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With the aid of density functional theory calculations, all conformers of several single-chain alcohols, thiols,
ethers, and sulfides are investigated. Starting from earlier computational workalkanes, we construct an
extended set of general rules for predicting the number and occurrence of conformers in these oxygen- or
sulfur-containing compounds. In alcohols and thiols, it is found that only the conformers generated by internal
rotations in the HXCHCH,CH, (X = O or S) top are distinctive from those malkanes. In ethers and
sulfides, the primary influence of the heteroelement also extends up to three internal rotations, but many
more conformers are possible. However, a number of double gauche sequences are forbidden, and therefore,
several conformers can be eliminated. These exclusions in particular make up a set of rules for eventually
deducing all possible conformers. Furthermore, on the basis of only an exact calculation ofyghese
conformations in addition to single gauche conformers, it is possible to make an accurate estimate of the
relative energy. This two-dimensional approximation scheme constitutes an effective tool for adequately

describing the relative energies of all possible conformers at a minimal computational cost.

1. Introduction al’ introduced a general set of rules for predicting the number
and occurrence of conformerstiralkanes. However, it has not
Gbeen established whether these rules also apply for similar
compounds, such as those of this study.

In this article, we therefore deduce an additional set of general

In this article, we focus on the conformers of four types of
single-chain molecules. We choose the heteroelements O an
S for substitution of a Chifragment inn-alkanes. The resulting

compounds (ethers and alcohols or sulfides and thiols) are, like : i
n-alkanes, also single-chain molecules, but their energetically rules for the occurrence of conformers in alcohols, thiols, ethers,

most stable structure is not a priori an all-trans conformation, nd sulfides. Despite their apparent similarities (O and S are
Furthermore, it is unclear what the geometries and relative Situated in the same column of Mendelev's table), the properties
energies of the different conformers are. of oxygen- or sulfur-containing molecules may vary substan-

The considered molecules are omnipresent in (fine) chemistry tially, and the most important differences and analogies are
and biochemistr§; 15 and are tremendously economically highlighted. In addition, the relative energies of all conformers

important. For a thorough understanding of the (bio)chemical '€ figorously determined, and an approximation scheme for

processes in which these molecules are involved, one needs af'2king reasonable estimates for the relative energies without

accurate description of the conformational flexibility. A micro- the need for explicit ab initio calculations on all conformers is

scopic evaluation of molecular properties mainly depends on Su9gested.

the knowledge of the various conformers which can be formed, ~ The introduction of general rules for determining the number

and in particular on their relative energies. This is essential, @hd occurrence of conformers and the availability of a fast

since it is far from certain that the active conformer always method for producing reliable energy estimates for these

Corresponds to the g|oba| minimum of the poten[ia| energy structures constitute an important Step forward in taCkling |0ng

surface. chain alcohols and thiols or ethers and sulfides. The methodol-
It is well-known that internal rotation about a single-C ogy presented in this paper can readily be extrapolated to

bond generates a potential energy curve with three local @xamine other types of single-chain compounds.

minima: one transt] and two gaucheg( andg+) conforma-

tions1~5 Rotation about a single-©0 or C—S bond produces 2. Labeling Convention for Conformers

a similar potential energy profile. An easy conclusion would

be that there are"onformers for any molecule havimgsuch ) 4 i X
(C—C, C—0, or C-S) single bonds. This was shown not to be convenient and consistent labeling system must be introduced.
' ’ A first step is to specify the conformation of an individual

true forn-alkanes -5 and in fact, 3 presents only a lower bound k ) ! i e

for the actual number of possible conformers. However, for intermal rotation. In Figure 1a, typical potential energy variation

longer molecules with many internal rotations, this number of IS Shown as a function of the dihedral angle controlling the

conformers grows exponentially, and it becomes almost impos- Intérnal rotation about a-€C bond (this figure does not apply

sible to locate and describe them all. For this reason, Tasi et/0r internal rotation of ending methyl tops). There are three
minima corresponding to three conformations, labeled by the

* To whom correspondence should be addressed. Telephone: 32 (0)9indicest, g-, andg., corresponding to trans, gauche and
264 65 59. E-mail: michel.waroquier@ugent.be. gauchet orientations, respectively. Rotations about-a@or
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To unambiguously describe the different conformers, a
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30 conformer of 1-pentanol is converted HOg-tg.t. Similarly,
thetSg-g+ conformer in ethyl propyl sulfide is converted into
tSg-g-. As a result, all tabulated conformers, except the all-
trans conformers, correspond to two mirror geometries with the
same electronic energy.

25

20

3. Computational Details

Within the class of density functionals, it is well-known that
a- the hybrid B3LYP and B3PW891 functionafshave proven to
t be a successful approach for obtaining accurate molecular
120 180 240 300 360

Relative potential energy(kJ/mol)
3

structures, vibrational frequencies, heats of formation, and bond
energies’~20 In particular, we have shown in ref 1 that the
Dihedral angle (degree) triple-¢ 6-311g** basis set in combination with the B3LYP
Figure 1. Example of typical potential energy profiles of internal ~ functional produces reliable potential energy profiles fer
rotation about a (C)EC(C) bond (gray line) and a (CY80(C) bond alkanes, and for this reason, we select this functional for the
(black line). The three minima are labeled. The reference of the calculations in this work. Although the current set of molecules
(absolute) dihedral angle corresponds with the cis geometry. is very similar ton-alkanes (only one Cifragment is replaced
with an O or S atom), this level of theory (in particular, the
@) H/XW basis set) cannot be used without further analysis. As oxygen
and sulfur both have electron lone pairs and are hence likely to
by Op O Ou D5 require a more exten_ded bas_is set and diffuse functions, we have
to select an appropriate basis set to be used in the B3LYP cal-
X culations. Moreover, S is a third-period element in Mendelev’s
(b) /KW&W table for which more polarization functions may be required,
although the 6-311g** basis set (combined with MP2) was
b O3 Oz Ot O D D5 Dy b5 O found to be more than adequate for dimethyl sulfoXitin
Figure 2. lllustration of labels used to identify specific internal this “ght’ the 6-313G(3df,2p) and 6-314:+G(3df,3p(_1) basis
rotations (with their dihedral angles) in (a) primary alcohols=0) sets will be employed. As these two larger basis sets are
and thiols (X= S) and (b) ethers (% O) and sulfides (X= S). computationally very demanding, we also add the smaller
6-31+g* basis set to our basis set investigation. This basis set
C-S single bond generate similar potential energy profiles, and has the advantage over the 6-311g** basis set in that it includes
the minima are labeled in a similar way. a diffuse function, and in that it considerably reduces the
When multiple internal rotations within a molecule are computational time. The inclusion of a diffuse function is
considered, the individual conformation of each rotation has to €xpected to improve the results cpn&derafBlgyen more than
be assigned. The appropriate labeling convention for a sequencéhe addition of polarization functions or improvement of the
of internal rotations in the molecules considered in this paper Valence description.
is illustrated in Figure 2. For alcohols and thiols (Figure 2a),  For the transparency of the notation, we introduce the short-
the first internal rotation (with dihedral angde) is about the ~ hand acronyms B1 for the 6-3* basis set, B2 for 6-311g**,
C—X bond (X= O or S). The other rotations are labeledsgs B3 for 6-311G(3df,2p), and B4 for 6-31t+G(3df,3pd).

wherex indicates the position of the-€C rotation axis with Al calculations are performed with Gaussiafi®8nd
regard to the €X bond. Also, the position of the hydroxyl top ~ Gaussian03?
is written explicitly. For example, thelOg;tg-t conformer of We investigate the combination of the mentioned basis sets

1-pentanol (orHSg:tg-t for 1-pentanethiol) is a shorthand (B1—B4) with B3LYP, and also B3PW91 combined with the
notation forgi = g+, ¢z = t, ¢3 = g-, andgy = t, where 14 B1 and B4 basis sets, to select the appropriate DFT level of
indicates the ethyl torsion, 13 the propyl torsion, etc. theory. These six approaches are used to evaluate the basis set
For ethers and sulfides, the same convention applies, but onedependence for 1-propanol, 1-propanethiol, methyl propyl ether,
has to distinguish between the two alkyl fragments (Figure 2b). and methyl propyl sulfide which are model compounds for
The subscript | indicates that the rotation is situated in the alcohols, thiols, ethers, and sulfides, respectively. For each of
longest alkyl top on the heteroelement, and the s refers to thethese molecules, all conformers are identified and the electronic
shortest alkyl branch. The numbers refer to the position of the energies obtained from full geometry optimizations on these
involved bond with respect t&: 1 specifies the rotation about ~ conformers are compared with each other.
the C-X bond, 2 the consecutive rotation, etc. In general, we  In addition to these molecules, also the conformers of methyl
refer to a conformer by specifying the individual conformations ethyl ether (MEE), methyl ethyl sulfide (MES), diethyl ether
in the ordergsmax ... psiXi1 ... pimax (for alcohols and thiols, (DEE), and diethyl sulfide (DES) are calculated at different
there are no s internal rotations, making the above-defined levels of theory. For these molecules, experimental data are
nomenclature a special case of this more general definition), available.

where X= O or S. For example, in ethyl propyl ethéQg-g+ Each of the mentioned conformers in this article is found by
is the shorthand notation fafs1 = t, ¢nn = g-, and¢pp = g+, performing full, unrestrained geometry optimizations. No
while the same configuration in ethyl propyl sulfide is called potential energy scans or surfaces are employed. An initial set
tSg-g+. of conformer geometries was created, based on the possible
We remark that all molecules in this work are subject to the conformations of a single internal rotation (gauche, trans, etc.).
symmetry operatiowy, which converts all gauché/— orienta- The set was then extended by additional sampling of the

tions into its gauche-/+ mirror image. The trans conformations  conformations of consecutive internal rotations. Finally, the
are not affected. For example, the above-mentidA@dy, tg-t initial geometries were optimized without any constraints.
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TABLE 1: Relative Energies without ZPE (in kJ/mol) of the
Various Conformers of the Model Compounds 1-Propanol,
Methyl Propyl Ether, 1-Propanethiol, and Methyl Propyl
Sulfide?

B3LYP B3PW91
Bl B2 B3 B4 Bl B4

1-propanol

HOg-g-/HOg:g+ 0.85 0.00 0.68 0.65 091 0.67

HOg g:/HOg;g- 1.05 123 083 0.89 107 0.84

HOtg /HOtg: 039 148 035 021 0.77 0.58

HOg t/HOg;t 0.00 1.19 0.00 0.04 0.00 0.00

HOtt 0.19 244 011 000 043 0.22
methyl propyl ether

0g-9-/0g+9+ 6.70 6.07 6.35 645 6.46 6.34

Otg-/Otg, 0.19 0.00 0.02 0.03 0.29 0.15

Og-t/Og:t 6.33 750 6.22 6.30 6.10 6.16

Ott 0.00 1.38 0.00 0.00 0.00 0.00
1-propanethiol

HSg-g-/HSg.g+ 231 163 191 188 196 1.56

HSg g+/HSg.g- 266 220 201 198 252 184

HStg /HStg: 571 537 523 497 569 483

HSg t/HSg:t 0.00 0.00 0.00 0.00 0.00 0.00

HStt 292 301 266 243 313 249
methyl propyl sulfide

Sg-9-/Sg:g+ 198 122 160 166 149 1.33

Sg-9+/Sg:g- 594 554 588 596 6.01 6.06

Stg-/Stg- 283 284 256 251 260 227

Sg t/Sgit 0.08 0.00 0.17 0.32 0.05 0.39

Stt 0.00 040 0.00 0.00 0.00 0.00

2The conformer with the lowest electronic energy is taken as a
reference. The basis sets are defined as follows:=B3-31+g*, B2
= 6-311g**, B3= 6-311+G(3df,2p), and B4= 6-3114++G(3df,3pd).

Basis Set DependenceAs a primary task, the basis set
dependence of the B3LYP (B3PW91) functional for alcohols,

thiols, ethers, and sulfides is studied. One of the principal aims

of this study is the selection of a cost-effective level of theory

that still produces accurate results. For this reason, we apply
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are smaller than the expected accuracy of the B3LYP or
B3PW91 functionals, and therefore, it is not possible to conclude
from these data which geometry is the real global minimum.
Moreover, with the inclusion of zero-point energies (Table 1
of the Supporting Information), thelOtt conformer becomes
the lowest-energy conformer for all methods (except B3LYP/
B2). The energies of the other conformers increase in the
following order in all methods (except B3LYP/B2RHOtg <
HOg-g- < HOg-g+ (with a maximal energy difference efl
kJ/mol).

The B3LYP/6-311g**(B2) results show a slightly different
pattern, but we should be careful in drawing conclusions as the
energy discrepancies are on the order of 2 kJ/mol. Anyway,
there are indications that B2 is not the most adequate basis set
for describing these molecules. This is confirmed by the results
predicted for methyl propyl ether (see Table 1). Within the same
level of theory, basis sets B1, B3, and B4 give almost identical
results, while the results obtained with the B3LYP/B2 method
are deviating for the conformers with, in trans ©Og-t/Og;t
and Ott).

For both molecules, the results with the B1 basis set show a
very good quantitative agreement with those with the larger B3
and B4 basis sets. Additionally, the geometries of the conformers
optimized with B1 are almost identical to the B3 and B4
geometries, while the B2 geometries are somewhat divergent.

We now discuss the relative energy values for the conformers
of the sulfur compounds 1-propanethiol and methyl propyl
sulfide (Table 1). In contrast with oxygen compounds, the
influence of the selected basis set is rather limited, and the B2
set produces results that are comparable with the B1 values.
As B1 is somewhat faster than B2, and because we wish to use
the same level of theory for both oxygen and sulfur compounds,
the B1 basis set still has a preferential status.

The above discussion supports the preference of basis set

only the B3LYP and B3PW91 functionals in the DFT calcula- 6-31+9*(B1) to basis set 6-311g**(B2) for DFT/B3LYP
tions. We use two “small” basis sets (B1 and B2) and two more calculations on the selected set of molecules, but a validation
extended basis sets (B3 and B4). The latter basis sets are useyith experimental data is needed to draw final conclusions about
to calculate the reference energy differences. The valuesth® most suitable basis set. .
predicted by the smaller B1 and B2 sets can then be compared The smallest alcohol of our set of molecules for which

with these reference values.

experimental data are available is ethanol. Several experimental

Four reference molecules are chosen to represent the differenpapers have reported that the trans conformer in this molecule
classes of molecules that are studied: 1-propanol (alcohols),is slightly more stable than its gauche conformer. Depending

methyl propyl ether (ethers), 1-propane thiol (thiols), and methyl

on the experimental methods, the measured energy differences

propyl sulfide (sulfides). Each of these molecules shows two vary from 0.49 kJ/mol for microwave spectroscépgo 1.31
single bonds about which an internal rotation can generate kJ/mol for gas-phase Raman spectrosébpyd to 2.9 kJ/mol
different conformations, and forms the smallest compound of for overtone spectroscopy Also on the theoretical level, a lot
each class to have more than two energetically different of work has been dor@éFor example, a recent study of Weibel

conformers. In accordance with the labeling convention, these €t al?® gives an interesting overview of several theoretical results

rotations are identified ag;; and ¢, each rotation covering
three conformationst,( g-, and g+). Combination of these
geometries leads to a total of nine conformers. Due toothe

on this trans-gauche energy difference. A correct theoretical
prediction of the trans form as the most stable conformer is not
uniformly obtained, and is very sensitive to the level of theory

symmetry, this number is reduced to five sets of energetically used. The assignation of the lowest-energy conformer can even

different conformers:Xtt, Xg-t/Xg4t, Xtg-/Xtgs, Xg-g-/X0+9+,
and finally Xg-g+/Xg+g- [X = (H)O or (H)S]. The latter set

change by inclusion of zero-point energy (ZPE). In this work,
the B3LYP/6-34-g*(B1) results favor the trans conformer by

of conformers is a result of the combination of gauche standings 0-27 kd/mol (no ZPE included). The predicted energy difference

with different orientations. Only for methyl propyl ether could
no suchOg-g+/Og+g- conformer be found.

is rather small, but acceptable.
More recently, Takahashi et ®performed a DFT calculation

Table 1 shows the relative energies of the different conformers on the B3LYP/6-31%++G(3df,3pd)(B4) level of theory, result-
of 1-propanol. The most stable conformer at each level of theory ing in an energy difference of 0.41 kJ/mol in favor of the trans
is the reference for the potential energy differences. Except for conformer in ethanol, with inclusion of ZPE. They also reported

the B3LYP/6-311g**(B2) level, all other levels of theory
attribute the global minimum to either thdOtt or HOgt

energy differences (including ZPE contributions) on the same
level of theory between the conformers of 1-propanol. They

conformer. The energy difference between these two types of predict that the all-trans conformer is the most stable conformer,
conformers is quite small (0.4 kJ/mol at most). These differences followed by theHOtg and HOgt conformers with a maximal
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TABLE 2: Relative Energies (in kJ/mol) of the Various
Conformers of the Compounds Methyl Ethyl Ether, Methyl
Ethyl Sulfide, Diethyl Ether, and Diethyl Sulfide Compared
with Experiment?

B3LYP
Bl B2 B3 B4 experiment refs

methyl ethyl ether

Og 6.48 6.14 635 6.48 46-6.3 31,32
methyl ethyl sulfide

Og 0.57 0.07 046 0.67-0.8—15 31,33
diethyl ether

g-0g-/g+Og+ 12.70 11.33 12.47 12.71

g-0g+/g+0g- 16.21 15.49 16.04 16.27

tOg-/tOg:+/g-Ot/g: Ot 6.60 6.13 6.42 6.59 4.81 34

tOt 0.00 0.00 0.00 0.00 0.00 34
diethyl sulfide

9-Sg-/9+Sgr 1.14 0.15 0.82 1.15:0 35

0-Sg+/9+Sg- 447 3.73 4.38 4.78 large 35

tSg-/tSgi/g-Stg+St ~ 0.69 0.24 0.52 0.73~0 35

tSt 0.00 0.00 0.00 0.00 small 35

a2The basis sets are defined as follows: B16-31+g*, B2 =
6—311g**, B3 = 6-3114+G(3df,2p), and B4= 6-311++G(3df,3pd).

energy difference of merely 0.25 kJ/mol. Th#Og-g- and
HOg-g+ geometries are 0.8 and 1.2 kJ/mol higher in energy,
respectively, than thédOtt reference. These results almost
coincide with the values reported in this work (see Table 1 of
the Supporting Information), except for the B3LYP/B2 level
of theory.
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Figure 3. Newman projections of the typical dihedral angle values
for gaucheg, slightly distorted gauche, and distorted gauchearound
a (a) C-C, (b) C-0, and (c) C-S single bond.

In this study, we evaluate the geometries of the conformers
of alcohols, thiols, ethers, and sulfides. The possible interactions

Other available experimental and/or ab initio data are very between consecutive internal rotations will be investigated, and
scarce, and are collected in Table 2. The agreement betweenhe occurrence of distorted gauche conformatignsill be
experiment and the theoretical calculations is very satisfactory. examined. On the basis of these findings, we will introduce a

Finally, this basis set investigation allows us to conclude that complementary set of rules which allows the determination and

the B3LYP/6-31g*(B1) level is the best cost-effective level
of theory for use in all further calculations.
4. Conformational Analysis

The different conformers ofn-alkanes are reached by
performing internal rotations about the-C bonds apart from

structural identification of the total number of conformers in
these compounds at a minimal computational expense. In
addition, we also calculate the relative energies of the different
conformers and compare these to the corresponding values in
n-alkanes.

4.1. Alcohols.Since primary alcohols arealkanes in which

the methyl tops. Each rotational profile is characterized by three @ methyl top has been replaced with an OH group, similar

distinct potential energy minima (as shown in Figurd, -+,
andg-). Obviously, one could expect that a molecule with
such internal rotations would lead t8 8onformers.

In several papers, the occurrence of conformersatkanes
was studied > The most extensive study was performed by
Tasi et aP They reported the existence of distorted gauche
standings, for which the typical dihedral angle has a value of
approximately+85°, or 95 from trans, while normal gauche
standings im-alkanes have a dihedral €f65°, or 115 from

the trans conformation (Figure 3a). The combination of these HOg+g-t in 1-butanol,

five possible conformations leads tb G&nformers. The actual
number of conformers lies betweehehd 3, since the distorted

gauche conformations exist under only special circumstances.

In particular, thex-gauche conformations are foundriralkanes

conformations can be expected to occur, especially for rotations
about bonds that are far from the hydroxy group. Table 3
displays the relative electronic energy of a selection of conform-
ers from ethanol to 1-hexanol, determined at the B3LYP/6-
31+g* level of theory. The conformers are arranged according
to the labeling convention for the five rotatiogg —¢is, even
when the involved primary alcohol has fewer than five internal
rotations. For instance, the notatibtOg,g-(ttt) refers to the
HOg.;g-ttt conformer in 1-hexanolHOg:g-tt in 1-pentanol,
and theHOg.g- conformer in
1-propanol. No energy value for ethanol is given, since only
the ¢y rotation is available in this molecule.

Table 3 is divided into two parts. The first part treats
conformers with one or more gauche standings inghe ¢i3

when two consecutive internal rotations reside in gauche internal rotations, while they, and¢;s dihedral angles remain

standings of the opposite orientation. Tigisg+ combination

in trans. The second part shows the conformers with one or

brings two carbon atoms close to each other, forcing the carbonmore gauche conformations in the latter thgge-¢;s rotations,
backbone to relax. This relaxation was also observed by thenow with ¢;; and ¢, in trans. It is clear that these latter

authors fom-pentane and-hexané? in their study of coupled
internal rotations. On the two-dimensional potential energy
profiles of consecutive internal rotations, two local minima were
identified around they—g+ geometry, corresponding to-g+

conformers have geometries and relative energy differences that
are in accordance with those of alkane fragments (see ref 5).
The relative energies of thdOtttg(t) and HOttttg conformers

in 1-pentanol and 1-hexanol amount to almost 4 kJ/mol, which

andg-x+ conformers. The relative energy associated with these is approximately the typical value of 3.9 kJ/mol found in
conformers was found to be considerably higher than those of n-alkane conformers with one gauche standing (at the B3LYP/
the conformers with consecutive gauche standings of the same6-31+g* level of theory). Alcohol conformers with consecutive

orientation §-9-/g+9+).

gauche standings of the same orientation ingige ¢ part of
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TABLE 3: Relative Energies (in kJ/mol) of Selected
Conformers of Primary Alcohols (at the B3LYP/6-31+g*
level of theoryp

dudndisdudis ethanol 1-propanol 1-butanol 1-pentanol 1-hexanol
HOCH,CH,CH; Functional Group Conformers
HOTt(tttt) 0.00 0.19 0.10 0.10 0.10
HOg- (tttt) 0.27 0.00 0.00 0.00 0.00
HOtg-(ttt) 0.39 0.00 0.13 0.08
HOg-g-(ttt) 0.85 0.61 0.76 0.76
HOg.g-(ttt) 1.05 0.80 0.75 0.71
HOttg-(tt) 4.22 4.30 4.26
HOg-tg-(tt) 4.26 4.25 4.24
HOg;tg—(tt) 3.82 3.83 3.80
HOtg-g-(tt) 3.42 3.69 3.57
HOg-g-g-(tt) 3.68 3.91 3.78
HOg:g-g-(tt) 4.83 5.10 4.96
HOtg X' ((tt) 7.00 6.95 7.08
HOg-g-X (tt) 7.14 7.09 7.11
HOg: x-g+(tt) 9.20 8.97 8.75
Alkane-like Conformers

HOtttg-(t) 4.01 3.92
HOttg-g-(t) 7.98 8.06
HOttx_g+(t) 13.66 13.43
HOttg-x4(t) 14.16 13.88
HOttttg- 4.15
HOttg-tg- 8.16
HOttg-tg+ 8.61
HOtttg-g- 7.52
HOtttx_g+ 14.67
HOtttg-x+ 14.69

aThe conformer with the lowest binding energy is taken as a
reference.

the molecule HOttg-g-(t) andHOtttg-g-] have an energy of
~8 kJ/mol, which is merely twice the energy value for the single
gauche conformers. The energy of #@ttg-tg- andHOttg-tg+
conformers is also in accordance with this summing rule. For a
g-g+ sequence, steric hindrance comes into play. As in
n-alkanes, thig-g+ geometry actually corresponds to a transi-
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g-g- conformers, due to the occurrence of a slightly distorted
(X) or fully distorted &) gauche conformation (Figure 3a).
However, in this part of the alcohols, only one conformer is
present around thg-g+ geometry, in contrast to the double
minima typical forn-alkanes. Depending on the value of the
¢ dihedral angle, their structures becontOtg x L (it),
HOg-g-X +(tt), andHOgx-g+(tt). The latter conformer has the
most distorted geometrypg = x) and also has the highest
relative energy €9 kJ/mol). Still, this is significantly lower
than the corresponding energy differencenialkanes.

The net result of these interactions is that the HGCHLCH.
top of primary alcohols does not obey the typical behavior of
n-alkanes, as summarized by Tasi €t At.the B3LYP/6-3H-g*
level of theory, the first 14 conformers in Table 3 are identified
as being specific for theys — ¢3 internal rotations. Hence,
they must be considered as an extension of Tasi’s rules for
primary alcohols, and an exact description of these alcohol
conformers is required. However, the relative energies in Table
3 do not vary largely when the chain length is increased, as the
geometries of the different conformers are practically not
affected (Table 2 of the Supporting Information). We may
therefore conclude that the 14 functional group conformers as
given in Table 3 may serve as a suitable, valuable data set for
the determination of all conformers in long primary alcohols.

4.2. Thiols.A similar analysis has been done for ethanethiol
to 1-hexanethiol. As in alcohols, the influence of the SH end
group only has a limited range. The conformers found by the
three rotations in the HSG&H,CH, top (¢i1—¢i3) determine
the specific functional group behavior of the thiol and are
presented in Table 4 (witlps and ¢s both in trans). The
conformers resulting from internal rotations further from the
heteroelement exhibit typical alkane-like behavior. The results
for these rotations are supplied in the Supporting Information
(Table 3) and are not further discussed.

The most striking difference with alcohols is that the various

tion state between two energy minima, each with one distorted thiol conformers are energetically more distinct from each other.

gauche conformationg-g+ — g-x+ andx-g+. The energy of

The HSg-(tttt) conformer systematically has the lowest energy,

these conformers cannot be deduced by simply adding the@nd all other thiol conformers are at least 2 kJ/mol higher in
energies of the conformers with only one gauche. The steric €Nergy- We have condensed all calculated data in Table 5, where

hindrance causes an energy increase, varying between 5.5 anfflative energies are presented with reference toH8g ttt
6.5 kJ/mol in excess of the earlier value of 8 kJ/mol. These conformer as well as theiSttttt conformer. EacHAE[value

additional energy values are close to the ab initio values in
n-hexané

The conformers with one or more gauche standings in the
¢i1—¢i3 part of the alcohol sequence seem to have a particular

behavior, in contrast with the alkane-like behavior of ¢he-
¢is interactions. The all-trans conformer and the conformers with
only one gauche for eithefi; or ¢, have approximately the

same energy. For all alcohols, the reference conformer is

HOq(tttt), except for ethanol, where the all-trans conformer has
the lowest energy. A4-g- or g+g- sequence for thgy; andgp,
rotations results in a slightly higher energy value, but this still
remains below 1 kJ/mol. Apparently, tlyg; rotation, and its
interaction with the other internal rotations in the HOLH
CH,CH; top, mainly determines the electronic energy. The
HOttg(tt) conformers have relative energies of 4.25 kJ/mol on

represents an averaged energy difference over all thiol conform-
ers corresponding to a specific conformational class. The
shorthand notatiorg can refer to either &, anx, or anx
conformation. For example, the 14.74 kJ/mol energy difference
of the HSg.g-g+tt conformational class with respect to the
HSg-tttt reference is an average over the relative energies of
theHSg-X _X (tt), HSg-g-x(tt), HSg-g-x(tt), andHSg x-g(tt)
conformers of 1-butanethiol, 1-pentanethiol, and 1-hexanethiol.
Several main characteristics and rules applicable to thiol
conformers can be extracted from this table in a transparent
way:

(i) The energy increase due to a single gauche standing in
one of the torsiong;; wheni > 1 is almost independent of the
conformation forg;. Only a small discrepancy ef0.2 kJ/mol
is noticed between thélSig-ttt (with respect to theHSttttt

average. These energies are not significantly altered by anreference) antiSg.g-ttt conformational classes (with respect

additional gauche g or g-) standing in¢;. Hence, the
interaction of thepiz ande¢y; internal rotations can be considered
negligible. A small stabilization is observed for tHOtg-g(it)
andHOg-g-g-(tt) conformers. This interaction betweepn and

to the HSg-tttt reference). One easily concludes that the
conformational interaction af; with the other torsional motions
is rather small.

(ii) In general, the above rule is also valid when multiple

¢13 becomes more apparent when these internal rotations assumgauche standings are present in the conformer. The average

gauche conformations of the opposite orientatigng(.). The
relative energies become significantly higher thandhe;; =

relative energies for thelSg.g-g-tt andHSig-g-tt conforma-
tional classes, for example, differ by only some 0.2 kJ/mol.
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TABLE 4: Relative Energies (in kJ/mol) of Some Conformers in Primary Thiols (at the B3LYP/6-3H-g* level of theory)

1-hexanethiol

Pudrdizdudis ethanethiol 1-propanethiol 1-butanethiol 1-pentanethiol
HS{(tttt) 2.37 2.92 2.75 2.72 2.72
HSg- (tttt) 0.00 0.00 0.00 0.00 0.00
HStg-(ttt) 5.71 5.44 5.51 5.46
HSg-g-(ttt) 2.31 2.44 2.53 2.53
HSg-g-(ttt) 2.66 2.65 2.66 2.62
HSttg-(tt) 6.60 6.78 6.77
HSg-tg(tt) 4.07 4.22 4.22
HSg:tg-(tt) 3.66 3.87 3.84
HStg-g-(tt) 8.35 8.57 8.50
HSg-g-g-(tt) 5.51 5.76 5.64
HSg-g-g-(tt) 6.14 6.43 6.28
HStX_X 4 (tt) 15.17 15.28 15.25
HSg-X _X (tt) 14.22
HSg-g-x4(tt) 14.16 13.96 13.96
HSg:g-x.(tt) 15.48 14.97 15.11
15.33 15.14 15.10

HSgrx-g+(tt)

TABLE 5: Schematic Overview of the Different Classes of
Conformers in Thiols (at the B3LYP/6-31+g* level of
theory)?

[AEO
reference conformational class alkane reference
HSgto-ttt HSgttg-tt HSgtttg-t  gttg-t
HSg-tttt 2.55 3.98 3.85 3.94 gtttt
HSttttt  2.75 3.99 3.84 3.96 tttt
HStg-ttt HSttg-tt HStttg-t tttg-t
HSgtg-g-tt HSgttg-g-t  HSgtttg-g-  gttg-o-
HSg-tttt 5.96 7.83 7.61 7.80 gtttt
HStittt  5.74 7.68 7.51 7.82 tttt
HStg-g-tt HSttg-g-t HStttg-g- tttg-g-
HSgtg-g+tt HSgttg-g+t HSgtttg-g+ gttg-gt+
HSg-tttt 14.74 14.02 14.66 14.66 gttt
HStittt  12.50 14.00 14.61 14.65 ittt
HStg-g-tt  HSttg-g-1  HStttg-g-  tttg-g+

aThe energy differencesAEL (in kJ/mol) with respect to the

rotations in the thiol functional group. In 1-butanethiol, one
additional conformer is foundHSg-x'—x ).

4.3. Ethers.In this section, the different conformers in a series
of eight ethers are discussed: methyl ethyl ether (MEE), methyl
propyl ether (MPE), methyl butyl ether (MBE), methyl pentyl
ether (MPeE), diethyl ether (DEE), ethyl propyl ether (EPE),
ethyl butyl ether (EBE), and dipropyl ether (DPE).

Whereas in alcohols or thiols it was possible to list all
conformers and their calculated energies, this would present an
inefficient approach to examining ethers (or sulfides). Their
functional group is not an end group, and the influence of the
heteroelement can extend to both sides of the molecule. As a
result, a considerably larger number of conformers must be
studied. Ethyl butyl ether, for example, is characterized by four
internal rotations and gives rise to at lea${(81) conformers.

A more functional approach is to subsequently examine
conformers with one single, two consecutive, and three consecu-

displayed reference conformer are average values over several thiolgjye gauche conformations, and to deduce some general rules

and over various gauche orientations in the same class. Correspondin

energy differences are also given for alkanes.

Moreover, the energy of thelSg-g-g-(tt) and HSg,g-g-(tt)
conformers in Table 4 is virtually independent ofja or g+
conformation forg;;. The only exception to this rule occurs for
the HSg.g-g+tt conformational class, where notably higher

Quvhich apply to all possible ether conformers.

Additionally, we will evaluate two approximation schemes
on the basis of their ability to produce reasonable estimates of
the relative energy of a conformer, based on minimal confor-
mational data.

4.3.1. Conformers with a Single Gauckesummary of the
results for the conformers with a single gauche conformation

average energy values are obtained in comparison with those. : ) . .
9 9y b in ethers is given in Table 6. The table lists the energy

of the HSg-g.tt class. Heregn does interact withp, and
influences the relative energy.

differences relative to the all-trans conformer of the molecules
along with absolute dihedral angles. A gauche conformation

(iii) Sequences with two consecutive gauche standings of the ¢, 2 "inedral angle alongside the oxygei O ¢<;) results in

opposite orientation in positiors; andeyi+1 wheni > 1 cause
large interactions (up to 15 kJ/mol) and give rise to double
minima around the-g+ maximum. So, starting frong,, and

¢i3, consecutive internal rotations interact. However, only for
1-butanethiol does this specific interaction result in four different
conformations: HSg-x' - X' (tt), HSg-g-x(tt), HSgrg-x(tt),
andHSgx-g+(tt) (Table 4). In 1-pentanethiol and 1-hexanethiol,
the HSg-x' _x'4(tt) conformer does not occur.

(iv) The influence of the thiol functional group is virtually
negligible from thepys torsion on. This is suggested in the table
as the average energies seem to converge to those found
n-alkanes.

The HSCHCH,CH; top in thiols also does not meet the
typical behavior ofn-alkanes. This result is similar to that in

an energy increase of6.5 kJ/mol for ethyl tops, ane6.3 kJ/
mol for longer alkyl chains. This is quite in contrasttalkanes,
in which a single gauche conformation causes an energy increase
of ~3.9 kJ/mol at the B3LYP/6-3tg*(B1) level of theory [at
the B3LYP/6-311g**(B2) level of theory, this is 3.6 kJ/mol].
Furthermore, the corresponding dihedral angles of normal
gauche conformations about the-C—O—C dihedrals in ethers
assume values in the range of7B7° (Figure 3b). This is much
larger than the typical dihedral angle of°6® n-alkanes and
_rather resembles the-gauche angle of a-€C—C—C dihedral
IMFigure 3a). A gauche standing in the next neighboring internal
rotation alongside the oxygem or ¢s7) causes a conformer
almost as stable as the all-trans conformer, with dihedral angles
of 64°. Note that this applies for ethers as well as alcohols,

alcohols, but here interaction effects between the internal where thep, single gauche conformer has the same energy as
rotations are more apparent, which gives rise to energetically the all-trans conformer. Further from the oxygen, the values
distinct conformers. In all compounds, 15 conformers are seem to “relax” to then-alkane situation: angles ef65° and

identified that uniquely characterize th@; — ¢z internal

relative energies of 4 kJ/mol fafi; and 3.8 kJ/mol fokps.
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TABLE 6: Conformers of Various Ethers and Sulfides with TABLE 7: Conformers of Various Ethers and of EBS with
One Gauché Two Consecutive Gauche Standings
con- con-
former MEE MPE MBE MPeE DEE EPE EBE DPE (¢aps) former molecule VA2 ¢p  ¢s  AED ' Aga Ags
gtotttt 0.22 VP (psnpn) x-Ox-  DEE  12.70 86.0 86.0 13.20 10.7 10.7
637 o EPE 1220 86.6 883 1272 11.4 11.1
gOtitt 6.60 642 653 6.24y10 EBE 12.24 86.6 87.4 1292 11.4 10.3
753 750 752 767 ¢Sl DPE 11.69 883 882 1248 116 115
: : : L ost x-Ox; ~ DEE  16.21 91.8-91.8 1320 16.5 16.5
ttogttt  6.48 6.33 6.28 625 6.60 6.30 6.39 6.24P EPE 1567 91.9-923 1272 167 151
748 764 767 759 753 772 771 76.%n EBE N/A N/A NA 1292 NA NIA
ttOtgtt 0.19 —0.07 0.01 024 0.02 0.22/P DPE N/A N/A N/A 1248 N/A NA
63.6 641 64.4 63.8 64.3 63.7¢p (pu.¢2) Og-g- MPE  6.70 753 59.1 6.52-1.1 —45
ttOttgt 399 4.02 4.03 V|13D MBE 6.57 75.7 60.1 6.21 —1.0 —4.0
8.0 658 661 4 EPE 690 752 893 65420 —45
1D . . . . — L. 4.
toutg 3.83 Via EBE 658 763 60.5 6.41-0.8 —3.8
65.2 b1 DPE 675 749 587 6.46-18 —50
(fs¢3) Otg-g- MBE  3.37 61.5 652 3.92 —2.6 —0.8
con- MPeE 356 61.5 656 4.02—2.9 —0.2
gtsttt 2.75 V0 Otg-x+ MBE 6.93 69.8 -748 392 57 88
62 m EBE 719 609758 404 56 97
tgStttt 0.69 062 063 0.02vyy (dapa) Ottg-g- MPeE 7.74 640 618 7.85-1.8 —3.4
723 726 728 731 ¢s1 Otig x: MPeE 13.81 65.7-87.3 7.85 0.1 22.1
ttSgttt  0.57 0.08 020 016 069 017 027 0.02P Ottx gs MPeE 1352 97.4—63.7 7.85 31.6-15
700 725 714 717 723 741 732 T73.1n
ttStgtt 283 270 266 280 264 275  (Wadu) OS50l EBS 096 724 730 091704 02
659 665 66.1 65.7 65.8 66.2¢p g-Sx.tt 3.94 133 —97.3 09 0.5 24
2 X_Sgitt 4.03 96.1 —744 091 233 1.2
ttSttgt 3.80 3.91 3.79 Vi (pnd) tSggt EBS 221763 671 291 31 13
654 65.9 65.3 b1 tSx gt 537 97.1 —66.2 291 239 04
ttStttg 3.80 ViP (p.3) tStg-g- EBS 558 62.5 60.7 6.42-33 —46
65.5 b tSt_X ¢ 12.02 75.7 -76.4 642 9.9 11.1

a Relative energies in kd/mol and absolute dihedral angles in degrees 2 Relative energies are given in kJ/mol and absolute dihedral angles

(at the B3LYP/6-3%g* level of theory). The reference is the all-trans N degdrees (at the B3LYP/6-31* level of theory). The reference is
conformer. the all-trans conformer. N/A means that the conformer is not present.

AE;>*is defined in eq 1.
In conclusion, the nearesp{ and¢s;) and next-nearespf,
s s e un | 0xygen 603, A¢ anges can amour 10" This s mny
distanced from the oxygen ato.m the alkane-like behavior seemsdue {o the strong interaction existing between ggeand g
1o be restored Y9 ’ torsions, manifesting in strongly distorted gauche positigns (
: . . . A . Th h itions with i rientation
4.3.2 Two Consecutie Gauche Standingall possible ether 90°) ose gauche positions with opposite orientations

conformers with two consecutive gauche orientations are listed (x-Ox;) exhibit very shallow minima and give no evidence for
9 a double minimum. They are only detected in smaller ethers

in Table 7. For each conformer, the energfid) is given  pep ang EPE at the B3LYP/B1 level of theory. At the B3LYP/
relative to the all-trans conformer. In addition, the two corre- g5 1ovel this minimum is observed in only DEE. In addition
Spo”d”?g_ dihedral . angles¢,( ".ind ¢s) are _given. In the their relative energies are underestimated by some 3 kJ/mol in
supposition of noninteracting internal rotations, it would be e one_dimensional approximation. The minima corresponding
possible to make a rough guess of these relative energies anq, 1, equal orientation¥_Ox_) are more pronounced and occur

dihedral angles using the data of single gauche conformers;, 5 jnyvestigated ethers. The relative energies are described
(_Table 6). This energy estimate corresponding to two €ONSecu-ye|| within the one-dimensional approach, but evidently, the
tive gauche standings would then be gauche dihedral angles deviate substantially.
Conformers with two consecutive gauche standings alongside
AEpg = V2(gp = g°) + Ve (dg = Gp) (1) the oxygen Qgg occur only when %Othl)u and ¢p, gssumg
equivalent gauche orientations. Their properties are rather well
whereV,” is the relative energy obtained in a one-dimensional predicted in the one-dimensional approximatioAEL2 et
approach corresponding to a gauche orientation in torsional closely resemble¥4s, and A¢a and A¢g values are small.
angle¢a. g,lf’ refers to the gauche angle in the single gauche  When the two consecutive gauche standings are moved one
conformer, and this dihedral generally differs from the corre- torsion further Qtgg), the typicaln-alkane-like pattern already
sponding angle in the conformer with two consecutive gauche begins to manifest. Th©tg-g- conformers reveal dihedral
orientations. In Table 7, the difference between both angles angles that are very close to the typical undisturbed value of
(A¢a) is presented along with the one-dimensional energy guess65°. But, as in the preceding case, two consecutive gauche
(AEi\g*esﬁ. However, it is clear from the previous discussions standings with the opposite orientation do not yet give rise to
that the interaction between consecutive internal rotations is notthe double conformational minimum. Instead, only @tg-X +
negligible. This was thoroughly confirmed oralkanes in refs conformer is found with a slightly distortepl; gauche angle.
3 and 5. Still, it is valuable to discuss double gauche conformers A similar effect was observed in alcohols [e.g., H®tg-X (tt)
in terms of their differences with a one-dimensional approach. type conformer in Table 3].

When the gauche standings take place at either side of the
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TABLE 8: Conformers of Various Ethers and of EBS with Three Consecutive Gauche Standings

(¢adB.c) conformer molecule Vaoe o o8 bc AE; D AERDE
(Ps1.01,P12) X-Ox-g- EPE 12.83 86.4 87.7 61.7 12.96 12.80
EBE 12.53 86.4 87.6 62.3 12.94 12.44
DPE 12.32 88.0 87.4 61.5 12.70 12.20
(¢|1,¢|2,¢|3) 0g-g-0- MBE 9.82 73.8 56.2 64.3 10.20 10.01
MPeE 9.84 73.2 56.1 65.2 10.27 10.07
EBE 9.87 74.9 56.6 63.9 10.43 9.94
Og-g-X+ MBE 13.18 76.9 66.9 —74.0 10.20 13.57
MPeE 12.90 76.2 66.1 —75.3 10.27 13.33
EBE 13.37 77.8 68.1 —72.5 10.43 13.76
(P praschia) Otg-g g- MPeE 7.31 60.7 63.3 63.1 7.85 7.28
OtX1g-g- 10.14 73.5 —68.9 —62.9 7.85 10.54
OtX —g+X- 17.53 78.8 —67.4 88.8 7.85 16.61
Otg-x-g+ 14.17 65.3 93.6 —65.1 7.85 13.06
Otg-g-x+ 14.49 59.7 62.9 —925 7.85 13.35
(¢sr.11.P12) g-Sg-g-t EBS 2.89 73.3 75.2 66.3 3.58 2.77
0+Sx-g-t 5.40 —70.2 101.5 66.6 3.58 5.88
g-Sx gt 6.03 75.6 100.1 —67.1 3.58 6.06
(D.br2sia) tSg.g-g- EBS 5.57 72.9 62.4 63.9 6.70 5.15
tSX.g-g- 9.91 —98.7 66.8 66.3 6.70 8.31
t1SX-g+X- 17.94 95.9 —68.4 90.5 6.70 14.75
tSgX_g+ 13.42 79.4 86.6 —67.4 6.70 11.59
tSg-g-X+ 13.66 70.7 66.7 —88.8 6.70 11.59

aRelative energies in kJ/mol and absolute dihedral angles in degrees (at the B3LYiRJ648tel of theory). The reference is the all-trans
conformer.

Finally, when the consecutive gauche conformations are energy is estimated as

fartherfrom the; oxygen (e.g;>13¢|4 in MPeE), the same behavior AE2D-est_ 2D o — )4
is revealed as in-alkanes with the doubl@ttg-x; andOttx_g+ nec = Vag(@a =0a #5 =05)
minima around thettg-g; maximum. Vé?:(% = géD, be = g(z;D) _ VéD(¢>B — géD) )

4.3.3. Three Consecutt Gauche Standing$he number of
ether conformers with three consecutive gauche conformationswhich is merely an extrapolation of eq 1. This estimate is also
is rather limited (Table 8) as the restrictions on two consecutive given in Table 8 compared to the one-dimensional guess

gauches also seem to apply for three successive gaucheAE,iEEesr, The calculated energyf;gC is given relative to the

standings. Thg-g+ conformation never appears for theipi all-trans conformer.

and ¢ and ¢ dihedral angles. This implies that only the The energies of the triple gauche conformers exhibit large
Xx-Ox_g- conformer is formed in thes;— ¢, class andDg-g-g- variations, and they are not reproduced correctly by the one-
andOg-g-x+ are formed in thep;—¢i3 class. dimensional scheme. Wheneveagaor x; conformation occurs,

The influence of the oxygen on the conformers with three discrepancies are even enormous. The two-dimensional ap-
consecutive gauche standings weakens when they occur larggroach, on the other hand, is quite accurate. The difference
distances from the oxygen (e.g., in the dihedral angies between the exact and the two-dimensional prediction only
¢1a). An n-alkane-like behavior makes its appearance in a more exceeds 1 kJ/mol for th@tg-x-g+ andOtg-g-x+ conformers
pronounced way. According to the Tasi rufesye could expect  of MPeE. For all other conformers, the discrepancy is limited
six conformers:g-g-g-, X+g-0-, 9+X-g—, X-g+X—, g-X-g+, and to 0.5 kJ/mol. The adequacy of the two-dimensional approxima-
0g-0-X+. However, this pattern is not entirely found according tion in describing fully coupled three-dimensional features in
to the constraints reported in the previous paragraph, restrictingn-alkanes has already been reported in ref 3. Energy estimates
the first two rotations ¢, and ¢3) to reside ing-g-/g+g+ or based on a one-dimensional scheM&P~¢%) are manifestly
X +g-/X_g+ double gauche conformations. This additional inadequate.
constraint reduces the total number of conformations of this In summary, we have found a set of rules for deducing all
class to five, as given in Table 8. conformers in ethers. These are based on the possible occurrence

These findings enable us to propose an adjusted version ofof double gauche sequences in these compounds. Starting from
Tasi’s rules which can be applied on ethers. Starting from the the generain-alkane rules of Tasi et al.one can eliminate
original rules suitable fom-alkanes, one can impose some several conformers on the basis of thggecombinations. In
additional constraints in the sense that when a particular doubleaddition, a two-dimensional scheme has been proposed which
gauche sequence is not allowed in a conformer, it remainsis adequate for describing all possible conformers and their
excluded in the structure of all other conformers with multiple relative energies solely based on information for conformers
gauche conformations. To illustrate with an example, from Table with single and double gauche standings.

7 it follows that somey-_g+ sequences are not occurring. In the 4.4. Sulfides.In view of the evident similarity between the
formation of conformers with three or more gauche standings, two types of molecules, all sulfides are discussed in comparison
we can a priori eliminate all combinations having this particular with the ether properties. More specifically, methyl ethyl sulfide
g-g+ sequence. (MES), methyl propyl sulfide (MPS), methyl butyl sulfide

Since the occurrence of a triple gauche conformer is mainly (MBS), methyl pentyl sulfide (MPeS), diethyl sulfide (DES),
determined by the rules governing two consecutive gauche ethyl propyl sulfide (EPS), ethyl butyl sulfide (EBS), and
conformations, it is reasonable to assume that its energy coulddipropyl sulfide (DPS) are considered. Only a selection of the
be better approximated by including energy effects ofgall results is presented in the paper, but all other results are available
conformations. In this two-dimensional approach, the relative as Supporting Information (Tables 4 and 5).
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The analogy between the conformers with a single gauche TABLE 9: Overview of Alterations of Tasi's Rule for
of both systems can be examined in Table 6. The energies ofAlkane Conformers in Ethers and Sulfides
sulfide conformers with one gauche in eitlygr or ¢s1 is very Double Gauche Conformers
close to the all-trans reference energy. In this respect, sulfides

clearly differ from ethers, in which the;, or ¢s, single gauche : Psbn Pue e P
conformers closely match the all-trans energy. $haotations Tasi Etheros o ot ott
in sulfides show the opposite behavior: the energy differences 9-0- X 9-g- 9-9- g-g-
. - O-X+ (x-Oxy) Otg-X'+ Ottg-x+
amount to 2.7 kJ/mol, with dihedral angles of’68 complete X g+ Ottx_g.
accordance between ethers and sulfides is only found for the Tasi sulfides
¢i3 and ¢4 gauche conformers, for which the energies and g-9- g-Sg- Sg-g- Stg-g- Sttg-g-
dihedral angles actually converged to typical alkane values. g-X+ g-Sx SHX-X'+ Sttg-x+
. . . . . X-O+ X-Sgr SX-g+ Sttx-g+
The discussion of conformers with two gauche dihedrals is
limited to EBS (Table 7), since the other sulfides yield similar Triple Gauche Conformers
results. Some striking differences with ethers are Qbservgd. It bebudr Dudrd Db
appears that several sequences of gauche standings with the -
. - . ; . Tasi ethers
opposite orientation are not forbidden. For the—¢;; interac- o o o
’ . , 9-9-9- x-Ox-g- 9-9-9- tg-g-g-
tion, there is even a doublmg of conformgm§gtt and X:g-g- OtX.g g-
g-Sxtt). This is analogous with the alkane situation, but here X-Q+X- OtX _g4X—
the dihedrals are substantially more distorted with angles of up 0-9-X+ Og-g-x'+ Otg-g-X+
to 97°. These conformers have 3 kJ/mol of additional energy Tagi—x-9+ sulfides Otg-x-g+
as compared to thg-Sg-tt conformer.
. . . . . 9-9-9- 9-Sg-9- Sg-9-9- Stg-9-9-
There is only one conformer Wlth opposite gauche orientations giX g g:Sxg- St X g
for the pn—¢i2 ande—¢i3 interactions:tSx-g+t andtStX_x 4, X+0-0- (X+Sg-g-) SX-g-0-
respectively. As from theyz—¢i4 interaction, the conformers X-Q+X- Sx-g+g- StX-gx-
have full alkane-like features. This is illustrated for MPeS in 9*2*X+ sx. gggfm gig)%*M
the Supporting Information (Table 4). §-x-0+ g-oxg+ GX-0 Stgxig(l

The one-dimensional energy estimat&&xs °*' are only

. . . a i i
adequate for conformers with two consecutive gauche standings_ . '€ conformers given in parentheses occur for the smallest
1D—est molecules only, and are of no importance for the general behavior of

of equal orientation. In contrast, theE,g ~ values consider-  (jonger) ethers and sulfides.
ably underestimate the energy of the conformers with opposite

gauche orientations, up to 6 kJ/mol fi8tX-x'+. This partial  n_alkanes deduced by Tasi et’dbr these systems. Essentially,
success and partial failure is also observed for ethers, for i was accomplished by identifying that part of the molecule
alcohols and thiols, and for-alkanes? not obeying Tasi’s law, and by analyzing all possible conformers

For the study of three consecutive gauche standings (Tablejn this part of the molecule.
8), we also restrict the discussion to EBS. The number of  Fqr gcohols and thiols, it was found that the HX&HH,CH,
conformers is definitely higher than in ethers, but still less than (X = O or S) top is the part distinct from-alkanes, while for
that predicted by Tasi's alkane rules. Furthermore, it is not ethers and sulfides, third-order rotations from the heteroelement
possible tq predict the occurrence of triple gauch_e conforme_rs (¢s3— ¢13) have to be taken into consideration to sufficiently
on the basis of the double gauche conformers. This also appliesaccount for the effects of the oxygen or sulfur. The conforma-
for the @p.¢is.¢) conformers of MPeS (Table 5 of the  tional structure and pattern of the hetero region differ in the
Supporting Information). four types of molecules.

By confronting the relative energies for these conformers with  The identification of this region of hetero influencgs{ —
the predictions obtained in the OnfD'fei‘t”d two-dimensional 4.y enables us to make some assumptions for carbon chains
approaches, we confirmed that thzﬁABt energies do not  with multiple heteroelements. It is clear that when these
describe the correct features. TAEABCeS values on th? other  heteroatoms are separated by fewer than six bonds, both regions
hand are very satisfactory, describing both stabilization effects of influence are likely to interact and change the relative energy

(9-9-g-) and additional energies for conformers wighg: and geometry of the conformations in this area. When the

sequences. heteroelements are separated by at least six bonds, a reduced
mutual influence can be expected, although other intramolecular

5. Overview of Conformational Rules effects (e.g., hydrogen bonding, anomeric resonance) cannot be

excluded. This will no doubt affect the predicted conformations.
Only thiols exhibit a distinct global minimunHSdtttt)]. All

other conformers are at least 2 kJ/mol less bound. For the three
other types of molecules, no strict rules can be proposed for
the ground-state configuration. Many conformers are competing
within an energy interval of 1 kd/mol. An accurate description
of molecular properties, even at low temperatures, requires a
complete knowledge of all existing conformers. It is thus
important to use a model that generates all low-energy conform-
ers.

While for primary alcohols and thiols it is possible to
In this work, we performed a conformational analysis of reproduce all conformers specific to the functional group (14
alcohols, thiols, ethers, and sulfides. Our main goal was to and 15, respectively), this becomes more cumbersome for ethers
modify the general rules for the occurrence of conformers in and sulfides, because the heteroelement now affects two alkyl

The revised Tasi rules (up to triple gauche) for ethers and
sulfides are presented in Table 9. It is obvious that the region
exposed to the specific influence of the heteroelemegzis>
¢i2. In other words, all double or triple consecutive gauche
conformers involving one of these internal rotations do not obey
Tasi’s alkane rule.

The specific conformers of primary alcohols and thiols not
obeying Tasi's law are presented in Tables 3 and 4.

6. Summary
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side chains. For this reason, we have focused on conformers (16) (a) Becke, A. DPhys. Re. B 1988 38, 3098. (b) Perdew, J. P;
with up to three consecutive gauche standings, and we haveY2ng, Y.Phys. Re. B 1992 45, 13244. () Becke, A. DJ. Chem. Phys.

introduced rules that allow the successful identification of all

conformers in the functional group region. Moreover, an exact
calculation of conformers with two consecutive gauches, in
addition to single gauche conformers, permits a reliable predic-
tion of their relative energies. This reduces the calculation time
considerably as only a fraction of the total number of conformers
has to be determined explicitly. Furthermore, conformers with

1993 98, 5648.

(17) (a) Bauschlicher, C. W., Jr.; Partridge, Ehem. Phys. Letl995
240, 533-540. (b) Ventura, O. N.; Kieninger, MChem. Phys. Letfl995
245 488-497. (c) Ignatyev, I. S.; Xie, Y.; Allen, W. D.; Schaefer, H. F.,
IIl. J. Chem. Phys1997 107, 141-155.

(18) Denis, P. A.; Ventura, O. Nint. J. Quantum Chen200Q 80, 439—
453.

(19) (a) Ventura, O. N.; Cachau, R. E.; Kieninger, @Ghem. Phys. Lett.
1999 301, 331-335. (b) Denis, P. A.; Ventura, O. NChem. Phys. Lett.

more than two gauche standings are considerably higher in200% 344 221-228.

(20) (a) Scott, A. P.; Radom, L1. Phys. Chem1996 100, 16502~

electronic energy than single or double gauche structures. As a;gz13 (b) Lynch, B. J.. Truhlar, D. G. Phys. Chem. 001 105, 2936.

result, they are generally less important.

Generally, the contribution of each conformer to thermody-
namic properties (e.g., enthalpies of formation) is proportional
to the Boltzman factor @2E, whereAE is the energy difference
with the reference conforméf:3” Using the energy scheme
introduced in this work, one is able to determine the importance
of every conformer (at a given temperature) without the need
of explicit calculations.

(21) Wang, L.; Zhang, JChem. Phys. Let2002 356, 490-496.

(22) Tozer, D. JChem. Phys. Lettl999 308 160-164.

(23) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr,;
Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A.
D.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi,
M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.;
Ochterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick,
D. K.; Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.;
Ortiz, J. V.; Baboul, A. G.; Stefanov, B. B.; Liu, B.; Liashenko, A.; Piskorz,

Our rules may thus serve as a fast method for selecting thosep.; Komaromi, I.; Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-
conformers with associated energies below a given energylLaham, M. A.; Peng, C.Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe,

threshold, and therefore with a significant contribution to the
desired property.
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conformers of sulfides (Table 4), and relative energies of the
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