OCArticle

Conformational Equilibria of
7-Benzyl-2-iodo-9-oxa-7-azabicyclo[4.3.0]nonan-8-one in Solution.
Correlations between Conformational Distribution and Solvent
Solvatochromic Parameters

Esther Vaz, Isabelle Ferndez, and Luis MUoz*
Departamento de Qmica Ordanica, Facultade de Qmica, Uniersidade de Vigo, 36310 Vigo, Spain

Juan Llor*

Departamento de Qmica Fsica, Facultad de Ciencias, Urmersidad de Granada, 18003 Granada, Spain

Imunoz@uwigo.es

Receied September 13, 2005

o .
Chair 1 gn. Chair 2
s
Boat 2

A quantitative study of the variation of the conformational equilibria of 7-benzyl-2-iodo-9-oxa-7-
azabicyclo[4.3.0]nonan-8-orkin 10 solvents has been carried out. The experimental composition in
each solvent has been obtained from experimental NMR vicirgHtoupling constants together with
molecular modeling. The solvent properties, particularly polarity and hydrogen bonding ability, were
described according to Kamlet and Taft using experimental parameters. Very good linear relationships
were obtained between the equilibrium constants of each single conformational equilibrium and the polarity
and hydrogen bonding parameters of the solvent. These linear relationships allow an accurate prediction
of the conformational composition in any solvent as well as a thorough understanding of the influence
of each separate parameter on the conformational equilibrium composition.

Introduction with predictive ability. The methods employed include quantum-
Chanaing th di h ticular effect . chemical calculation’, statistical mechanics and molecular
anging thé medium can have particuiar efiects on various dynamics calculations,and reaction field methods based on

conforquonaI and rotational equnlbrla}. legn that the Gibbs Onsager's theory of dipolar molecules in the condensed pHase.
energy differences between conformational isomers are almost L ;
However, these methods suffer from significant drawbacks in

always very small (ca. 913 kJ/mol) and the solvation enthalpies terms of describing specific solute/solvent interactions such as

of dipolar solutes are at least as large as this (and often mUChhydrogen bonding and quadrupole or higher multipole moments

larger), the medium can affect conformational equilibria to a f solvent moleculesM th tical modeli ¢
great extent. It is clearly important to obtain a detailed or solvent molecules.vioreover, theoretical modeling may no

understanding of solvent effects on conformational equilibria
because they may have profound consequences on the chemical (1) Dietz, F.; Foster, W.; Thieme, R.; Weiss, &. Chem.1982 22,
nature and behavior of a system. These effects result from thel4‘(‘é) Jorgensen, J. L1, Phys. Chemi983 87, 5304
sum of the interaction forces between the solvent and solute (3) Apraham, R. J.; Bretschneider, E. Medium Effects on Rotational and
molecules. onformational qulibria. Ininternal otation in oleculgsOrville-

lecul Conf ional Equlibria. Inl | Rotation in MoleculgsOrvill

ivaThomas, W. J., Ed.; Wiley-Interscience: New York, 1974.

Numerous attempt_s have. been .made tO. calculate r.elatlve (4) Dosen-Micovic, L.; Zigman, VJ. Chem. Soc., Perkin Trans1885

conformer energies in solution, using physical properties of g5

solutes and solvents, to derive theoretical procedures or models (5) Reichardt, CAngew. Chem., Int. Ed. Engl965 4, 29.
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chemical shifts as well as the magnitude of sggpin coupling
constants Jy4). These changes can be understood in terms of
a fluctuation in the conformational equilibrium due to medium
effects. We therefore decided to study the conformational
distribution of bicyclic oxazolidinoné in different solvents and

1 Benzyl to ascertain how this conformational isomerism is related to

2 Me medium effects. Analysis of the conformational populations in
FIGURE 1. Compoundsl and?2 (protons are labeled i (syn with I) d_'fferent solvents ena.b_leq us to estapl!sh mathemgt_lcal correla-
and n (syn with N)). tions between the equilibrium composition and empirical solvent

parameters. These correlations in turn allow the prediction of

provide solvent effects for a given equilibrium because of the the equilibrium behavior of the substrate in the solution.
necessity of taking into account all the specific and nonspecific
intermolecular forces between solvent and solute molecules
(Coulomb interactions between ions, directional interactions  Experimental chemical shift§) and coupling constantse)
between dipoles, inductive, dispersion, hydrogen bonding, were obtained for racemic compouddn 10 solvents, acetic
charge-transfer forces, and solvophobic interactions). acid-ds, acetoneds, acetonitrileels, benzeneds, CCly, CDCl-

These shortcomings have stimulated attempts to introduceds, DMSO-ds, MeOH-d,, pyridineds, and tolueneds, by the
empirical scales of solvent polaritpased on solvent-sensitive  iterative fitting of the simulatedH NMR spectrum to the
reference processes. One example of a successful quantitativéxperimental one. The set of solvents was selected to represent
treatment of solvent effects using a multiparameter equation was@ wide range of properties such as polarity and ability to form
described by Kamlet and T&ff and is known as the linear hydrogen bonds. Only the nine-proton spin system correspond-
solvation energy relationship (LSER). The equation developed ing to the cyclohexane ring was used for the iteration. In this
by Kamlet and Taft explains the variation of the properties of Way, 14 vicinal, 3 geminal, and 1 four-bond coupling constants
any solute with solvent composition in terms of a linear Wwere obtained in each solvent. The experimental and iterated
combination of the microscopic parameters of the solveft ( spectra ofl in acetoneds are shown in the Supporting
a, andpB). The solvatochromic parametett is an index of Information, and the experimental vicinal coupling constants
solvent dipolarity/polarizability, which measures the ability of in each solvent, as they were obtained from the iteration output,
the solvent to stabilize a charge or a dipole by virtue of its are given in Table 1. The variation of three-bahdalues can
dielectric effect. Parameteo. is a quantitative, empirical ~ be ascribed to a variation in the conformational equilibrium due
measurement of the solvent hydrogen-bond donor (HBD) acidity to the different interactions between compouhdind each
and describes the ability of a solvent to donate a proton in a Solvent.
solvent-solute hydrogen bond. Finally is a measure of the The NMR signals were assigned on the basis of standard 2D
solvent’s hydrogen-bond acceptor (HBA) basicity and describes NMR experiments. The spin system was easily determined
the ability of the solvent to accept a proton (or, vice versa, to through standard COSY, HSQC, and HMBC experiments. The
donate an electron pair) in a solutsolvent hydrogen bond.  stereochemistry of each methylene proton was determined
The solvatochromic comparison method, introduced by Kamlet through a NOESY correlation in chloroform and DMSO. In an
and Taft -9 and further developed by Abboud and Abrahtim, effort to clarify the stereochemistries of the cyclohexane protons,

Results and Discussion

makes use of eq 1: each proton in each methylene was labeled with an i or n
subscript added to the position number indicating a syn
Y(s)= Y(0) + ao. + bp + sr* (1) arrangement between the given proton and the iodo substituent

or the nitrogen, respectively (Figure 1). The stereochemical

whereY(s) andY(0) represent the solute property in question assignment was later confirmed by the correlation coefficients
in a given solvent and in a solvent for which= § = 7* = 0; of the fitting calculation.
anda, b, ands are the respective susceptibilities of the solute A theoretical conformational analysis was carried out for the
property to changes in the, 3, andz* values of the solvent. bicyclic ring system. Although the oxazolidinone ring is rigid
Equation 1 is a simplification of the generalized solvatochromic and nearly flat, the cyclohexane ring was found to be unusually
equation’ dynamic. In addition to the two ordinary chair conformers, a

The high-resolutioAH NMR spectra of compounti (Figure few twist-boat conformations proved to be significant. In an
1) show remarkable variations in different solvents. Careful attempt to reduce the conformational space and the calculation
analysis showed that the signals corresponding to the cyclo-time, the benzyl group df was replaced by a methyl group)(
hexane ring exhibit strong solvent dependence that affectedin the minimization calculation. Accordingly, the cyclohexane
ring of compound® was modeled by several methods at different
(6) (@) Reichardt, C. IrOrganic Liquids— Structure, Dynamics and  levels of theory, ranging from molecular mechanics to DFT.

Chemical PropertiesBuckingham, A. D., Lippert, E., Bratos, E., Eds.; i H i
Wiley: New York, 1978: pp 269201 (b} Abboud. J.-L. M. Kamict, M. The reason for this approach is that orbital d atoms such as

J.; Taft, R. W.Prog. Phys. Org. Chen1981 13, 485. (c) Bentley, T. W.; iodine are not well parametrized by molecular mechanics.
Llewellyn, G. Prog. Phys. Org. Chem199Q 17, 121. (d) Buncel, E.; Therefore, in principle, more sophisticated methods should give
sajgglt)paleACC; Cgﬁm- R89-9§Q 2& 226. (e) legercea%mlafi}(y better results. Six minimum energy conformations were found:
M S B K g1, WO chars (chair 1 and chair 2) and two boats (boat 1 and boat
Chapter 5, pp 231281. (f) Fawcett, W. RJ. Phys. Chent.993 97, 9540. 2), each of which is twisted in the two possible rotational ways
(7) Kamlet, M. J.; Taft, R. WJ. Am. Chem. Sod.976 98, 2886. (Figure 2). The manner of rotation was labele#) (or (—)
99(%)0'53”"% M. J.; Abboud, J. L.; Taft, R. Wi. Am. Chem. S0d.977, depending on the sign of the angle produced in an extended
(9) Kamlet, M. J.; Abboud, J. L. M.; Abraham, M. H.; Taft, R. \W. Newman projection by the two axial bonds on C2 and C5. One
Org. Chem 1983 48, 2877. of the chairs and two twist-boats have an axial iodo substituent,
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TABLE 1. Experimental Three-Bond Coupling Constants £Jexp, Hz)

Vaz et al.

in Ten Deuterated Solvents

acetic acid acetone acetonitrile benzene ALCl chloroform DMSO methanol pyridine toluene

H1-H2 7.22 8.23 8.34 7.02 5.81 6.43 8.57 8.03 7.78 7.09
H1-H6 6.96 6.74 6.74 6.78 5.89 6.43 6.94 6.86 6.86 6.41
H2—H3n 4.27 4.42 4.60 4.22 3.94 3.93 4.45 4.57 4.44 4.15
H2—H3i 10.52 11.76 11.72 10.15 8.02 9.04 12.07 11.40 11.48 10.00
H6—H5n 4.68 3.94 4.15 5.17 5.75 5.49 3.86 3.94 4.36 5.27
H6—H5i 4.85 4.61 4.39 4.86 5.44 5.20 4.52 4.58 4.56 5.12
H3n—H3i —14.03 —13.51 —13.70 —14.00 —14.55 —14.45 —13.39 —13.80 —13.85 —13.94
H3n—H4i 5.65 4.40 4.85 5.91 7.78 7.19 4.44 4.95 4.55 6.23
H3n—H4n 4.14 4.28 3.71 3.91 3.57 3.88 3.76 3.70 4.38 3.66
H3i—H4i 3.71 3.43 3.70 3.76 3.80 3.81 3.79 3.75 3.19 3.78
H3i—H4n 10.31 11.45 11.00 10.24 8.52 9.10 11.25 10.82 11.22 10.03
H4i—H4n —14.30 -14.37 —14.28 -14.12 —14.25 —13.98 —14.00 —14.28 —14.19 -14.11
H4i—H5n 6.33 4.19 4.42 4.30 7.51 7.40 4.16 5.16 4.52 4.99
H4i—H5i 4.50 4.56 4.48 5.32 4.36 4.23 4.42 4.50 4.45 4.83
H4n—H5n 3.89 3.91 3.65 4.14 4.07 4.16 3.84 3.73 4.18 4.81
H4n—H5i 10.55 11.78 11.51 10.06 9.00 10.02 11.54 11.26 11.01 9.92
H5n—H5i —14.99 —15.07 —15.43 —15.05 —14.44 —15.32 —15.15 —15.45 —15.18 —14.82

whereas the other chair and the other two twist-boats havefound the two chairs as energy minima, but none of them were
equatorial iodine. An outline of the calculation results is given able to recognize all the twist-boat conformers. In addition, the

in Table 2.

Surprisingly, not all of the calculation methods were able to
find all the conformers as energy minima. All of the methods

BOAT 1(+)

BOAT 1(-)

CHAIR 1

BOAT 2(+)

BOAT 2(-)

CHAIR 2

FIGURE 2. Minimum energy conformations of compoud
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energy values found for the conformers do not follow a
particular pattern. In this respect, all of the methods suggest a
conformational equilibrium in which two or more conformers
are present in substantial amounts, but agreement was not
reached as to which conformers are relevant or to the nature of
the absolute minimum energy conformation. Depending on the
calculation method, boat 2, chair 1, or chair 2 was found to be
the lowest-energy conformation. Assessment of the calculated
energy values for the aforementioned most stable conformations
shows that none of them can be discarded as they are relevant
in the equilibrium according to all calculation methods. On the
other hand, the calculated energies suggest that both twist-boats
1 are rather insignificant in terms of the conformational ratios.

The geometries predicted by each method for the same
conformation, mainly dihedral angles, are similar. The dihedral
angles of all the minimum energy conformations found with
all the theoretical methods are given in several tables in the
Supporting Information. When these structural data are con-
sidered overall, the degree of similarity varies markedly
depending on the conformation. Thus, the geometry found by
all methods for both chairs is practically identical whereas the
geometry found for the twist-boat conformations varies slightly.
This variation cannot be properly assessed from the values of
the dihedral angles but is significant statistically (vide infra).

The theoretical coupling constants were calculated from the
dihedral angles using the Karplus-type equation of Haasnoot
published 25 years adgé.This equation has been successfully
applied to predict coupling constants from dihedral angles within
an error of 0.5 Hz. The theoretical coupling constants for the
minimum energy conformations found with all the theoretical
methods can be found in the Supporting Information.

Having determined the experimental coupling constas)(
for the fourteen dihedral angles and the theoretical coupling
constants J) for every angle in each conformation, the
conformational equilibrium compositiox in a given solvent
can be obtained by resolving an equation system formed by
fourteen equations, eq 2, one for each experimental three-bond
coupling constant, and eqg!3.

Joxp = Xpdp T Xody + X3d5 + ...+ X3, 2

X+ X+ X+ ... +x =1 3

exp
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TABLE 2. Relative Energies (kcal/mol) and Populations (%) of the Minimum Energy Conformations Found by Several Methods in the
Theoretical Conformational Analysis

conformations
boat 1¢) boat 1(+) boat 2¢) boat 2(+) chair 1 chair 2
MM2 AE 1.57 - - 0 0.91 0.91
population 4.7 - - 66.7 14.3 14.3
MM -t AE 1.54 151 0.30 - 0.39 0
population 3.3 3.4 26.5 - 22.8 44.0
AM1 AE - 0.51 0.44 0 1.18 0.49
population - 17.2 19.2 40.4 5.5 17.6
AE - - - 1.17 1.48 0
PM3 population - - - 11.4 6.7 81.9
AE - 0.02 - 0 0.57 0.89
MNDO population - 37.7 - 38.9 14.8 8.6
B3LYP AE 1.48 1.45 - 2.12 0 0.86
(LanL2DZ) population 5.7 6.0 - 1.9 69.9 16.4

TABLE 3. Mole Fractions, x;, of 1 in Different Solvents from Egs 2 and 3 Using the MM2-Derived Geometries of 2

boat 1¢) boat 2(+) chair 1 chair 2 Re SER

acetic acid 0.03- 0.03 0.13+ 0.03 0.17+ 0.03 0.67+ 0.03 0.9802 0.569
acetone 0.03 0.04 0.12+0.03 0.04+ 0.04 0.81+ 0.03 0.9847 0.632
acetonitrile 0.02t 0.04 0.11+ 0.03 0.07+ 0.03 0.80+ 0.04 0.9823 0.658
benzene 0.04 0.06 0.11+ 0.05 0.17+ 0.05 0.67+ 0.05 0.9400 0.936
chloroform 0.03+ 0.04 0.09+ 0.03 0.31+0.03 0.57+ 0.03 0.9673 0.617
DMSO 0.024+ 0.04 0.13+0.03 0.03+ 0.03 0.82+ 0.04 0.9842 0.647
methanol 0.03t 0.03 0.124+0.03 0.09+ 0.03 0.764+ 0.03 0.9838 0.60

pyridine 0.03+ 0.04 0.13+ 0.03 0.07+ 0.03 0.77+ 0.04 0.9816 0.643
CCly 0.05+ 0.03 0.06+ 0.02 0.39+ 0.03 0.50+ 0.03 0.9704 0.520
toluene 0.02t 0.05 0.11+ 0.04 0.214+0.04 0.664+ 0.05 0.9462 0.841
acetic ccid 0.13: 0.03 0.18+ 0.03 0.69+ 0.03 0.9787 0.563
acetone 0.130.03 0.06+ 0.03 0.81+ 0.03 0.9835 0.626
acetonitrile 0.12+ 0.03 0.08+ 0.03 0.80+ 0.03 0.9820 0.633
benzene 0.1% 0.05 0.18+ 0.05 0.704+ 0.04 0.9360 0.913
chloroform 0.10+ 0.03 0.31+ 0.03 0.59+ 0.03 0.9643 0.615
DMSO 0.14+ 0.03 0.03+ 0.03 0.83+ 0.04 0.9840 0.621
methanol 0.12: 0.03 0.104+0.03 0.784+0.03 0.9831 0.584
pyridine 0.13+0.03 0.09+ 0.03 0.78+ 0.04 0.9808 0.626
toluene 0.12+ 0.04 0.21+ 0.04 0.67+ 0.04 0.9450 0.810

aR and SEF are the correlation coefficient and the standard error of the fit, respectively.

Because the number of equations is larger than the numberobtained, and an F-test showed that boat 1 is statistically
of variables, the calculation was performed using a multiple insignificant. The boat 1 conformation was therefore discarded,
linear regression analysis that yielded the best value for the and the calculation was repeated using only the three most
molar fraction &) of each conformation in each solvent. The populated conformers. In this way, the correlation coefficient
calculation was performed for all 10 solvents. In addition, the (R) of the calculation drops slightly by ca. 6-0.4%. In most
conformational composition in every solvent was recalculated cases, these coefficients are higher than 0.97, which indicates a
using every set of theoretical coupling constants obtained from very good correlation. The standard error of the fit (SEF) for
each modeling method to assess the reliability of the calcula- most solvents is in the region of 0.6 Hz, a value similar to the
tions. As an example, the conformational composition found estimated error in the calculation of the theoretical coupling
in each solvent adjusting the experimental coupling constants constants using the Haasnoot equation. The quality of the fitting
to the theoretical coupling constants obtained from the MM2 calculation drops to some extent in benzene and toluene
force-field conformations is shown in Table 3. Similar tables (correlation coefficients of ca. 0.94), although the reasons for
can be found in the Supporting Information with the confor- this are not clear. However, the results for these two solvents
mational composition derived from the theoretical coupling are better when data from the B3LYP method are used.

constants obtained by the other calculation methods. Comparison of the mole fractions, of conformers obtained
Initially, all four conformations were used for the calculation. from different theoretical methods warrants further comment.
The population of boat 1 was found to be almost negligible First, the quality of the fitting process is different depending
with an estimated error of the same magnitude as the valueon the origin of the conformational data. For example, theoretical
coupling constants derived from molecular mechanics (MM2
(10) Haasnoot, C. A. G.; De Leeuw, F. A. A. M.; Altona, Tetrahedron and MMH) and DFT (B3LYP) geometries give better correlation
198;113%@2'2%3. L. Clark. 3. K. McGuire. R Org. Chem 1696 61 coefficients and sta.ndar('j'errors in thg fit of eq 2 than those
59%8.)Samosr?ih, V. A Tvroyangky, E.L; IYDem-chuE,- D.V, Ismagilo(l, R. obtained from semiempirical calculations (AML, PMS’ and
F.. Chertkov, V. A.; Lindeman, S. V..; Khrustalyov, V. N.; Struchkov, Y. MNDO). MNDO clearly gave the worst results, and this was
T. J. Phys. Org. Cheni998§ 11, 241. followed by PM3. Although results from AM1 are better, they
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are inferior to those given by molecular mechanics and DFT, TABLE 4. Calculated Conformational Composition in the
both of which are comparable. Measured Solvents from Egs 3, 5, and 6

Overall, boat 14) and boat 1{) are hardly populated (see T o B boat2  chairl  chair2
Table 2). Nevertheless, for each solvent system, they give aceticacid 064 112 000  0.11 0.19 0.70
different results in the calculation of the conformational 309:0”_? | 8-7751 g-fg g-glf 8-1122 g-fg 8-8812

H : : . acetonitriie . . . . . .
distribution by eqs 3 and 4. .O.nly MM and B3LYP ylelded benzene 059 000 010 010 019 0.71
both conformers as local minima, and therefore, direct com- cnioroform 058 044  0.00 0.10 0.23 0.67
parison of the mole fractions of the two boat forums is only DMSO 1.00 0.00 0.76 0.15 0.03 0.90*
possible using coupling constants obtained from these methods. me?g_a”o' 8-:70 é)gg 8-:42 8-1141 8-1153 (?-785

. pyridine . . . . . .
In both cases, boat %) is not detec_ted_ atall by eq 2 whefez_as ccl 028 000 000 0.06 041 053
boat 1¢) has a rather small population in some solvents. Similar  tojuene 054 000 0.11 0.09 0.21 0.68

results were obtained by other minimization methods (see tables
in the Supporting Information). In most solvents, the error in
the calculation is equal to or greater than the population value

of boat 1. In such cases, the fitting process was recalculated™"_. . .
with this conformation discarded (see bottom of Table 3). First, only the three most pc_)pulz_;lted conforme(s (chair 2,_c_ha|r
T . 1, and boat 2) were used to simplify the calculation. In addition,
In general, all minimization methods predict at least one of only results obtained from MM2, MM, and B3LYP were used.
the two boat 2 conformers to be significant in the equilibria. The solvent parameters used were those of Kamlet and Taft,
However, in the calculation of the conformational composition yhere the explicit parameters represent the ability of the solvent
in each solvent (egs 2 and 3) both boat 2 conformations behaveyg stapilize a charge or a dipole by virtue of its dielectric effect
in a similar way becoming nearly interchangeable. For instance,(n*) and the ability of the solvent to behave as a hydrogen-
when AM1 conformers are used, differences were not found bond donor@) or hydrogen_bond acceptcﬁ)( Values of these
when the theoretical coupling constants derived from either the parameters in different solvents are given in the literature and
two conformers or one of them were used in the fitting are presented in Table%.
calculation. This behavior can be ascribed to the similarity of  The equilibrium constants between the conformational species
the geometries obtained by AM1. Curiously, MM2 and B3LYP  defined as [chair2]/[chair1] and [chair1]/[boat2] can be obtained
predict boat 2¢) as the only twist-boat conformer, whereas from the data in Table 3 (and similar tables in the Supporting
MM + predicts only boat 2¢). Although their geometries are  Information). These equilibrium constants are strongly influ-
rather different, both boat 2 conformations have similar popula- enced by the solvent. This influence can be quantified using eq
tion values with similar correlation coefficients in the fitting of 4, a modification of the Kamlet and Taft multiparameter
egs 2 and 3. To assess the prevalence of one of these conformergeatment, where 0.59, 0.0, and 0.1 are the valuestfora,
a fitting calculation (egs and 3) was performed using boa))2(  andg of the reference solvent benzene and log§$isp.B])o
from MM+, boat 2(+) from B3LYP, and both chairs as the refers to the species in a given equilibrium in this solvent.
equilibrium conformers. The results of this analysis are very
interesting. In all solvents, the population found for boat2( o ([SP-A]) _ Iog([Sp'A]) + s(r* — 0.59)+ a(o. — 0.0) +
was insignificant. Although this result must be interpreted [sp.Bl/o ' '

an equilibrium, several correlations with known solvent param-
eters were performed.

[sp.B]
carefully, the calculation recognizes boat-2(as the “true” b(3 — 0.1) (4)
conformer. However, such a conformation was not detected as

a minimum by MM2, B3LYP, PM3, or MNDO. A plausible ~ Several multiple regression analyses were investigated using
explanation is that the potential energy surface between the twoall the possible combinations of the solvatochromic parameters.
twist-boat conformers is rather “flat’; i.e., the barrier existing The standard error of the fitting and an F-test were used as
between them is low enough to be easily overcome by the criteria to determine the number and type of parameters that
calculation algorithms. In addition, on considering the graphical Were statistically significant in each case. In this way, eqs 5
representation of the conformers (see Figure 2), the small@nd 6 were obtained:

twisting of boat 2¢-) and boat 2¢) from the boat conformation [chair2]

can easily be seen. In any case, because both twist-boats havg ( - ‘) = (0.571+ 0.02)+

the same population and can be exchanged when treated \[Chairl

separately, they will henceforth be referred to as boat 2. (1.27+ 0.1)(@z* — 0.59)+ (0.60+ 0.1)(8 — 0.1) (5)

The most populated C(_)nformer is chair 2, and this ranges whereR = 0.943 and the standard error of theit0.13, and
between 50 and 52% in the least polar solvent (carbon

tetrachloride) and 83% in the most polar solvents (DMSO and [chairl]
acetone). The mole fraction of chair 1 is also significant in 09( [boatZ]) = (0.276+ 0.03)—
several solvents, ranging from 39% in carbon tetrachloride to
less than 5% in DMSgO cg)]r acetone. Finally, the amount of the (1.55+ 0.1)¢z* — 0.59)— (0.53+ 0.1)( — 0.1) (6)
boat 2 conformation seems to be nearly constant at a level\yhereR = 0.94 and the standard error of the £t 0.15. The
slightly above 10%. These results are highly consistent regard-pest statistical result shows that the solvent effect on the
less of the modeling method and the nature of the conformers gqyjlibria described here involves only the dipolarity, polariz-
used in the fitting calculation. Indeed, MM2, MM and B3LYP ability (*), and hydrogen-bond acceptor (HBA) properf) (
gave almost identical results. of the solvent.

To assess the influence of the solvent in the equilibrium and A plot of log[chair2)/[chairl] vs the calculated value from
find a possible predictive mathematical equation to describe sucheq 5 can be seen in Chart 1. A good linearity can be observed,
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CHART 1. Comparison between the Experimental and CHART 2. Molar Fraction of Each Conformation vs x*
Calculated (from Eq 5) log([chair2]/[chairl]) Values and g
1.4 T T T T
o 0.8
DMSO
12 acetone . ] 0.7
1.0 |- . acetonitrile E 0.6 [ chair 2
= pyridine o Z
= methanol S 05 T —
E ; I T NP R
S 0.8 [ i 5
= T 7
g o
% 0.6 |- benzene Acetic acid B = T° 1
m .
% chair 1
0 toluene < b i
= = ¢ ®
0.4 |- . =]
E Te . ° 1
o chloroform .
| | [ |
02 | .
ca, 0.15 | 1 .
L] L]
LN 1 L ] L ] L]
0.0 | | | | | | | o ® Y ™Y °
00 02 04 06 08 10 12 14 16
0.10 |- o .
0.57+1.27(7#-0.59)+0.60(53-0.1) boat 2
boat 2
L] (]
and this suggests an excellent predictive value. Note that 005 L L
benzene and acetic acid are at the same point. 04 06 08 1000 02 04 06 08
From the right side of eqs 5 and 6, the mole fractions of the 7+ B

individual conformers chair 1, chair 2, and boat 2 can be
Ca,‘lcu'ated' Thege values, ,Shown in Table 4, Compar? favorablyTABLE 5. Slopes of the Individual Correlations between Each
with those obtained experimentally (Table 3). The differences sojvent Parameter and Each Conformer Concentration

in acetone and DMSO can easily be attributed to the small value

*a a *b b

of chair 1 in such solvents, which makes difficult the ap- - T 4 T b
proximation of the results. chair 2 +0.47 +0.26 +0.47 +0.26
tis al ible t | the individual behavi f h chair 1 —0.50 —0.28 —0.52 —0.28
is also possible to analyze the individual behavior of eac boat 2 +0.10 +0.04 +0.10 +001

solvent property in the conformational equilibria. A plot of the
molar fraction of each conformation g, the solvent parameter
related to the polarity, can be adjusted to the most probable
straight line. The slope of this line gives a quantitative way of
assessing the variation of the molar fraction of each conforma- parameter; for instance, 05 7* < 0.7. The slopes calculated
tion with the polarity of the solvent. These lines are shown in in this way are shown in the third and fourth columns of Table
Chart 2. 5 and are very similar to those calculated with all the data values.
It can be seen that the molar fractions of chair 2 and boat 2  In conclusion, a complex system of conformational equilibria
increase in the more polar solvents, with chair 2 changing in 10 solvents was analyzed by means of theoretically deter-
strongly and boat 2 changing only slightly. On the other hand, mined geometries and by resolving the time-averaged NMR
the molar fraction of chair 1 decreases. The respective slopeH—H coupling constants into contributions from several con-
values can be seen in the first column of Table 5. These dataformers using a Karplus-type treatment. The major conforma-
clearly indicate that an increase in the solvent polarity causes ations were a boat and two chair forms, the mole fractions of
significant increase in the population of chair 2 and, to a lesser which correlated with the polaritypolarizability and HDB
extent, the population of boat 2. These increases are concomitanproperties of the solvents. This approach can be useful because

aValues obtained with all the solventsValues obtained with selected
solvents g = 0).

with a rapid reduction in the population of chair 1. the correlation with solvent properties allows prediction of the
A similar numerical treatment can be performed for the three equilibrium distribution of conformers ofl in additional
molar fractions of the conformations and the paramgtevrhich solvents.

is associated with the ability of the solvent to act as a hydrogen-
bond acceptor (see Chart 2). In this case, wharcreases, the Experimental Section
concentration of chair 1 diminishes moderately and the con-
centration of chair 2 increases by roughly the same value. The

concentration of boat 2 remains virtually unchanged. The - >

numerical values for the slope are presented in the secondﬁji_l';/l?r? :f,g‘gaps‘g'g;”ce;ﬁigﬂ;ﬁ'ﬁ?ﬁgﬁ?ﬂ%ﬁ%chc]ir@gsaﬁsi%o

column of Table S. ) as the field lock. Compoundt)-1 was previously synthesized in
The effect of polarity can be separated from the effect of oy |aboratory from £)-N-(3-cyclohexenyl)N-benzylamine by

hydrogen-bonding interactions by restraining the correlation to reaction with CQ and b.12

solvents with a value off = 0. Likewise, analysis of the

hydrogen-bonding interaction can be separated from the polarity (1) ar¢a-Egido, E.; Marcos, M.; Carballo, R.: Maa, L. J. Mol.

effect by using solvents with a value similar to the polarity Struct.200Q 524, 233.

IH NMR experiments in 10 different solvents (acetic adid-
acetoneds, acetonitrilees, benzeneds, CCl;, CDChk-d3, DMSO-
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Determination of Jey,. The homonuclear HH experimental
coupling constant valued«,) and the chemical shift®} of protons
belonging to the cyclohexane ring were determined through the
classical method of multiplet resolution through simulation and
iteration of the experimental monodimensiofdINMR spectrum
in each solvent by means of the LAOCOON-type program
g-NMR .13 EachH NMR spectrum was acquired with 64 K data
points and Fourier transformed with zero filling. A Gaussian
function was applied to the FID before transformation to increase
resolution.

Molecular Modeling. Compound2 was modeled at different
levels of theory in the gas phase to find all the possible conformers.
Initially, a search of all possible relevant chair and twist-boat
conformations was manually done. As a result, two chair and four
twist-boat conformations were used as starting conformations.
Molecular mechanics calculations were performed with the M2
force field contained in the ChemBats3D packagend with the
MM+ force field included in HYPERCHEM 7.0%. Calculations
at the semiempirical level of theory were carried out with MNDO,
AM1,7 and PM38 Finally, a calculation was performed at the ab
initio level of theory using a hybrid DFT method, B3LYP with the
D95V basis set except for |, for which the LanL2BZseudo-
potential was used for the sake of affordability. When energy

(13) Budzelaar, P. H. MgNMR, version 4.1; Cherwell Scientific Ltd.
Castellano, S.; Bothner-By, A. Al. Chem. Phys1964 41, 3863.

(14) (a) Allinger, N. L.Adv. Phys. Org. Chem1976 13, 1-82. (b)
Burkert, U.; Allinger, N. L.Molecular MechanicsACS Monograph No.
177, American Chemical Society: Washington, D.C., 1982.

(15) ChemBats3Dversion 5.0; CambridgeSoft Corporation.

(16) Hyperchem for windowgelease 7.04; Hypercube, Inc.

(17) Dewar, M.; Thiel, WJ. Am. Chem. Sod 977, 99, 2338.

(18) Stewart, J. J. RI. Comput. Cheml989 10, 209.

(19) Hay, P. J.; Wadt, W. Rl. Chem. Phys1985 82, 270. Wadt, W.
R.; Hay, P. JJ. Chem. Phys1985 82, 284. Wadt, W. R.; Hay, P. J.
Chem. Phys1985 82, 299.
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optimizations were carried out for every starting conformation, not
all the methods provided a consistent conformational space. This
foot suggested us to perform a systematic analysis of the accuracy
obtained with these different methods (see below).

Determination of Three-Bond Theoretical Coupling Con-
stants (7). Theoretical coupling constant valuels)(were estimated
for every conformation from dihedral angles obtained by molecular
modeling by using the Karplus-type equation developed by Haas-
noot et al. (eq 7}° In this equationg is the torsion angleXAy; is
the sum of the electronegativity differences between each substituent
and a protonAy; = xsust— xn), &i gives the relative orientation of
each substituent, and,PPs are empirical parameters.

%3y = P coS ¢ + P, cose + Py + Ay, {P, + Py cos(&e +
PelZAxi)} (7)
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