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Intrinsic Conformational Preferences of Substituted Cyclohexanes and Tetrahydropyrans
Evaluated at the CCSD(T) Complete Basis Set Limit: Implications for the Anomeric Effect

1. Introduction

Abby Jones Weldon, Trisha L. Vickrey, and Gregory S. Tschumper*
Department of Chemistry and Biochemistry bbrisity of Mississippi, Uniersity, Mississippi 38677-1848
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A series of MP2 and CCSD(T) computations have been carried out with correlation consistent basis sets as
large as aug-cc-pV5Z to determine the intrinsic equatorial-axial conformational preference-oFCECH-,

and OH-substituted cyclohexane and tetrahydropyran rings. The high-accuracy relative electronic energies
reported here shed new light on the intrinsic energetics of these cyclic prototypes for the anomeric effect. At
the CCSD(T) complete basis set (CBS) limit, the energy of the equatorial conformation relative to the axial
position AECEenr) is —1.75,—0.20, —0.21, and—0.56 kcal mot* in methyl-, fluoro-, methoxy-, and
hydroxycyclohexane, respectively, whiltEGE,r, is —2.83, +2.45, +1.27, and+0.86 kcal mot® for
2-methyl-, 2-fluoro-, 2-methoxy-, and 2-hydroxytetrahydropyran, respectively. Note that the equatorial and
axial conformers are nearly electronically isoenergetic in both fluoro- and methoxycyclohexane. For all eight
cyclic species, a zero-point vibrational energy correction decreﬁdégg[,m by a few tenths of a kilocalorie

per mole. Relative energies obtained with popular methods and basis sets are unreliable, including Hartree
Fock theory, the B3LYP density functional, and the 6-31G and 6-311G families of split-valence basis sets.
Even with the massive pentuplebasis sets, the HF and B3LYP methods substantially overestimate the
stability of the equatorial conformers (by as much as 0.99 and 0.73 kcaflma@spectively, for
2-methoxytetrahydropyran). Only because of a consistent cancellation of errors do these popular approaches
sometimes provide reasonable estimates of the anomeric effect.

The anomeric effett* plays an important role in determining

Y
the conformational preferences of a variety of complex bio- Y - = m/R
chemical systems including carbohydratéspucleic acids

(DNA and RNA)¢ and a large number of natural products that 1 R=CH
possess oxaspirocyclic backboriedlt can even control product § E - gCHz
distribution in chemical reactiori.Cyclohexane and tetrahy- 4 R=OH

dropyran rings containing simple, electronegative substituents rigure 1. Axial and equatorial orientations of several substituted
(examples of which are shown in Figure 1) provide a paradigm cyclohexane (Y= CH,) and tetrahydropyran (¥= O) rings. In the
for the anomeric effect. In cyclohexane, substituents such astext, the numbers tedc are used to denote the former while the
CHs, F, OCH;, and OH (denoted by tedc, respectively) are ~ humbers le-4o denote the latter.

expected to adopt an equatoriatdy) rather than axialr(Cay)
orientation. In heterocycles such as tetrahydropyran (THP),
however, stereoelectronic effects can actually induce a prefer-
ence for the axial positiok. This phenomenon is known as the
anomeric effect, and it generally manifests itself as the
propensity of an electronegative substituent at the C(2) position
in THP (C(1) position in aldose sugar notation) to assume the

A-value). PositiveAG values indicate the axial conformer is
more stable than its equatorial counterpart, axtiG > 0
indicates that the axial conformer is favored more strongly in
THP than in cyclohexane. To avoid entropic contributions, it
has also become common to define the enthalpic anomeric effect
by an analogous expression involving enthalpy differences.

axial (noay) rather than the equatoriahdey) orientationt 4,_12 AAH = AH(no,, — no,,) — AH(nc,, — nc,) )

Note that the numbers 1@lo are used to denote that a particular

substituent has been placed at the C(2) position of THP rather  Many experiments have been performed to determine these

than on a cyclohexane ring. thermodynamic parameters for the compounds in Figdfe2?.
With the notation adopted in Figure 1, the anomeric effect (See refs 4 and 23 for additional experimental papers.) However,

can be quantified in a fairly compact manner. Commonly, this the equatorial-axial equilibria in cyclohexane and THP are

is done by comparing the equatorial-axial free energy difference sensitive to the environment. Consequently, those corresponding

of the C(2)-substituted THPAG(NOeq — NOay), to that of the  to thermodynamic quantities in egs 1 and 2 vary widely with

corresponding cyclohexan&G(NCeq — NCax). the nature of the solvent (e.g., dielectric constant and capacity

AAG = AG(no,, — no,,) — AG(NC,, — NC,) 1) for hydrogen bonding). The axial preference of electronegative

C(2) substituents in THP (and therefore the magnitude of the

The last term in eq 1 is simply the negative of tealue anomeric effect) is significantly attenuated as solvent polarity
for a particular substituent on cyclohexame3(NCax — NCeq) = increasesAH of 4,6-dimethyl-2-methoxytetrahydropyran, a
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Figure 2. Rotamers of the methoxy (R= CHs) and hydroxy (R= H) substituents. Note that for cyclohexane £YCH,), ax andax are merely
mirror images of each other, as aganded.

compound closely related to 30, can even change sign in highly change with the level of theory. The trends observed in these
polar solvents that can form strong hydrogen botidReference studies have led to various prescriptions as to which combination
4 provides an excellent review of this topic through 1994, of method and basis set provides the best description of the
To fully understand this important and widely studied anomeric effect, many of which rely on the cancellation of
stereoelectronic effect, it is necessary to distinguish the intrinsic errors. Definitive values of the intrinsic magnitude of this
energetics of these systems from solvent, thermal, and entropicstereoelectronic effecNAE) and of the equatorial-axial relative
effects?® This approach has provided much insight into other energies AE) in these systems are still conspicuously absent.
important chemical phenomena, such g8 &actions, that are To better understand the anomeric effect, it is imperative that
highly sensitive to environmental effeéf?28 Unlike bimo- its intrinsic magnitude be reliably characterized for these
lecular substitution reactions, however, there is a paucity of important model systems. The present study provides this
reliable gas-phase energetics for the eight compounds in Figureinformation by using basis sets and electronic structure tech-
1192935 One particularly vexing experimental obstacle is that niques with well-established convergence properties to compute
the extinction coefficients of the axial and equatorial conformers the equatorial-axial energy differences in eq 3. Accurate ab initio
of these cyclic prototypes are not necessarily identit&l an data of this type can also be used to develop and validate new
assumption commonly employed when using gas-phase spectrdorce fields and semiempirical methdds®> so that more
to predict relative energies. Fortunately, electronic structure realistic in silico simulations can be carried out on large systems
theory can provide direct insight into the intrinsic energetics of in which the anomeric effect plays a crucial role (e.g.,
the anomeric effect. The intrinsic magnitude of the anomeric carbohydrates, DNA, RNA).
effect (AE) can be defined in terms of electronic energy
differences AE) between the equatorial and axial conformations 2. Computational Details

of a C(2)-substituted THP and the corresponding cycloheXane. . . . L
The axial and equatorial conformers of all eight species in

AE= AAE = AE(noeq - no,,) — AE(nceq -nc,) (3) Figure 1 were optimized with three popular electronic structure
techniques (self-consistent field spin-restricted Hartfeeck
Electronic structure calculations can also be used to probetheory (RHF);®the B3LYP density function&->8and second-
the origin of the anomeric effect through natural bond orbital order Mgller-Plesset perturbation theory (MP2)in conjunc-
analysis?325.36-38 However, this work focuses on the reliable tion with four different split-valence double- and tripiebasis
characterization ofAE and AAE for the cyclic prototypes of  sets: 6-31G{), 6-31++G(d), 6-31H+G(d), and 6-311G-
the anomeric effect shown in Figure 1. (2df,2pd).6° All structures were fully optimized without con-
Numerous computational studies have been carried out tostraint, including the OH and OGHotamers shown in Figure
determine the relative energies of the equatorial and axial 2. Methyl- and fluorocyclohexane (1c and 2c) h&@symmetry
conformers of compounds 4@c and 16-4021:233%49 How- as do theax' rotamers of methoxycyclohexane (3c) and
ever, only the study by Salzner and Schleyer appears to havehydroxycyclohexane (4c) (i.erf(R'OCH) = 180.C0). All other
combined these electronic energy differences from the samecompounds belong to th€; point group. Although all three
level of theory to directly quantify the anomeric effect via eq 3 rotamers are unique, two rotamers are related by symmetry.
for these important cyclic prototyp@%A survey of these works ~ Methoxy- and hydroxycyclohexane only have two distinct axial
and of other computational investigations of closely related rotamers sinceax and ax are merely mirror images of each
system&3951reveals rather erratic results. Even for methylcy- other. The same holds for the equatorial rotameggafided).

clohexane, the quantithE(1o.q — 104 can change by more Analytical gradient techniques were used for all geometry
than 0.5 kcal moi! when a different method or different basis optimizations. Harmonic vibrational frequencies were computed
set is used! For fluorocyclohexane (2€34” and hydroxycy- using analytical second derivatives for RHF and B3LYP

clohexane (4c}® the preference for the equatorial versus the methods with all four split-valence basis sets to ensure that each
axial conformation (i.e., the sign &fE(nceq — NCay)) can actually stationary point was a minimum on the potential energy surface.
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For the MP2 method, it was only feasible to compute frequencies TABLE 1: Relative Electronic Energies of the Axial and
with the 6-31G(l) basis set. Equatorial Rotamers of Compounds 3c, 4c, 3o, and 40

In addition, RHF, B3LYP, MP2, and CCSD(T) single point rotamer RHF B3LYP MP2 RHF B3LYP MP2
energies were computed with Dunning’s correlation consistent

(30) 2-methoxytetrahydropyran (40) 2-hydroxytetrahydropyran
0.00 0.00

basis sets: cc-pX Z for H and C and aug-cc-p¥Z for O and ax 0.00 0.00 0.00 . 0.00
F (whereX = D—5).6%.62 Henceforth, these basis sets will be a; 18.% 3?3 14(1).11§5 ?éfélz ?é.%g %.%%
denotgd as aDZzZ, gTZ, aQZ,' and a5Z. B3LYP single point 2q 0.00 0,00 000 000 000 000
energies were carried out using the B3LYP/6-311d5pd) ed 439 432 450 420 412 116
optimized structures [i.e., B3LYP&//B3LYP/6-311G(2f,2pd)]. eq’ 3.10 2.93 2.68 0.73 0.00 0.75
All other single point energies (CCSD(T), MP2, and RHF) were (3¢) methoxycyclohexane (4¢) hydroxycyclohexane
obtained with structures from MP2/6-311@{2pd) optimiza- ax 0.00 0.00 0.00  0.00 0.00 0.00
tions [i.e., CCSD(T)/& Z/IMP2/6-311G(@f2pd), MP2/aXz// ax’ 7.77 6.83 7.57 1.28 0.86 0.94
MP2/6-311G(@f,2pd), and RHF/XZ//IMP2/6-311G(&f,2pd)]. eq 0.00 0.00 0.00  0.00 0.00 0.00

eq’ 2.87 2.51 219 026 0.08 0.17

All calculations used spherical harmonid, f, 9g, and 1h
functions rather than theirds 10f, 159, and 2h Cartesian aAll values are in kcal mof* and have been computed with the
counterparts. Electronic energies were converged to at least 16-311G(2if, 2pd) basis set.

x 1077 Ep and Cartesian gradients tox1 1075 E, bohr L. The

frozen core approximation was used in all MP2 and CCSD(T) Wwith this modified basis set for structures and differ from the
calculations. RHF and B3LYP computations were carried out unmodified basis set by no more than 0.01 kcal Thol

with Gaussian983 MP2 optimizations as well as the RHF, It is worth noting that relatively small basis sets used in
B3LYP, and MP2 single point energies were computed with conjunction with correlated methods may not provide reliable
MPQC$84-68 CCSD(T) single point energies were computed energetics for systems similar to those examined Hevet they
using PSI8% and NWChent?%71 do reliably describe changes between the MP2 and CCSD(T)

Reliable estimates of the one-particle complete basis setmethods. This additive progression to tharticle limit lies
(CBS) limits of the RHF, B3LYP, and MP2 electronic energies at the heart of several high-accuracy model chemistries (e.g.,
were obtained by taking advantage of the systematic nature ofthe GX methods of Pople and co-workeis8! the complete
the correlation consistent basis sets. The RHF CBS limit was basis set (CBS) approaches of Petersson and co-wdrkéfs,
determined by fitting the total RHF electronic energies to a Martin’s Weizmann-models (W1 and W8and the focal point
three-parameter function fot= 3, 4, 5 whereX is the cardinal analysis developed by Allen et &°1).
number of the basis sets’3

£oc cBS o . 3. Results and Discussion
RHF RhF @ expbX) @ 3.1. Relative Energies AE). The relative energies of the

methoxy and hydroxy rotamers displayed in Figure 2 are
reported in Table 1. The RHF, B3LYP, and MP2 methods
indicate that theax rotamer is more stable than eithax or
ax'. The same holds for theq rotamer relative to ited or
125252 _ gapaQZ ed' counterparts. With the B3LYP functional, however, the

MP2 MP2 energetic separation of treg anded’ rotamers is rather small
for the OH substituent. Overall, these results are consistent with
other ab initio computatiod%4942:44.4%and experimental obser-

The MP2 CBS limit was determined from a simplified version
of Helgaker’s two-point extrapolatiéhwhere only the two most
accurate data points are useti=€ 4, 5).

P> = = (5)

No extrapolanon was performed fo_r the B?’LYP ENErgies SiNCe y ations4 Consequently, these lowest energy OH and @QCH
the relative energies computed with this density functional

hibi little basi d d The el ) " rotamers §x andeq) have been used for determination of the
exhibit very little basis set dependence. The electronic energiesg o tronic energy differences\E) reported in Tables 24.

As mentioned in the Introduction, the equatorial-axial relative
electronic energies\E) reported in the literature for compounds
1c—4c and le-40 vary widely as the method and basis change.
To illustrate this erratic behavioAE has been computed for
these cyclic species with three popular methods and four
. common split-valence basis sets. Table 2 contains the relative

Although the correlation energy may converge rather slowly onergies obtained for all 12 combinations of method and basis
with respect to the cardinal number of the correlation consistent ¢ot Even for a simple substituent like gHhe magnitude of
basis setsX), this difference §ESCsp(r) tends to converge  AE changes by more than 0.6 kcal mbés the different model
rather quickly’>™"" Thus, the CCSD(T) CBS limit can be  chemistries are applied to 1c and 1o. The deviations grow as
reliably estimated by combining the MP2 CBS limit with the large as 0.8 kcal mot for the fluorinated compounds and
OE2csn(r Values obtained with relatively small basis sets (€.9., actually exceed 1.0 kcal mol for the OCH, and OH substit-

computed with the a5Z basis set were used as the CBS limit.
The n-particle limit was probed by examining the difference
between the MP2 and CCSD(T) relative energies.

6E2XCZSD(T) = AEgchSD(T) - AEiAxgz (6)

for X =2 or 3). uents.AE actually changes sign for three of the substituted
cBS cBS ATz cyclohexanes. The relative energies for compounds 2c, 3c, and
AECcspm= AEyp, + 0EcCspm (7) 4c are so inconsistent that it is not even possible to predict which

conformer (equatorial or axial) is intrinsically more stable. These
The CCSD(T) computations with the aTZ basis set were only equatorial-axial energy differenceAE) are clearly difficult
feasible for structures with a plane of symmetry (1c and 2c). electronic structure problems, and the erratic results in Table 2
Consequently, a modified aTZ basis set was utilized to compute highlight the need for a computational study that systematically
6E§TCZSD(T); the d-functions were removed from H and the improves both the basis set and the treatment of electron
f-functions from C, O, and F. The values ®Eccsp(r)obtained correlation.
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TABLE 2: Relative Electronic Energies (AE) of the contrast, however, is the aDZ basis set, which is generally

Equatorial Conformers with Respect to Their Axial inadequate and can even predict the wrong sigm\&ye, for

Counterparts Can Change Substantially as Method and 2c ang 3c P g9 P2

Basis Set Are Varied for Substituted Cyclohexanes and S . .

Tetrahydropyrans (Compounds 1c-4c and 1o-4o, Also included in Table 3 are the differences between the MP2

Respectively} and CCSD(T) relative energies as defined by eq 6. As expected,
basis set  AEmur AEsaye AEvrs AEmr  AEssiye  AEwra the quantitydEccsp(m shows. very I!ttle basis set dependence.

1 vioveloh o) 2-methvitetrahvd The aDZ and aTZ values lie within 0.02 kcal mblof each
6-31G¢) EzcéTetiécfg Oielx‘gge fsogg 'mef3y0t§tra E/Srlofyran other for all eight compounds. The magnitude&tcspmalso
6-31++G(d)  —236 -2.27 —209 —345 -333 —3.27 tends to be quite small. In most cases, the MP2 relative energies
6-31H4+G(d) —2.43 —-2.19 -1.82 —-353 —-3.34 -3.15 are well within 0.1 kcal mol! of the CCSD(T) values computed
6-311G(2if.2pd) —2.38 —-2.16 —1.68 —3.45 -3.29 -291 with the same basis set. The difference between the two methods

(2c) fluorocyclohexane  (20) 2-fluorotetrahydropyran  approaches but does not exceed 0.2 kcalffdr methoxy-
6-31G() +0.19 +0.18 +059 +2.96 +2.85 +3.40 cyclohexane (3c). These results suggest that MP2 adequately
6-31++G( ~ —012 —0.25 +001 +286 +2.96 +3.38 recovers the contribution taE from electron correlation. Only
6-314++G(d) —0.16 —0.20 —0.13 +2.65 +2.90 +2.89 . ; }
6-311G(2f2pd) +0.03 +021 +0.28 +2.54 +2.82 +2.85 for the OCH substituent do higher-order correlation effects

contribute more than 0.1 kcal mdlto the relative energies.
(3c) methoxycyclohexane (30) 2-methoxytetrahydro- T . . CBS
pyran The CCSD(T) CBS limit of the relative energieSEcc3pm
6-31G() —0.27 -0.27 +0.57 +138 +1.18 +2.12 in Table 4) have been determined via eq 7 by combining the

6-31++G(d) -0.57 -0.70 +0.04 +1.07 +0.80 +1.82
6-311++G(d) -0.60 —0.61 +0.12 +0.93 +0.78 +1.59
6-311G(2if,2pd) —0.35 —0.20 +0.59 +0.99 +0.99 +1.82

(4c) hydroxycyclohexane  (40) 2-hydroxytetrahydro-
pyran

TABLE 4: Comparison of Theoretical and Available
Experimental Energetics

AEGSom AE°Gesgm  AE® AG® A
6-31G¢) —0.31 —040 +021 +1.22 +1.15 +1.79 o 175 —198:005 8010174 —19200-175
6-31++G(d) —0.62 —0.85 —0.38 +0.90 +0.76 +1.33 e 020 0981008 —0.96 0500010 —0.470—029
6-311++G(d) —0.64 —0.80 —0.38 +0.80 +0.75 +1.19 ¢ : : : : el 21070,
3c —021 —0.38+0.06 —0.75t0—0.40 —0.71

6-311G(2if2pd) —0.40 —0.33 +0.14 +0.93 +1.07 +1.52 4e 056 —0068+003 —059 —1510-030 124

2 All values are in kcal mof'. lo -2.83 -3.04+£0.01 —2.86
20 4245 +2.21+0.03
30 +1.27 +1.01+0.02 +0.48 t0+0.78 +0.03 to+0.61
Table 3 contains a similar set of RHF, B3LYP, and MP2 40 +0.86 +0.50+0.02 +0.1210+0.75 —0.63
relative energies. However, these values have been computed a |l data are in kcal moit. P References 33 and 34References
with the &Z family of correlation consistent basis sefsE 14-17, 19-21, and 239 References 13 and +&3.

converges very rapidly as the cardinal number of the basis

increases. For a particular method, the relative energies com-MP2 and CCSD(T) results from Table 3. As expected, the
puted with the aQZ and a5Z basis sets never differ by more equatorial conformation is more stableE < 0) for compounds
than 0.03 kcal moll. Even the RHF, B3LYP, and MP2 1c—4c and lo, while the anomeric effect induces an axial
calculations with the aTZ basis provide relative energies within preferenceAE > 0) in 20, 30, and 40. However, the magnitude
0.15 kcal mot?! of the corresponding CBS limit. In stark of AE at the CCSD(T) CBS limit suggests that the intrinsic

TABLE 3: Relative Electronic Energies (AE) of the Equatorial Conformers with Respect to Their Axial Counterparts
Computed with the aXZ Basis Set3

AEgrnr AEgsLvp AEwp2 O0Eccsom AErur AEgzLyvp AEwp2 OEccspm

(1c) methylcyclohexane (10) 2-methyltetrahydropyran

aDz —2.58 —2.34 -1.79 —0.04 —3.60 -3.33 -3.13 +0.06

aTz —2.60 —2.30 —1.70 —0.02 —3.64 —-3.27 —2.92 +0.08

aQz —2.62 —2.30 -1.73 —3.65 -3.29 -2.91

a5z —2.62 —2.31 —-1.73 —3.66 —-3.30 —-2.91

CBS —2.62 [2.31] -1.73 [+0.02] —3.66 [~3.30] —2.90 [+0.8]

(2c) fluorocyclohexane (20) 2-fluorotetrahydropyran

aDz —0.12 —0.18 +0.27 +0.02 +2.62 +2.82 +3.13 +0.05

aTz —0.38 —0.35 —0.10 +0.03 +2.17 +2.53 +2.59 +0.00

aQz —0.42 —0.35 —-0.17 +2.10 +2.47 +2.51

a5z —0.43 -0.37 —0.20 +2.08 +2.44 +2.48

CBS —0.44 [+0.37] —0.23 [0.03] +2.07 H-2.44] +2.45 [+0.00]
(3c) methoxycyclohexane (30) 2-methoxytetrahydropyran

aDz —0.93 —0.65 +0.40 -0.17 +0.65 +0.79 +1.80 —0.09

aTz —-1.12 —0.75 +0.12 —0.18 +0.35 +0.60 +1.51 —0.10

aQz —-1.17 —-0.74 +0.01 +0.29 +0.55 +1.40

abz -1.17 —0.75 —0.01 +0.28 +0.54 +1.39

CBS —1.18 [-0.75] —0.03 [-0.18] +0.28 [0.54] +1.37 [-0.10]
(4c) hydroxycyclohexane (40) 2-hydroxytetrahydropyran

abz —0.81 —0.84 —0.08 —0.04 +0.54 +0.62 +1.32 —0.00

aTz —1.01 —0.92 —0.38 —0.04 +0.31 +0.51 +1.03 —0.02

aQz —1.04 —-0.91 —0.49 +0.26 +0.48 +0.92

abz —1.04 —0.92 —0.50 +0.26 +0.46 +0.90

CBS —1.05 [-0.92] —0.52 [-0.04] +0.25 [+0.46] +0.88 [-0.02]

aFor the smaller basis sets, the deviations between the MP2 and CCSD(T) \itideso(r) are also reported. CBS values in square brackets
are assumed. (See eq 7 and surrounding text.) All data are in kcat.mol
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energetics for most of these cyclic prototypes are significantly TABLE 5. Magnitude of the Anomeric Effect (AAE) in
different than previous studies would suggest. For example, theFour Cyclic Prototypes Evaluated at RHF, B3LYP, MP2,
; ; : : and CCSD(T) CBS Limits?
equatorial and axial conformers are nearly electronically isoen-
ergetic in both fluorocyclohexane (2c) and methoxycyclohexane substituent AAERS:  AAEG e  AAEGe;  AAEGRepm

(3¢) (AEGEepm = —0.20 and—0.21 kcal mot?, respectively). CHs 104 ~0.99 117 108

The benchmark relative energies indicate that the RHF and F +2.52 +2.81 +2.67 +2.65
B3LYP methods cannot provide accurate relative energies for  OCHs +1.45 +1.28 +1.40 +1.48
most of these systems. The RHF and B3LYP CBS limits ©H +1.30 +1.38 +1.40 +1.42
reported in Table 3 are quite different thAECES, in Table 2 All data are in kcal mol™.

4. Even with the massive a5Z basis sets, the RHF and B3LYP
methods have a tendency to substantially overestimate thethe axial and equatorial conformers tend to have very different
stability of the equatorial conformers relative to their axial IR intensities which strongly supports concerns that have been

counterparts. In other words, for the gHOCHs;, and OH expressed regarding the inequality of extinction coefficients for
substituentsAE% - and AEay  are significantly more nega-  the two isomers as mentioned in the Introductid?

tive than AEC2apr, (by an average of roughly 0.7 kcal mdl Thermodynamic Parametenglany experimental free energy
for RHF and 0.4 kcal mot for B3LYP). differences and enthalpy differences are available for these

Despite the erratic relative energies obtained with the split Systems from temperature-dependent NMR studies in the neat
valence basis sets (Table 2), the zero-point vibrational energyliquid and a variety of solvents. 2-Fluorotetrahydropyran (20)
(ZPVE) corrections tAE from the unscaled harmonic vibra- is the only compound for which no experimental data is
tional frequencies are remarkably consistent. As can be seenavailable. Although the computed electronic energy differences
from the data in Table 4, these ZPVE corrections increase thecertainly cannot be compared to the experimedt@'s and
stability of the equatorial conformers relative to their axial AH's listed in Table 4, some trends are worth discussing.
counterparts by a few tenths of kcal mélin other words, the For all but 2-methoxytetrahydropyran (30), there is semi-
ZPVE corrected energy differencAE°) is more negative than  quantitative agreement between the electronic and free energy
AE for all eight cyclic compounds. The ZPVE corrected CCSD-  differences; AEGEapr, and/or AE°Ge3yr, lie within or just
(T) CBS limits (AE"EE?D(T) in Table 4 are reported as the outside the range of experimentaGs for 1c-4c, 10, and 4o.
average ZPVE corrected energy difference plus or minus the AH also happens to be in fair agreement wk and AE for
maximum deviation of the ZPVE corrections from the average. all four cyclohexanes (t€4c). In contrastAH is substantially
A table of the ZPVE corrections can be found in the Supporting different from AG and AE for the 2-hydroxytetrahydropyran
Information. (40) which may be indicative of this substituent’s propensity

It is particularly interesting to note that the equatorial and for hydrogen bonding. Finally, although there is some agreement
axial conformations of methoxycyclohexane (3c) are electroni- betweenAG and AH for 2-methoxytetrahydropyran (3oA\E
cally isoenergetic at the MP2 CBS limit (Table 3). Only after deviates substantially from these two quantities. Other compu-
considering higher-order correlation effects at the CCSD(T) level tational studies of 2-methoxytetrahydropytaand a closely
does the equatorial conformation of 3c become more stable (0.21related compound (4,6-dimethyl-2-methoxytetrahydropyfen)
kcal moi™?) than its axial counterpart. The equatorial and axial attribute this difference to solvent effects.
configurations of fluorocyclohexane (2c) are also nearly isoen-  3.3. Anomeric Effect AAE). The RHF, B3LYP, MP2, and
ergetic. At the CCSD(T) CBS limit, they are only separated by CCSD(T) CBS limits of the anomeric effect listed in Table 5

0.20 kcal mot?. Inclusion of the zero-point vibrational energy  have been determined according to eq 3 for all four substituents.
CBS

slightly increases the energetic separation in ba&?cc3pr The RHF and B3LYP data in Table 5 are in far better agreement
is —0.28 + 0.04 for 2c and—0.38 4+ 0.06 for 3c. with the MP2 and CCSD(T) results than in Table 3 because
3.2. Comparison to Experiment.Gas-Phase EnergeticEhe the equatorial stability is overestimated in both cyclohexane and
CCSD(T) CBS limits reported here are in very good agreement THP. Consequently, the errors &XE cancel when calculating
with the available gas-phase relative energi&&°(in Table AAE. The contributions from higher-order correlation effects

4). The relative intensities of rotational transitions in the also have atendency to cancel. Althoulffccspmapproaches
microwave spectrum of fluorocyclohexane @djave been used 0.2 kcal mof? for methoxycyclohexane, the MP2 CBS limit
to determine an equatorial-axial energy difference of 0.26 kcal of AAE deviates from the CCSD(T) value by no more than 0.1
mol~1, while for hydroxycyclohexane (4¥)a value of 0.59 kcall kcal mol 1.
mol~! was determined from IR intensities. In both cases, the  These cancellations are rather consistent and can even lead
calculated AEE(B:gD(T) is in spectacular agreement with the to fairly accurate results with the split valence basis sets. For
experimental value. For 2c, the CCSD(T) CBS limit ranges from example, the RHF, B3LYP, and MP2 relative energies obtained
—0.20 kcal mot?® (no ZPVE correction) to-0.32 kcal mof? with the 6-31Gd) basis set (Table 2) giv&AE's that lie within
when the largest ZPVE correction is included. For 4c, 0.2 kcal mof! of the CCSD(T) CBS values for the four
AEg(BigD(T) = —0.56 kcal mot! is almost identical to the  substituents examined in this study despite the fact that the errors
experimental energy difference. The ZPVE correction makes in AE can exceed 0.9 kcal mdl. However, computational
AE slightly more negative, but the computed energy difference procedures employing split valence basis sets are not recom-
still lies within ~0.1 kcal mol? of the experimental value. mended because this cancellation does fail occasionally, which
Despite the excellent agreement between the relative energiesan lead to errors ihAE as large as 0.7 kcal mdl.
evaluated at the CCSD(T) CBS limit and those obtained ZPVE corrections tend to have only a small effect/onE.
experimentally in the gas phase, certain caveats should be kepFor CH;, the ZPVE corrections to the equatorial-axial relative
in mind. For example, the computed relative energies for the energies are nearly identical in 1¢c and 10. Consequently, the
methoxy and hydroxy compounds do not account for statistical ZPVE has almost no effec(.06 kcal mot?) on the magnitude
sampling of other rotamers. Also, the IR intensities from the of AAE for the CH; substituent. For F, OCkland OH, however,
frequency calculations indicate that the vibrational modes of the ZPVE correction tends to be larger for the THP compounds



11078 J. Phys. Chem. A, Vol. 109, No. 48, 2005 Weldon et al.

(20—40) than for the cyclohexanes (24c), which leads to a  are unreliable regardless of the theoretical method employed
small decrease in the magnitude of the anomeric effect {0.12 (RHF, B3LYP, MP2). However, despite rather erratic results
0.19 kcal mot?! for F, 0.06-0.14 kcal mot?! for OCHsz and for AE, these split valence basis sets can frequently provide

0.22-0.25 kcal mot? for OH). more accurate estimates of the intrinsic magnitude of the
Before concluding, a brief discussion of other means to anomeric effect AAE) due to a fairly consistent cancellation
quantify the anomeric effect is presented. Equation8 Ho of errors in both cyclohexane and THP. Nevertheless, the

not address the bond length contraction of the ring framework cancellation does fail on several occasions, and these basis sets
that occurs when a methylene unit in cyclohexane is replacedshould be used judiciously.
by an O atom in THP. One manifestation of this phenomenon The RHF and B3LYP methods do not reliably describe the
is the 1 kcal mot?! increase in the equatorial preference of the energetics of these systems. Even with massive correlation
CHjs group in THP (10) relative to cyclohexane (1c). Because consistent basis sets, these two popular methods tend to
a similar effect should occur for other substituents (e.g., F, overestimate the stability of the equatorial conforma&s=s
OCHs, OH), eqs 13 may underestimate the magnitude of the - and AEGS3, are significantly more negative thahEC22y
anomeric effect in THP systems. (The reverse can occur in thio- for all but the fluorinated compounds.
analogues due to bond length expansion in the ring framework.)
Attempts have been made to account for the difference between Acknowledgment. Professor Daniel Crawford at Virginia
the C-0 bond lengths in THP and the corresponding@bond Tech is thanked for technical assistance that made some of the
lengths in cyclohexan®:% However, these approaches have |arger CCSD(T) computations possible with the PSI3 software
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references.) The decomposition process can be problematic as
a result of the intimate connection between electronic and steric  Supporting Information Available: Cartesian coordinates
effects. Additionally, the magnitude of this stereoelectronic of all of the optimized structures used for the single point energy
phenomenon becomes highly dependent upon the method(skalculations. ZPVE corrections to the relative energies reported
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