* values calculated through the coalescence

Org. Magn. Reson1983 21, 573-575. ‘ temperature procedutelhe method consists of measuring the

16((3?"15) Kornberg, N.; Kost, DJ. Chem. Soc., Perkin Trans1879 1661 limiting separation of the absorption frequencies of the exchang-
(36) Schiottmann, B. UTetrahedron Lett1971 1221-1224, ing methyl groups together with the temperature at which the
(37) Lustig, E.; Benson, W. R.; Duy, N. Org. Chem1967, 32, 851— two signals coalesce. Limitations due to the solvent freezing or

852. boiling, however, prevented us from obtaining suitable data for

(38) Kleinpeter, E.; Kretschemer, M.; Borsdorf, R.; Widera, R:hlAu
stadt, M. J. Prakt. Chem198Q 322, 793-797.

(39) Kleinpeter, E.; Widera, R.; Nhistadt, M. J. Prakt. Chem1977, (40) Wayland, B. B.; Drago, R. S.; Henneike, H.J=.Am. Chem. Soc.
319 133-139. 1966 88, 2455.
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TABLE 2. Rotational Barriers (AG* in kcal/mol) for Compounds 1, 2, and 4 Determined through the Coalescence Temperature Methdd

1 2 4
TP Ave AG* TP Ave AG* TP Av® AG*

CCly - - - - - - 31.5 35.1 15.9
Bz-ds - - - - - - 54.7 149.0 15.5
CS 21.6 10.9 154 —5.8 6.6 14.2 - - -
CDxCl> 5.9 3.6 15.2 —14.6 2.1 14.3 - - -
CDsOD 11.6 4.1 154 -1.0 4.0 14.7 43.5 42.4 15.7
CD3CN -1.0 1.8 15.1 —7.8 2.3 14.6 43.6 435 15.7
20% D,O/CD;OD 11.8 6.0 15.2 13.7 8.2 15.1 49.1 40.5 16.0
DMSO-ds - - - - - - 54.7 34.1 16.5
D20 10.8 3.0 15% 17.7 9.3 15.8 61.1 38.3 16.7

a Experimental errors foAG* are within40.2 kcal/mol P Coalescence temperaturei@. ¢ Difference in the absorption frequencies of the nonequivalent
methyl protons, in Hzd For these cases, it was not possible to attain a suitAbjeso these values are less reliable as compared to the remaining ones.

compound3. For the remaining compounds, it was possible to R R
measure the rotational barriers with this method (Table 2). The >\ )J\ /kH >\ )k /kH
advantage of using the coalescence temperature comes from the H X NN H X N,
fact that the experimental errors are in the vicinitytdf.2 kcal/ )\H H)\H
mol, which is better, for example, than the TLSA valuesZor H H

The rotational barrier of compount] according to Table 2, Gs1 Gs2
agrees with those obtained through TLSA both in magnitude H 7 " H 7 H
and in the absence of solvent effect. The entries in Table 2 also HG JJ\ N N )L Has
show an increase o£1.0 kcal/mol for2, and now this value H>\X N>\H H>\X N>\H
lies well above the experimental error, confirming that the

rotational barrier for compoun®@ does experience an increase H/KH H)\H
with the solvent polarity and maybe with hydrogen bonding cs3 0:4

also.
On passing from CGlto water, the rotational barrier in FIGURE 4. Possible conformations for the studied compounds.
compound4 undergoes an increase of 1.3 kcal/mol according
to TLSA (Table 1), which is a representative increase above optimization and to frequency calculations (HF and B3LYP)
the experimental errors. The same behavior can be noticed into establish their stationary point nature. Batand?2 exist in
Table 2, and thus it is possible to assert that the rotational barrieronly one form from B3LYP as well as from HF, nameS1
of compound4 suffers a representative solvent effect. Wiberg Contrastingly, we found two conformations f8and4, and in
and Rush! verified that the barriers in thioamides are greater these cases, the theoretical methods provide different results.
than that of amides and so are the solvent effects. A similar ConformationsGS2 and GS3 are stable at HF foB, with
behavior is observed here for thiocarbamates; i.e., the rotationalthe two being almost isoenergetic (0.02 kcal/mol in favor of
barrier variations in carbamates, if any, could not be detected GS2), but for B3LYP, only GS2 was obtained. A possible
by the experiments so far performed, but sulfur substitution puts reason for this divergence is the differences in the structural
the variations in a measurable plateau, except for comp8und parameters provided by each method. TheHbond eclipsing
For this particular one, we could not acquire data in protic the (C=S)—N bond in theanti-methyl group ofGS3 (Figure
solvents due to an apparent sample decomposition. The com4) is 2.197 A from the oxygen atom-O—) at HF, whereas at
pound initially formed a homogeneous solution but soon B3LYP, this distance is slightly smaller (2.188 A) increasing
separated phases accompanied by the evolution of a whitethe steric repulsion. Moreover, it is known that electron
smoke. This indicates a very strong wateplute interaction correlation methods tend to put more electron density on the
compromising even the molecular stability; we did not go deeper molecular periphery relative to H¥.Together, both factors
into the reactivity of this compound as it is not the focus of the makeGS3unstable at B3LYP.
present study. In aprotic media, there are no representative In the case o#, conformationsGS2 and GS4 are stable at
variations for compoun@. B3LYP and onlyGS4exists with HF. A similar argument may

To understand how the rotational barriers of these four be invoked here. The distance between the carbon isyhe
compounds respond to the solvent medium, we performed methyl group and the double-bonded sulfur atom is 2.973 Aat
theoretical calculations using electronic structure methods asHF and 2.994 A at B3LYP it6S2 Therefore, steric repulsion
well as liquid simulations by molecular dynamics, as described should be greater at HF making conformatiG$2 converge
hereafter. to GS4

Rotational Barriers Determined through a Continuum For the transition state§S1 and TS2, we used structures
Solvation Model. Amides and thioamides commonly adopt the like those depicted in Figure 2, both of them having only one
conformation labeled a8S1in Figure 414 That was also our ~ imaginary frequency corresponding to thexZ)—N torsion
starting point for the present compounds, but the outcome wasWhich chqractenzes these structures as the correct first-order
somewhat different for the sulfur derivatives. Thus, it was Saddle points.
necessary to conduct a conformational search prior to advancing .
with the theoretical studies. There are in principle four 63%&;""32& C. M. Rablen, P. R.; Wiberg, K. &.Org. Chem1998
candidates for the ground-state conformation, labelegSis- (42) Lide, D. R.CRC Handbook of Chemistry and Physigth ed.:
GS4in Figure 4, and these were submitted to full geometry CRC Press: Boca Raton, 1996.
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TABLE 3. Gas-Phase Activation Parameters for Compounds 14 TABLE 4. Rotational Barriers (AG, in kcal/mol) for Compounds
Calculated at the HF/6-311G(2d,p) and B3LYP/6-31H-G(2d,p) 1—-4 Calculated at the HF/6-31#G(2d,p) and B3LYP/
Levels of Theory 6-311+G(2d,p) Levels of Theory with Solvation Effects Included
a
HE B3LYP through the IPCM Method
b
AH* AS AGE  AH* AS AGH Ts1 Ts1 eff.
1 HF B3LYP HF B3LYP HF B3LYP
TS1 12.86 —7.08 14.97 13.86 —8.28 16.33 1
TS2 13.89 —6.71 15.89 1477 —7.90 17.12 € 1.00 14.97 16.33 15.89 17.12 14.9 16.2
eff.b 14.86 16.19 223 1541 16.81 16.03 17.41 15.2 16.6
2 2.61 1547 16.88 16.04 17.44 15.3 16.7
TS1 9.71 —6.53 11.66 11.66 —5.52 13.40 3261 15.84 17.29 16.03 17.59 155 17.0
TS2 13.51 —5.90 15.29 14.82 —5.80 16.55 35.69 15.84 17.30 16.03 17.59 15.5 17.0
eff. 11.66 13.40 46.83 15.85 17.30 16.03 17.59 15.5 17.0
3¢ 78.36  15.86 17.32 16.02 17.60 155 17.0
TS1 15.16 —9.00 17.84 1452 —9.21 17.27 2
122 1644 7846 1800 1597 —886 1861 e 100 11.66 1340 1529 1655 117  13.4
Zd : . ’ 2.23 12.56 14.60 15.45 17.84 12.6 14.6

261 12.70 14.75 15.47 17.88 12.7 14.8
32.61 13.70 15.72 15.51 18.08 13.7 15.7
35.69 13.70 15.73 15.51 18.08 13.7 15.7

TS1 11.12 —11.56 14.56 11.45 -—7.78 13.77
TS2 15.38 —10.59 18.53 1554 —6.90 17.60

b
eff. 14.56 .77 46.83 1373 1575 1551 1809 137 157
a AH* and AG* in kcal/mol andAS' in cal/K mol. ? Effective barrier, 78.36  13.76 15.78 15.51 18.09 13.7 15.8
incorporating the contribution of both transition stafeSonformationGS2 3c

was usedt ConformationGS4 was used. e 100 1784 1727 1866 1861 177  17.2

223 19.17 18.03 19.06 18.70 18.7 17.9

. . 261 1937 1817 19.14 1873 188 180
The stable conformations were then used to obtain vacuum 3261 2076 1904 1959 1890 195 186

rotational barriers (Table 3). As mentioned before, the gas-phase 3569 20.77 19.04 1959 1890 195 18.6
activation entropies are negative, a behavior that is maintained 46.83 20.80 19.06 1960 1991 195 186
on passing to solutions for most cases as demonstrated by the ~ 78:36 2084 19.09 1961 1891 195 186
experimental results. Nevertheless, gas-phase barriers must not 100 1456 1377 4"18 53 1760 146 138
!oe directly compared to experiments, as it is first necessary to € 993 1541 1491 1965 1838 154 143
include cond_ensed-phase effects_. _ 261 1554 1440 19.80 1850 155 14.4
The solvation energy may be dissected into two components, 3261 1655 1506 20.73 19.11  16.6 15.1
namely, the bulk solvent polarity and specific solus®lvent 3569 1656  15.06 20.74 19.11  16.6 151
interactions such as hydrogen bonding. The former can be ~ 4683 1658 1508 2076 1913 166 151
directly handled by quantum methods, whereas specific interac- /836 1662 1510 2078 1914 166 151
tions require the inclusion of statistical aspects of liquids, atask * Dielectric constants, corrected to 2, correspond to a vacuum,
accomplished by classical-based protocols (Monte Carlo or carbon tetrachloride, carbon disulfide, methanol, acetonitrile, dimethyl
. . . . sulfoxide, and watef? ® Effective barrier, incorporating the contribution
m0|ecu_lar dynamics). Let us first con3|dt_er the S(_)lvent po_Ianty. of both transition states® The conformationGS2 was used.? The
For this purpose, we employed the isodensity polarizable conformationGS4was used.
continuum model (IPCM) as described in the Experimental
Section. to ensure the observation of such an effect. What is most
The solution rotational barriers were obtained by simply probable is that weak solutsolvent complexation effects mask
adding to AG* (from Table 3) the corresponding solvation the variation. This interpretation is supported by the measured
energies from single-point calculations of the gas-phase struc-entropy values. To see this, let us remember that the gas-phase
tures (Table 4). The rotational barrier afincreases slightly  theoretical activation entropies are negative (Table 3), whereas
when one passes from the gas phase to water (0.6 kcal/mol athe experimental ones are positive or very close to zer@&for
HF and 0.8 kcal/mol at B3LYP). If we consider only those These results suggest that some kind of ordered state is broken
solvents for which measurements have been done, i.e.a@H on passing from the ground to the transition state, like a selute
D20, the variation is only 0.2 kcal/mol with HF and 0.3 kcal/  solvent complex. Concerning the rotational barrier magnitude,
mol with B3LYP. These small variations agree with experi- neither HF nor B3LYP furnishes satisfactory results using only
ments. Although both methods agree with each other in the IPCM.
response to the solvent, the B3LYP values are about 2 kcal/ In the case of compound, when one goes from CClo
mol above the experimental resultsX5 kcal/mol, Table 1). H-,0, the rotational barrier varies by 1.2 kcal/mol at HF and by
Regarding compound, the predicted solvent effect is 1.0 0.8 kcal/mol at B3LYP, in agreement with experiments. The
kcal/mol for both HF and B3LYP, which agrees with the HF barriers are somewhat above the experimental ones, and
experimental results. However, the calculated barriers are, onthose calculated by B3LYP lie, on average, below the DNMR
average, 1.0 kcal/mol below the experimental values at HF and measurements.
about 1.0 kcal/mol above the experimental values at BALYP. To summarize, although the IPCM model is able to reproduce
This result gives evidence that a further correction needs to bethe solvent effect to some extent, it is still necessary to include
added to the calculated barriers. explicit solute-solvent interactions. Among these interactions
When one passes from CQb DMSO, the rotational barrier  are those of very strong impacts on the solute properties, i.e.,
for compound3 varies by 0.8 kcal/mol at HF and by 0.7 kcal/  hydrogen bonds, and those that are more common among highly
mol at B3LYP. The experimental variation is 0.4 kcal/mol and polarizable solvents, such as £8 DMSO, which correspond
stays within the experimental errors, so that it is not possible to somewhat weaker, less geometrically restricted interactions.
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FIGURE 5. Water complexes used in the force-field parametrization of compolinds

For the present study, we will treat only hydrogen bonding built complexes of the solute with a water molecule placed in
through molecular dynamics simulations. Whether HF or strategic positions and then calculated the complex energy at
B3LYP provides better rotational barriers can be judged only the B3LYP/6-34-G(d,p) level (Figure 5). Through this calcula-
after including these interactions. tion, the solute was kept at the B3LYP/6-31G(2d,p) geometry
Force-Field Parametrization. Liquid simulations require the  while the water molecule was fixed with its TIP4P parameters
specification of solutesolvent potential interaction functions.  (r(O—H) = 0.9752 A, O(H—O—H) = 104.52);*3 only the
These are defined by Coulomb (electron charges) and Lernard distance between the two molecules was optimized. The partially
Jones (van der Waals) parameters adjusted for every atom omoptimized geometries were then used to perform a counterpoise
atom groups! Unfortunately, there were no such parameters correction for the basis set superposition error (BSSE) and to
for the present compounds; those reported for amides did notobtain interaction energiesAEj. There are three atomic
furnish satisfactory results when extended to carbamates andjuantities composing Coulomb and Lennaddnes potentials,
thiocarbamates in our tests. Therefore, it was necessary tonamely, the electron chargg, and the two LennardJones
calibrate the potential interaction functions before running the
liquid simulations. To accomplish this task, we followed a  (43) jorgensen, W. L.; Chandrasekhar, J.; Madura, J. Bhem. Phys
procedure similar to that used by Jorgensen ét &le first 1983 79, 926-935.
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TABLE 5. Solute-Water Complexation Energies (in kcal/mol) total of 12 simulations, as described in the Experimental Section.
t‘f]";‘t')cu“'ﬁtfﬁeaéitt?:dBF?’o'-ng’gjﬁ* %(:d;p) Level of Theory (DFT) and The coordinates stored during MD runs were used to construct
9 (FFy radial distribution functions (rdf) for each pair of soluteolvent

1 2 3 4 atoms. These functions are constructed such that in structured
DFT FF DFT FF DFT FF DFT FF portions of the liquid, like those close to the solute, its value
GS differs from the unit with a maximum indicating a likely region
CP1 —6.21 —6.32 —4.87 —4.43 —-2.79 —293 —2.77 —2.68 for finding solvent molecules. In the bulk liquid, far from the
CP2 -591 -598 —-551 —-589 —246 —-2.60 —242 -257 solute, rdf's approach unit values and no region is more likely
CP3 -1.20 -1.32 —-1.07 -080 —1.23 —1.42 —0.68 —0.56 to contain solvent molecules than others. Hydrogen bonding
CP4 —224 —237 —2.01 —-1.74 —0.51 —1.22 —-2.30 —2.30 ; .
CP5 —0.79 —065 —024 —084 —085 —057 —028 —042 can be identified by a sharp peak at ab@_u\ (Q---Hrdf).The
CP6 -0.83 —0.80 —0.97 —-122 —-1.02 —-0.63 —-1.15 —1.11 rdf’'s for compoundsl—4 are presented in Figure 6.
rms 0.11 0.39 0.37 0.11 Solvation peaks are clearly observed in @8 of 1 for both
TS1 C=0---O(water) and &O---H(water) rdf's. The distance
CPl -5.38 —5.28 —-4.64 —-439 -226 -216 —-220 -211 between the maxima of the two rdf's is 0.95 A, very close to
gEg :g:gf :g:gg :3:33 :i:g? :ﬁg :é:% :é:gg :;:;g _the O-H _b(_)nd length in th_e TIP4P model, showing that there
CP4 -162 —156 —1.35 —1.30 —1.05 —0.50 —1.03 —0.91 is an efficient complexation between the solute and water
CP5 —1.32 —154 —-0.57 —-1.05 —-1.21 —-1.22 -0.72 —0.86 molecules at the carbonyl oxygen. On the other hand, there is
CP6 —-0.54 -0.98 -0.30 —-1.01 -036 —-0.50 —-0.21 —-0.73 no indication of hydrogen bonding at the nitrogen®$, as
rme? 021 0.38 0.24 025 expected, following from the &phybridization of that atom.
TS2 The situation is a little different in th&Ss Here, beyond the
CPl =536 =553 —4.46 —4.34 232 —232 —229 —2.17 bonding at the carbonyl oxygen, water molecules also complex
CP2 —4.44 —416 —3.92 —4.05 —-1.28 —129 —1.25 —1.32 . S . .
CP3 -588 —-555 —545 —532 —568 —566 —549 —5.07 at the nitrogen which is now 3@nd has a lone pair available
CP4 —-1.04 —0.93 —1.73 —1.28 —0.42 —0.46 —1.36 —1.26 to donate electron density. These results suggest, even before
CP5 -151 -124 -0.74 -116 -152 -1.66 —-0.69 -1.14 we quantify the effects, that the rotational barriedafecreases
CP6 —-055 —-111 —056 —1.30 —0.39 —0.54 —0.48 -1.02 as a consequence of hydrogen bonding becaus&3sdave

ms’ 0-32 0.40 0.09 0.34 two binding sites compared to only one in tG&.

The rdf's of compound2 resemble those fod in their
qualitative aspects. However, the-NH and N--O peaks in the
] TSsare, relative tdl, less intense. As we are going to see, this
parameters accounting for van der Waals foreegido. These  c5yses the effect of hydrogen bonding2itto be the opposite
parameters determine the interaction energy according to thegt that for 1; i.e., the rotational barrier will increase from
following equation: complexation to protic solvents.
Another aspect that can be explained by rdf’s is the negative
ABy = Z z {qiqjezlrij +4€ii[(aijlrij)12_ (Gii/rij)b]} (1) activation enfropies in the prot?c solvents of Table 1. The
o measured\S values in RO are about twice the calculated gas-
phase values fdt and2, which suggest that in the corresponding
transition states water molecules might be more organized
_ _ around the solute compared to the ground state. Looking at the
= \/6'—6 %= \/;OJ rdf's, the reason becomes clear, for tB8sof 1 and2 have
only one protonation site compared to two in & confirming
the more ordered state of the latter. A similar effect could be
invoked to explain the negative entropy in@CD;OD. The
effect in this case, however, is more intense, but without detailed
molecular dynamic data in methanol, we cannot unequivocally
describe this subtle behavior.

Although for 1 and 2 we observe hydrogen bonding at the
carbonyl oxygen ofGS, compounds3 and 4, contrastingly,
present no signal of complexation at the corresponding double-
bonded sulfur atoms. On the other hand, both transition states
engage in hydrogen bonding to water, although in a smaller
fashion in the case ofS1. Because only the transition states

a Complexes CP£CP6 are defined in Figure 8.Root mean square
deviations (in kcal/mol).

in which

Throughout the force-field calculations, we used a model with
each methyl group being described as a single atom, giving a
seven-point representation of the solute molecular structure. A
further simplification was to describe the two g#lattached
to N by the same atom type. Lennatdones parameters, ()
were taken from similar compounéfsi* 47 and only the atomic
charges were varied to reproduce DFT interaction energies.
Table 5 presents the results of the adjusted force field together
with the DFT values. The complete set of fitted electron charges
along with the LennardJones parameters used are included
as Supporting Information. The agreement between DFT and
force-field values was satisfactory in most cases, so they can o - . .
be considered as appropriate to be used in the liquid simulations.&re stabilized by co_mplexatlon, we expect the rotational barriers

Radial Distribution Functions. After obtaining the force- ~ ©f 3 @and4 to experience a decrease in protic solvents.
field parameters, we performed molecular dynamics calculations Rotational Barriers with the Inclusion of Hydrogen
on water solutions of the four compounds. Because eachBonding. The following step is to quantify the effect of

compound has three specig8g, TS1, and TS2), there is a hydrogen bonding on the rotational barriers. The solvation peaks
previously identified can be integrated out to the first minimum,

(44) Jorgensen, W. LJ. Phys. Cheml986 90, 1276-1284. furnishing, in this way, the average number of water molecules

(45) Jorgensen, W. L1. Phys. Chem1986 90, 6379-6388. engaging in a watersolute complex. Table 6 presents these
19&6)188’%%2?%6\2’6}-? Madura, J. D.; Swenson, 0. Am. Chem. Soc. results. Complexation energies were obtained by simply mul-

(47) Jorgensen, W. L.; Swenson, C.JJ.Am. Chem. Sod 985 107, tiplying the average number of water molecules in the solvation
569-578. shell by the corresponding energies in Table 5. For instance,
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FIGURE 6. Radial distribution functions for compounds-4.

when one water molecule binds ti&S of 1 at the carbonyl, column of Table 6 lists the contribution of hydrogen bonding
the system gains 6.06 kcal/mol of stability (average between to the rotational barriers.

CP1 and CP2, Table 5); however, 1.7 water molecules, on The smallest effect occurs farcorresponding to a decrease
average, surroun@S according to the rdf's (Table 6), and thus in the barrier. Decreases are observed also3fand 4 with
the overall stabilization becomes10.21 kcal/mol. The last  higher intensity than those ih Only for 2, hydrogen bonding
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TABLE 6. Analysis of Radial Distribution Functions for
Compounds -4

C=z N total

species  coord. AEP coord2 AEP coord® AEY  AAE®

Methyl N,N-Dimethylcarbamatel]

GS 16953 -10.21 -f —f 1.69 -10.21

TS1 10843 -560 0.892.63 —-528 1.97 -10.88 —0.67

TS2 1.12@.38 -550 092263 -541 2.04 -10.91 -0.70
SMethyl N,N-Dimethylthiocarbamate2j

GS 156489 -—8.09 —f —f 156 —8.09

TS1 093@.39 —4.24 0442689 -197 137 —6.21 +1.88

TS2 0.71@.189 -—2.95 0.84268 —458 155 —7.53 +0.56
O-Methyl N,N-Dimethylthiocarbamate3j

GS —f _f _f —f

TS1  —f —f 0.92@.73 —4.72 092 —-4.72 —4.72

TS2  —f —f 101689 -571 101 -571 -571
Methyl N,N-Dimethyldithiocarbamatedj

GS —f —f _f —f

Ts1 -t —f 036Q739 —144 036 —144 —1.44

TS2  —f —t 0.93@.68 —5.10 093 -510 —5.10

a Number of water molecules coordinated to solute obtained by
integration of the (&)Z---H(water) rdf; cutoff radii are presented in
parentheses and in A Solute-water complexation energies (in kcal/mol)
calculated on the basis of the data of Table 5 and the above coordination
numbers.¢ Total number of coordinated water molecules obtained by
summing up the contributions of ¢€Z and N.d Total complexation energy
(in kcal/mol) obtained by summing up the contributions of)Z and N.
¢ Total contribution of hydrogen bonding (in kcal/mol) to the rotational
barriers.f No solvation shell observed for these rdf's.

TABLE 7. Rotational Barriers in Water (in kcal/mol) for
Compounds -4 Calculated Using the Combination IPCM + MD

TS1 TS2 eff.a
B3LYP HF B3LYP HF B3LYP HF exptl
1 1700 1519 1725 15.32 16.7 148 1484
2 1799 15.64 19.08 16.07 17.9 154 148.7
3 1439 16.12 13.24 13.90 13.2 139 -
4 1366 1518 14.00 15.68 13.4 150 159.3

a Effective barriers, including the contribution of both transition states.

JOC Article

occasion, however, we did not use the thermodynamic quantities
but rather total energies corrected to zero-point vibrations.

Let us now analyze the reasons for the above-mentioned
behaviors. As we said while commenting on the rdf's for
compoundl, the transition states engage in hydrogen bonding
in two places, at the carbonyl and at the nitrogen, and the ground
state accepts bonding only at the carbonyl. Integration of the
corresponding rdf's (Table 6) shows that these two interactions
in the TSs are responsible for the rotational barrier diminution.
This behavior is readily explained by the resonance model
because the nitrogen passes from &psp hybridization on
going from GS to TS and becomes a good proton acceptor
(Figure 2).

A similar pattern is observed for compoud but in this
case, the hydrogen-bonding strength produces a different
outcome. The nitrogen here is not as good of a proton acceptor
asitis forlin theTS, so despite th&Ss having two protonation
sites, theGS experiences the greater stabilization. It is seen from
Table 6 that the preferred transition stateZpr S1, forms about
one-half of the hydrogen bonds of the correspondiggof 1,

0.44 vs 0.89. Indeed, Mulliken analysis give8.326 e for the
nitrogen in theTS1 of 1, compared to-0.058 e for the nitrogen
in the TS1 of 2 (at HF/6-311#G(2d,p)). Moreover, the large
sulfur atom of2 makes the approach of water molecule$ ai
difficult and also contributes to lowering its proton-acceptor
ability.

Consider now compound3 and 4. The rotational barrier
decreases for both as a consequence of hydrogen bonding, and
the effect here is substantially larger than in For these
compounds, as mentioned before, there is no hydrogen bonding
with the double-bonded sulfur atom in eith@6 or TS, so that
the complexation at the nitrogen 0fS causes the barrier to
decrease. Similarly to what we mentioned above for T4
of 2, the additional sulfur atom cfrepels the approach of water
molecules to the nitrogen region, making hydrogen bonding in
theTS1of 4 less effective. When these effects are added to the
IPCM results, the calculated rotational barrierdaf found to

contributes to an increase in the rotational barrier. These resultsbe in satisfactory agreement with the experimental value.

contrast with those of amides which have their barriers raise
in protic solvents? and as far as we are aware, there is no
previous report of a negative solvent effect on the rotational
barrier of an amide-like system.

Table 7 lists the final rotational barriers calculated by the
IPCM + MD combination. These values were obtained by
adding the effect of hydrogen bonding just mentioned to the
data of Table 4. The B3LYP values now diverge greatly from

experimental measurements, whereas HF presents a venf

satisfactory agreement. Before including both sets of effects
solvent polarity and specific interaction was not possible

to correctly judge the performance of each method. It can be
seen now that the inclusion of electron correlation through DFT
is not advantageous for the calculation of rotational barriers.
Actually, this was noted before by Wiberg etdbr gas-phase
calculations. Additionally, Jasien et ®lfound that electron

correlation is not essential for calculating rotational barriers in |

d Unfortunately, there is no experimental data for compo8nd

in water. Given the good performance of IPCMMD for the
other compounds, we should expect a rotational barrie8 for
water in the vicinity of 14 kcal/mol, about 4 kcal/mol lower
than the value in DMSO (Table 4).

Dipole Moments. As a final step, let us consider the
connection between dipole moments and the response to the
solvent polarity. Because HF and B3LYP agree with each other
bout the variations in the IPCM results, we think it is advisable
to analyze dipole moments calculated through both methods,
and these are presented in Table 8. Ground-state dipole moments
for 1 and 2 are very similar, as also are the variations when
passing toTS1. Therefore, similar solvation effects should be
expected for these species, but this does not happen because
the data in Table 4 clearly show a far more pronounced effect
in 2, about 2.0 kcal/mol compared to only 0.4 kcal/mollin
(vacuum to water). NeithegS dipole moments nor variations

amides; their analyses were based on MP2 calculations. We have" dipole moments can alone account for the differences between

conducted an earlier stutfy on the rotational barrier of
carbamates using DFT-B3LYP in which good agreement was

these compounds.
Now, let us look at the rotatio®S — TS1 for compounds

obtained between calculated and experimental values. In that3 and 4. In this case, bothx and Au are greater foi3, the

(48) Jasien, P. G.; Stevens, W. J.; KraussJMVol. Struct. (Theochem.)
1986 139 197—206.

compound for which the solvent effect is also largef3(00
kcal/mol compared ta-2.06 kcal/mol on going frona = 1.00
to e = 78.36, Table 4). We see, therefore, that considering the
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TABLE 8. Calculated Dipole Moments and Dipole Moment TABLE 9. Partition of Energy Terms Contributing to the Solvent
Differences (in D) for Compounds 142 Effect According to the Spherical Cavity Approximation (a, in A
) Am (TS1) Am (TS2° and the Remaining Values in kcal/mol)
N u total total
HF  B3LYP HF  B3LYP HF  B3LYP (TSD)  calcdin  —2¢(cagueshu  —¢le.a0)(Aw)? dipole IPCM
1
1
vacuum  2.56 248 -165 —-162 +045 +0.18
4.09 vacuum 0.87 -0.28 +0.59 +0.89
water 3.61 3.67 —-2.21 —2.30 +0.44 +0.23 water 1.65 —050 1115
2
2
ar gég 5'833 _;'gg _;'gz _8'% _8;3 411  vacuum 0.76 ~0.28 +0.48 +2.10
' ’ ’ ’ ’ ' water 1.68 —0.53 +1.15
3
3
vacuum  4.28 368 —-252 —-229 072 -0.71
4.36 vacuum 1.84 —0.54 +1.30 +3.00
water 6.04 5.32 —3.82 —3.73 —1.29 —-1.32 water 3.93 1.4 1269
4
4
e g";j i’% _g'ig _g'gz _i%g _g'gg 433 vacuum 1.66 ~0.57 +1.10 +2.06
' ’ ’ ’ ’ ’ water 2.97 —0.89 +2.08

a GS2for 3 andGS4for 4. b Basis set 6-31£G(2d,p).¢ Variation on
going fromGSto TS [Au = u(TS) — u(G9)].

but it fails for 2 probably due to the importance of higher

quantitiesu or Au, as we did above, may or may not lead to multipole moments or cavity approximations. The correct trends

the correct result for the solvent effect trend. To put things in in the solvent effect are reproduced with dlpole moments from
the gas-phase structures, but only after using the dipoles from

a more systematic scheme, we can use the approximation ) .
introduced by Onsag@Fwriting the solvation energy of a given a previous solvated structure (IPCM) can we_obtaln areasonable
’ estimate of the effect on the rotational barrier. The values

molecule in terms of its dipole mom nd of herical . . S
olecule in terms of its dipole moment, and of a spherica are all negative for the rotatioBS — TS1 implying that the

cavity of radius,a,: . o .
y o first term of eq 5 will raise the barrier for compounds-4.

c—1 #2 The largest effect occurs f& which has the largegt and Au.

AG,,=— e T 1.3 (2) The smallest effect is observed forfor which bothu andAu
€ 8, assume their lowest values.
If the dipoles onS and TS differ by Au, the TS dipqle Conclusions
moment can be written agrs = ucs + Au. The solvation
energy forTS then becomes Rotational barriers in amide-like systems are generally
affected by solvation. Nevertheless, the effect can sometimes
AGL, = —¢(e,a)ucs — 26(e,a)ucsMt — ¢(e,a.)(Au) be too small to detect by experimental procedures, as is the
(3) case with carbamates. For carbamat@salky! thiocarbamates,
and dithiocarbamates, protic solvents decrease the barrier
where through hydrogen bonding-Alkyl thiocarbamates, however,
have their barrier raised in protic media. Carbamates experience
Pleay) = e—1 is only a little decrease in their rotational barrier due to hydrogen

2¢+1 a, bonding because the two protonation sites at the transition states,

the carbonyl and the nitrogen, are roughly balanced by hydrogen
The solvent effect for the proce&S — TS is simply defined bonding at the carbonyl of the ground state. The inability of
by the sulfur atom to form hydrogen bonds is responsible for the
large decrease observed for compourdgnd 4 in water
= AGL, — AGS}, (4)  solutions because in these cases only the transition states will
be stabilized by hydrogen bonding.
Under the assumption that the molecular radius does not vary Combining the continuum solvation method IPCM with
too much fromGSto TS, we finally arrive at molecular dynamics proved to be a suitable protocol for
analyzing solvation effects in solvents that engage in hydrogen
AAG,.,, = —2¢(e,a)ucsMt — d(e,a)(Au) (5) bonding with the solute. Rotational barriers for carbamate
congeners are better calculated through HartFezck than with
The first thing to be noted when analyzing solvation effects the B3LYP method. Even so, on the basis of the final calculated
in terms of dipole momentsj or dipole moment variations  barriers, B3LYP furnished satisfactory results when used to
(Aw) is that both quantities must be considered simultaneously, obtain solute-solvent complexation energies. Soldtolvent
and eq 5 gives us an idea of hgmandAu relate to the solvent ~ complexation energies calculated at the B3LYP/6-BG12d,p)
effect on rotational barriers. If we have two compounds with a level, statistically corrected by radial distribution functions, can
similar u, they will behave as distinctly as the differences in be used to quantify hydrogen-bonding effects on the rotational
their Au. If, instead, theAu are similar, then the relative  barriers. The final calculated results seem to slightly overesti-
behavior will be dictated byigs. The contributions of each  mate the experimental effects but are still reliable in reproducing
member of eq 5 are listed in Table 9. the observed barriers and their response to the medium.
The simple approximations introduced above work well for Replacing oxygen with a sulfur atom can cause two effects,
compoundd, 3, and4, as can be seen by comparing the values depending on where the replacement takes place. In particular,
of the dipole moment model to those calculated with IPCM, the sulfur atom ir2 hinders the approach of a water molecule

AAG

solv
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to the nitrogen ofTS1 and causes this transition state to lose
some of the stabilization energy it could gain from hydrogen

JOC Article

Geometries were optimized using the restricted HartfFemck
(RHF) method as well as the hybrid B3LYP density functional,

bonding. This contributes to increasing the barrier corresponding oth with the 6-313G(2d,p) basis set. A subsequent frequency

to TS1, which is the preferred transition state 2f

Three of the four compounds studied behave in a way
explainable by dipole moments and dipole moment variations.
Compound? is the exception and is a good example for not
extrapolating conclusions before a careful evaluation of a wide
range of structural systems.

Experimental Section

SynthesesCompounds were obtained following the procedures
described by Yoder et 4?4° Methyl N,N-dimethylcarbamatelj
was prepared by the reaction of sodium methoxide viNtN-
dimethylcarbamoyl chloride in tetrahydrofuran (THF) (bp T28
~760 Torr, lit* 130-132 °C/~760 Torr).™H NMR (300 MHz,
CDCl3) d: 3.69 (3H, s); 2.91 (6H, s¥50

SMethyl N,N-dimethylthiocarbamate2j was prepared by the
reaction of sodium thiomethoxide witN-dimethylthiocarbamoyl
chloride in tetrahydrofuran. Sodium thiomethoxide was obtained
from the isothiouronium salt proced@teby bubbling methyl
mercaptan in a mixture of THF and Nébp 54°C/>6 Torr, lit.4°
184°C/~760 Torr).*H NMR (300 MHz, CDC}) ¢: 2.96 (6H, s);
2.29 (3H, s).

O-Methyl N,N-dimethylthiocarbamate3} was prepared by the
reaction of sodium methoxide with,N-dimethylthiocarbamoyl
chloride in THF (bp 76C/>7 Torr, lit.*° 87—92 °C/12 Torr).*H
NMR (300 MHz, CDC}) o: 4.02 (3H, s); 3.74 (3H, s); 3.12 (3H,
s).
Methyl N,N-dimethyldithiocarbamated] was prepared by the
reaction of N,N-dimethylamine with methyl iodide and carbon
disulfide (mp 43-44 °C, lit.4° 45—47 °C). 'H NMR (300 MHz,
CDCly) o: 3.57 (3H, s); 3.38 (3H, s); 2.65 (3H, s).

NMR Measurements. A 300 MHz spectrometer was used to
acquire'H spectra. Samples were prepared by placing1%for
liquid) or 20 mg (for solid) of the compound in 0.7 mL of the
appropriate solvent in 5-mm o.d. NMR tubes. In the case of carbon
disulfide, acetonek was used as an external reference. Typical
conditions were a sweep width of 2500 Hz, a pulse length of 6.7
us, 16 scans, ahl s for the delay time. 32 K of data points were
used for acquisition with further zero filling to 64 K. Line

calculation characterized the stationary points (one imaginary
frequency for transition states and zero for ground states), from
which we also obtained thermodynamics quantitfeghe effect
of solvent polarity was included through the isodensity polarizable
continuum model (IPCMY at the HF/6-313-G(2d,p) and B3LYP/
6-311-G(2d,p) levels by single-point calculations over the corre-
sponding optimized structures. The IPCM solvation model had been
used in related studies and proved to be suitable for representing
the energy variations due to bulk solvent polarity in rotational
barriers?2324In this model, the solute is placed in a cavity defined
by an isosurface of the total electron density (typically 0.0004
e/boh®). The model not only treats dipole moments but also is
equivalent to going to an infinite order in a multipole expansion.
Molecular dynamics simulations of water solutions were carried
out with the TINKER® package of programs. The TIP4P mddel
was employed to describe the water molecules, whereas for solutes,
it was necessary to conduct a force-field parametrization (as detailed
in Results and Discussion). Rigid models were used. Simulations
were performed in the NVT ensemble with 296 water molecules
plus the corresponding solute in a pre-equilibrated box with
dimensions 20.8% 20.80x 20.80 A. After equilibrating the box
at 298 K for 20 ps, production periods lasted 300 ps with a
temperature couple parameter of 0.3 ps and a time step of 0.001
ps.
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broadening was not applied. Deuterated solvents were obtained

commercially and used as received, and ®@8s distilled and stored

under molecular sieves prior to use. The variable-temperature probe,,

was calibrated against vacuum-sealed methand0(to 15°C) and
ethylene glycol (26-80 °C) standard8?>3Total line shape analyses
(TLSA) were accomplished using the WINDNMRsoftware.
Computational Details. Electronic structure calculations were
conducted using the GAUSSIAN %¥8package of programs.
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