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ABSTRACT

The conformational energy landscapes of allyl ethyl ether (AEE) and allyl ethyl sulfide (AES) were investigated using Fourier transform
microwave spectroscopy in the frequency range of 5-23 GHz aided by density functional theory B3LYP-D3(BJ)/aug-cc-pVTZ calculations.
The latter predicted highly competitive equilibria for both species, including 14 unique conformers of AEE and 12 for the sulfur analog
AES within 14 k] mol™". The experimental rotational spectrum of AEE was dominated by transitions arising from its three lowest energy
conformers, which differ in the arrangement of the allyl side chain, while in AES, transitions due to the two most stable forms, distinct in the
orientation of the ethyl group, were observed. Splitting patterns attributed to methyl internal rotation were analyzed for AEE conformers I
and II, and the corresponding V; barriers were determined to be 12.172(55) and 12.373(32) kJ mol?, respectively. The experimental ground
state geometries of both AEE and AES were derived using the observed rotational spectra of the *C and **$ isotopic species and are highly
dependent on the electronic properties of the linking chalcogen (oxygen vs sulfur). The observed structures are consistent with a decrease
in hybridization in the bridging atom from oxygen to sulfur. The molecular-level phenomena that drive the conformational preferences are
rationalized through natural bond orbital and non-covalent interaction analyses. These show that interactions involving the lone pairs on the
chalcogen atom with the organic side chains favor distinct geometries and energy orderings for the conformers of AEE and AES.
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INTRODUCTION

Chalcogen substitution has garnered attention in the materi-
als science' and polymer electronics communities' ~ as a way to
tune the physical and chemical properties of sensors,” light emitting
devices,’” transistors,” and photovoltaics.” When a heavier chalco-
gen atom replaces a lighter one, the electronic structure is sensi-
tively affected by the differences in atomic size, polarizability, and
electronegativity, which alter molecular-level interactions and, con-
sequently, the bulk and surface properties of the material."'"""* A
subclass of these materials is organochalcogens, compounds hav-
ing a group 6 element covalently bonded to an organic fragment,
with applications across chemistry and biochemistry."" >’ From a

fundamental point of view, these systems serve as excellent proto-
types to explore the intramolecular interactions between chalcogen
atoms and organic frameworks as the lone pairs on the former
can stabilize multiple arrangements of the latter. Rotational spec-
troscopy combined with quantum chemical calculations provides
sensitive and detailed information about the underlying potential
energy surfaces that govern such conformational distributions in
monomers” >’ and molecular complexes.”**’ As conformationally
specific processes play a pivotal role in the selectivity and function
of chemical and biochemical reactions,”” " a further understanding
of the factors that define conformational space in organochalcogens
may lead to improved design and tunability of these materials.
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In n-alkane substituted alcohols and thiols, computational
models predict that the chalcogen strongly influences the confor-
mational arrangement (even as far as three dihedral angles away)
and that sulfur-containing species have more energetically distinct
conformers.’! This has been experimentally verified in ethanethiol,**
1-propanethiol,” and 1-butanethiol,”* for which rotational spec-
troscopic measurements confirmed that the most stable conform-
ers have a gauche arrangement of the CCSH fragment, whereas
in the oxygen analogs,”" "’ the lowest energy conformers slightly
favor trans CCOH orientations (sometimes by only a few tenths of
kJ mol™). While Vansteenkiste et al.’! predicted that n-alkane sub-
stituted ethers also present much more competitive equilibria than
their sulfur counterparts, establishing a general rule for the confor-
mational preferences of ethers vs sulfides is less tractable because of
the complexity in isolating the effects of the two organic fragments.

A recent microwave spectroscopic study of the chalcogen-
bridged compounds diallyl sulfide (DAS) and diallyl ether (DAE)**
confirmed that the sulfur compound does give rise to more ener-
getically distinct conformers even when the organic substituent is
partially unsaturated, as rotational transitions for nine low energy
(<3 kJ mol_l) conformers for DAE and only one conformer for
DAS were observed under analogous experimental conditions. The
accompanying quantum chemical calculations revealed that the
numerous DAE conformers were stabilized by hyperconjugative
interactions involving the lone pairs on oxygen shared with the allyl
side chains, which were absent in DAS despite a similar arrangement
of the allyl side chains. This finding is consistent with the geometry at
the central atom (C-X-C angle), which is ~14° larger in DAE than in
sulfide due to the greater hybrid character of the bonding orbitals on
oxygen. The prevalence of these stabilizing interactions in the ether
was consequently reported to be the underlying cause of the com-
petitive equilibrium of DAE (in comparison with DAS); however,
the observation that the CCXC dihedral angles (where X = S or O)
are gauche, regardless of the bridging atom identity, is an important
distinction in comparison with earlier studies of alcohols and thiols
having the chalcogen within the terminal functional group.

To investigate whether it is universally true that organic ethers
adopt many more stable forms than their heavy congeners and
that the conformational preferences are less unique than when the
chalcogen is part of an end group, the present study targets the con-
formational equilibria of allyl ethyl ether (AEE) and allyl ethyl sulfide
(AES). The replacement of one of the allyl side chains of DAE and
DAS by a fully saturated ethyl group removes bilateral symmetry
and provides a more direct comparison with the studies on n-alkane
substituted organochalcogens.’’ It also introduces the possibility
of observing effects due to methyl rotation, as has been reported
for related compounds, such as allyl methyl ether” [conformer
I, V5 = 8.71(13) kJ mol™}; conformer II, V3 = 9.93(13) kJ mol™!],
allyl methyl sulfide® [V3 = 7.41(34) kJ mol™!], methyl vinyl
ether’! [V3 = 16.03(42) k] mol™'], and ethyl vinyl ether*” [V;
=12.85(10) k] mol™!].

In this article, the conformational equilibria of AEE and AES
are reported for the first time using Fourier transform microwave
(FTMW) spectroscopy aided by B3LYP-D3(BJ)/aug-cc-pVTZ calcu-
lations. The computational results predicted unique conformational
landscapes for both species and were used to assign rotational tran-
sitions for three conformers of AEE and two conformers of AES.
The experimental rotational constants of several isotopologues of
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conformers I of AEE and AES were then used to accurately derive
their experimental substitution (rs) and ground state effective (ro)
geometries. For conformers I and II of AEE, a splitting consistent
with the methyl internal rotation was resolved sufficiently to derive
experimental V3 barriers that are in good agreement with theo-
retical estimates. Natural bond orbital (NBO)** and non-covalent
interaction (NCI)** analyses provide insights into the molecular-
level interactions that give rise to unique geometric forms in the
conformational mixtures of AEE and AES.

EXPERIMENTAL METHODS

Commercial samples of AEE (95%, bp: 67 °C) from Sigma-
Aldrich Canada and AES (97%, bp: 115-116 °C) from Alfa Aesar
Canada were used without further purification. A gas mixture was
prepared for each compound with ~1% AEE or AES diluted in neon
(100-200 kPa) using the vapor pressure from the liquid samples at
room temperature. To generate a supersonic jet, the gas mixtures
were expanded through a pulsed nozzle (1 mm diameter) into the
high vacuum chambers of the spectrometers. The rotational spectra
of AEE and AES were then obtained using both chirped-pulse (cp)*’
and Balle-Flygare (BF)'® FTMW instruments, which were previ-
ously described in detail.””** Initially, a survey cp-FTMW spectrum
of each compound was collected in the frequency range of 8-18 GHz
in segments of 2 GHz each and used to assign the most intense tran-
sitions of the conformers of AEE and AES. Later, on the basis of the
survey spectrum, final frequency measurements were done using the
higher resolution, higher sensitivity BE-FTMW spectrometer from 5
to 23 GHz. The collinear arrangement of the resonator axis and the
molecular beam in the BE-FTMW spectrometer creates a Doppler
splitting of the observed transitions, and the transition frequency is
taken as the arithmetic mean of the doublet. With this instrument,
rotational transitions have line widths of ~7 kHz (FWHM) and the
uncertainty in measuring line positions is typically 2 kHz.

COMPUTATIONAL METHODS

The arrangement of the heavy atoms of the organic side
chains is described by three dihedral angles 6, ¢, and A (defined
in Fig. 1) and gives rise to the various conformers of AEE
and AES. Initially, a conformational search was performed using
the Conformer-Rotamer Ensemble Sample Tool (CREST) at the
GFN2-xTB* level of theory making use of extended tight binding
(xTB).””" The conformational search identified 34 and 44 possi-
ble molecular geometries for AEE and AES, respectively. Next, these
potential geometries were optimized using dispersion-corrected
density functional theory (DFT) at the B3LYP*2-D3(BJ)**” 4/aug—
cc-pVTZ> level using the Gaussian 16 program.”® To confirm the
nature of the stationary points and to obtain electronic energies with
zero-point energy (ZPE) corrections and quartic centrifugal distor-
tion constants, harmonic frequency calculations were performed. To
generate the interconversion pathways between conformers, relaxed
potential energy curves were derived for both molecules at the same
level of theory from a series of single point energy calculations
involving a change in the dihedral angle of interest by 10°. In a
similar manner, the methyl internal rotation barriers (V3) were cal-
culated and are plotted in Fig. 2 for conformers I and II of AEE. To
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FIG. 2. Methyl internal rotation potential energy scan for AEE conformers | and Il at the B3LYP-D3(BJ)/aug-cc-pVTZ level of theory. The analogous barrier in conformer Il
was found to be 11.97, and it was 11.20 and 11.84 kJ mol=" in conformers | and Il of AES, respectively.

investigate intra- and intermolecular contacts, non-covalent inter-
action (NCI)** and natural bond orbital (NBO)** calculations were
done using the NCIPLOT*” and NBO 7.0°® programs, respectively.

RESULTS
Conformational space of AEE and AES

A surprisingly rich conformational space was identified for
both AEE and AES, as geometry optimization calculations identified
14 unique conformers for AEE within 13.4 k] mol™" and 12 for AES
within 13 kJ mol™!. The Cartesian coordinates of all conformers of
AES and AEE are summarized in the ESI (Electronic Supplementary
Material File) in Tables S1-S26. Their calculated energetic and spec-
troscopic parameters at the B3LYP-D3(BJ)/aug-cc-pVTZ level of
theory are given in Table I. As high energy conformers are not antic-
ipated to be sufficiently populated at room temperature to persist

in the supersonic jet for microwave spectroscopic detection, only
conformers with relative energies within 5 kJ mol™" of the global
minimum were considered further and these geometries are shown
in Fig. 1 for both compounds. The labeling of conformers was done
using Roman numerals to describe their stability ordering, where
conformer I is the most stable conformer (relative energy set to
Zero).

Spectral analysis

The theoretical results (Table I) were used to simulate the
rotational spectra of the low-energy forms of AEE and AES for com-
parison with the experimental data. From this, transitions due to
three near prolate top conformers of AEE and two conformers of
AES were assigned in the cp-FTMW spectrum. For the ground states
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TABLE . Calculated energetic and spectroscopic parameters for the conformers of AES and AEE at the B3LYP-D3(BJ)/aug-

cc-pVTZ level of theory.

AES N P’ A/B/C’ |utal/ o/ fptc |
I 0.0 55.8 3667/2049/1531 0.5/1.3/0.2
I 22 23.1 4792/1626/1312 0.5/1.2/0.6
Il 46 8.9 3518/2140/1499 0.8/1.1/0.7
v 7.6 2.6 6998/1309/1199 0.7/1.3/0.9
\% 8.2 2.0 4166/1794/1644 0.0/1.4/0.7
VI 8.3 1.9 7556/1275/1188 0.7/1.3/0.8
VII 8.8 1.6 4881/1576/1375 0.1/1.6/0.2
VIII 9.0 1.4 7193/1283/1190 0.0/1.2/1.0
IX 9.4 1.3 4944/1582/1317 0.5/1.2/1.1
X 10.8 0.7 3741/2087/1623 0.1/0.9/1.4
XI 12.8 0.3 7341/1404/1261 0.9/1.5/0.6
XII 13.0 0.3 9831/1267/1146 0.6/1.7/0.0
AEE AEq’ p" A/B/C’ |tal /o /e
I 0.0 31.7 9584/1712/1493 0.7/1.2/0.0
1 0.8 23.0 8502/1745/1582 0.5/0.9/0.5
I 1.3 18.8 15000/1385/1346 0.3/1.1/0.0
v 2.8 10.3 6998/2069/1761 0.1/0.2/1.2
\% 5.4 3.6 10237/1703/1602 1.1/1.1/0.4
VI 5.6 33 6169/2113/1845 0.3/1.2/0.1
VII 6.3 25 10729/1572/1462 0.6/0.6/1.0
VIII 7.0 1.9 12836/1487/1451 0.6/0.7/0.9
IX 7.3 1.7 7947/1966/1803 0.3/0.2/1.3
X 7.6 15 5434/2376/1886 0.5/0.8/0.8
XI 9.0 0.8 5621/2478/2027 0.5/0.1/1.3
XII 113 0.3 7988/1866/1629 0.5/0.6/1.1
XIIT 11.4 0.3 11737/1554/1534 0.3/0.2/1.3
XIV 13.4 0.1 6639/2031/1704 0.1/0.5/1.2

Zero-point energy (ZPE) corrected relative energies in kJ mol ™.

®Boltzmann population at 298 K in %.
“Rotational constants in MHz.

dMagnitude of the electric dipole moment components in Debye.

— Conformerl

— Isotopes of Conformer |
— Conformer ll

— Conformerlll

Experimental

Wb L
T

IO o
| | | | ‘u fl
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9200 9600

FIG. 3. Portion of the broadband cp-
FTMW spectrum (1.5 x 108 free induc-
tion decays) of AEE for conformer | and
its minor heavy atom isotopic species,
plus those of conformers Il and Ill. The
top portion is the experimental spectrum,
and the lower portion is the simulated
spectrum using the fitted parameters.
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(conformer 1) of AEE and AES, transitions due to all five >C iso-
topologues were also observed in natural abundance, as were those
of the **S analog of AES with intensities of ~1% and ~4% of the
corresponding parent lines, respectively. A portion of the broad-
band spectrum of AEE featuring transitions of the three assigned
conformers is shown in Fig. 3, revealing spectral intensities that are
qualitatively consistent with the predicted populations and dipole
moments. A more quantitative analysis of the observed intensities,
to confirm the conformer abundances, is challenging because of
variations in instrument response across the spectral region and
differences in spectroscopic constants such that comparable transi-
tions have distinct energies. The initial assignments were confirmed
using measurements from the BE-FTMW spectrometer, and addi-
tional transitions were recorded to extend the frequency coverage
and augment the dataset with lower intensity features.

During higher resolution measurements of AEE, a splitting pat-
tern was observed in some transitions of conformers I and II. These
were readily resolved for 20 strong Q-branch b-type transitions of
conformer II with K,” = 2 and also for the R-branch a-type transi-
tions (both conformers) and P-branch b-type transitions (conformer
I) with K,” = 3. Initially, we attempted to model the splitting as a tun-
neling motion involving a torsion of the allyl group as reported for
allyl methyl amine,”! but this was not consistent with the observed
c-type transitions, which would need to connect the tunneling states
(+/-) to create closed loops in the energy level diagram. In the end,
the tunneling splitting was successfully treated as a methyl rotation
with the individual components fit to the A/E states of the internal
rotor. A sample spectrum is shown in Fig. 4. Although conformer III
has a similar V3 barrier for this motion, splitting was not observed
in its spectrum. This was attributed to the fact that only the more
intense K, = 0 and 1 transitions were measured for this higher energy
form. In conformers I and II, the analogous lower K, transitions did
not exhibit splitting.

For molecular species whose spectra showed no tunneling split-
ting, rotational transitions were fit using Pickett’s SPFIT program®”

ARTICLE scitation.org/journalljcp
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FIG. 4. A sample of the BF-FTMW spectrum showing the A/E splitting pattern due
to the methyl internal rotation in conformer | in addition to the Doppler splitting of
the instrument.

with Watson’s A-reduced Hamiltonian®® in the I" representation

to determine the experimental ground state rotational constants
and centrifugal distortion constants. The results are provided in
Tables II and III for the conformers and isotopologues of AES and
AEE, respectively. For conformers I and II of AEE, the observed
spectra were fit using the XIAM program,®’ which accounts for the
methyl internal rotation using the combined axis method (CAM)
and allows the derivation of key parameters for the molecule and
the methyl rotor, including the V3 barrier. This was done by assum-
ing a value of the rotational constant of the methyl top (Fo) as
well as the angle between the rotor a-axis and the principal iner-
tial a-axis of the molecule (A) based on the theoretical geometry
obtained from the B3LYP/D3(BJ)/aug-cc-PVTZ level of theory. The
parameters determined in the fit are summarized in Table III and

TABLE II. Experimental spectroscopic parameters of AES for conformer |, including its 3C and S isotopologues, and conformer Il.

SPFIT
Parameter Conformer I Bcl B2 B3¢c3 g Bca B¢s Conformer II
A (MHz)" 3715.979404(78) 3687.22654(48) 3713.84057(47) 3688.17448(53) 3655.33974(19) 3695.58856(72) 3649.42822(39)  4890.405 41(17)
B (MHz) 2038.353451(57) 1994.35965(84) 2011.43017(82) 2029.04156(92) 2028.02220(18) 2021.8542(12) 2014.12893(49) 1621.808257(76)
C(MHz) 1530.615636(54) 1501.05836(48) 1515.45705(47) 1525.45944(52) 1514.60159(11) 1521.78901(72) 1507.45448(22) 1315.459 828(69)
Ay (kHz)" 2.276 46(72) 2.176(24) 2.202(24) 2.216(27) 2.1802(24) 2.181(37) 2.323(13) 0.85223(86)
A (kHz) — —3.9803(21) —3.298(76) —3.868(74) —4.022(86) —3.237(13) —3.89(11) —4.765(55) —5.8879(58)
Ak (kHz) 7.499 0(34) 6.588(65) 7.641(64) 7.743(72) 6.403(12) 7.395(85) 8.674(50) 21.231(17)
&) (kHz) 0.82056(32) 0.773 8(98) 0.789 2(96) 0.799(11) 0.786 2(15) 0.780(15) 0.845 8(59) 0.266 99(50)
8k (kHz) 3.046 3(33) 3.23(24) 2.90(23) 2.68(25) 3.181(20) 2.52(34) 2.626(83) 1.359(15)
Ma/Hb/He' ylyly y/y/n y/y/n y/y/n yly/n yly/n yly/n ylyly
N¢ 110 22 22 22 46 24 23 85
o (kHz)" 1.2 0.9 0.9 1.0 1.2 1.4 0.8 1.3

*Rotational constants.
®Quartic centrifugal distortion constants.

« » « »

“Electric dipole moment components (“y” if observed and “n” if not observed).

4Total number of lines (N) in the fit.

“Root-mean-square error of the fit (6). A complete list of the calculated rotational parameters at the B3LYP-D3(B]J)/aug-cc-pVTZ is given in Table S27.
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TABLE Il. Experimental spectroscopic parameters of AEE for conformer |, including its '3C isotopologues, conformer 11, and conformer 1.

XIAM SPFIT XIAM SPFIT
Parameter Conformer I Bc1 B2 Bcs By Bcs Conformer II Conformer III
A (MHz)'  9469.24234(37) 9297.71651(46) 9453.45716(50) 9322.08486(49) 9429.01237(45) 9396.64993(49) 8444.66706(55) 14855.879 28(48)
B (MHz) 1724.23322(8) 1694.48529(12) 1700.41437(14) 1721.64552(16) 1708.89034(13) 1684.76859(13) 1754.76066(12) 1389.648 74(11)
C (MHz) 1500.88913(12) 1474.05160(11) 1482.44124(13) 1495.19360(12) 1488.28301(11) 1469.14317(11) 1587.99554(14) 1350.728993(91)
A; (kHz) 0.275 68(69) 0.273 9(10) 0.265 1(13) 0.2727(18) 0.268 8(11) 0.2661(12) 0.8631(11) 0.20491(84)
A (kHz) —2.5459(69) —2.581(13) —2.454(15) —2.477(17) —2.504(13) —2.514(13) —14.2207(65) —12.752(22)
Ax (kHz) 27.052(31) [27.052] [27.052] [27.052] [27.052] [27.052] 102.29(11) [371.092]
&) (kHz) 0.059 49(35) 0.0639(12) 0.059 4(17) 0.0611(15) 0.060 4(13) 0.059 4(13) 0.206 45(17) —0.007 25(46)
8k (kHz) 0.719(28) [0.719] [0.719] [0.719] [0.719] [0.719] 1.728(46) [~1.363]
Vs (/mol)  12.172(55) 12.373(32)
Fo (GHz) [160.291] [160.309]
A (rad) [2.295] [2.838]
Ha/Hb/He” yly/n yly/n yly/n yly/n yly/n yly/n ylyly yly/n
N¢ 138 30 30 29 32 31 164 30
o (kHz)" 2.9 1.1 1.3 1.2 1.2 1.2 2.9 1.1

*Rotational constants.
bQuartic centrifugal distortion constants.

“Electric dipole moment components (

« » « »

4Total number of lines (N) in the fit.
“Root-mean-square deviation of the fit (o). The values in brackets for the isotopes were fixed to the conformer I values; for conformers I and I, to the values derived from theoretical
molecular geometry obtained at the B3LYP-D3(BJ)/aug-cc-pVTZ level; and for conformer III, to the predicted values obtained at the same level of theory. A complete list of the
calculated rotational parameters at the BBLYP-D3(BJ)/aug-cc-pVTZ level is given in Table S28.

compared with those derived from SPFIT (Table IV), where tran-
sitions within the two states (A/E) were treated separately. The
complete line lists of the observed transition frequencies are given
in Tables S29-548, with the residuals (obs-calc) from the two fitting

y” if observed and “n” if not observed).

TABLE IV. Experimental spectroscopic parameters of AEE for conformer | and conformer Il using SPFIT and XIAM.

methods. Overall, the experimentally derived rotational and cen-
trifugal distortion constants are in good agreement with their
theoretical counterparts in Tables S27 and S28 of the electronic
supplementary material. Furthermore, the internal rotation barriers

SPFIT XIAM SPFIT XIAM
Parameter Conformer I(A) Conformer I(E) Conformer I Conformer II(A) Conformer II(E) Conformer II
A (MHz)" 9469.242 63(48) 9469.243 4(12) 9469.242 34(37) 8444.667 09(47) 8444.668 7(23) 8444.667 06(55)
B (MHz) 1724.223 937(89) 1724.223 94(22) 1724.23322(8) 1754.749 66(11) 1754.749 59(55) 1754.760 66(12)
C (MHz) 1500.898 35(14) 1500.898 63(34) 1500.889 13(12) 1588.006 53(13) 1588.006 57(62) 1587.995 54(14)
Ay (kHz)" 0.274 88(80) 0.276 8(20) 0.275 68(69) 0.8632(10) 0.8629(51) 0.863 1(11)
A (kHz) ~2.5383(80) ~2.541(20) ~2.5459(69) —14.2201(59) —14.227(29) —14.220 7(65)
Ax (kHz) 26.902(36) 27.197(90) 27.052(31) 101.40(10) 103.24(50) 102.29(11)
§; (kHz) 0.059 81(41) 0.059 4(10) 0.059 49(35) 0.206 39(15) 0.20647(75) 0.20645(17)
Ok (kHz) 0.723(33) 0.661(81) 0.719(28) 1.753(42) 1.72(21) 1.728(46)
V3 (kJ/mol) 12.172(55) 12.373(32)
F, (GHz) [160.291] [160.309]
A (rad) [2.295] [2.838]
Ha/ Mo/ e yly/n yly/n yly/n yiyly ylyly ylyly
N¢ 69 69 138 82 82 164
o (kHz)® 23 5.6 2.9 1.8 8.8 2.9

*Rotational constants.

6€:11:81 ¥20T dunr 90

®Quartic centrifugal distortion constants.

“Electric dipole moment components (“y” if observed and “n” if not observed).

“Total number of lines (N) in the fit.

4Root-mean-square deviation of the fit (o). For conformers I and II, the values in the brackets were fixed to the values derived from theoretical molecular geometry obtained at the
B3LYP-D3(BJ)/aug-cc-pVTZ level of theory.
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of the methyl group for conformers I and II of AEE, 12.172(55)
and 12.373(32) k] mol ™, respectively, are very similar to those from
the B3LYP-D3(BJ)/aug-cc-pVTZ calculations (12.09 and 12.10 kJ
mol ™), which lends support to the assertion that methyl rotation is
the origin of the observed splitting. This is similar to the V3 barrier
found in ethyl vinyl ether [12.85(10) k] mol™']** by analyzing rota-
tional transitions in excited vibrational states when the ethyl adopts
a comparable orientation relative to the bridging oxygen atom.

Structure determination

With rotational spectra observed for multiple isotopic species
of the ground states of AEE and AES, their internal geometric para-
meters involving the heavy atoms were estimated using the experi-
mental rotational constants given in Tables IT and II1. First, the posi-
tions of the substituted atoms were determined from Kraitchman’s
equations® as executed in Kisiel’s KRA program.®” The signs of the
Kraitchman coordinates were deduced by comparing the positions
of atoms in the equilibrium geometry (r.) at the BSLYP-D3(BJ)/aug-
cc-pVTZ level of theory, and the imaginary c-coordinate for oxygen
in AEE was set to zero in the subsequent analysis as it lies in the

TABLE V. Equilibrium (re) (B3LYP/aug-cc-pVTZ), substitution (rs), and ground state
effective (o) structural parameters (bond lengths in A; angles in deg) determined for
AES.

e Is To

CI-C2 1.328 1.339(8) 1.343(8)
C2-C3 1.489 1.498(6) 1.482(10)
C3-S 1.841 1.810(8) 1.832(5)
S-C4 1.827 1.808(6) 1.796(5)
C4-C5 1.521 1.523(3) 1.536(8)
2C1-C2-C3 124.3 123.0(7) 123.8(8)
2(C3-S-C4 101.0 100.8(1) 100.9(2)
£8-C4-C5 114.5 114.3(5) 114.4(4)
28-C3-C2 112.1 112.6(5) 112.5(5)
2C1-C2-C3-S§ -113.2 -116.5(5) —115.3(8)
2C2-C3-5-C4 62.8 62.7(7) 63.3(5)

2(C3-8-C4-C5 69.3 69.8(6) 69.4(4)

b
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TABLE VL. Equilibrium (re) (B3LYP/aug-cc-pVTZ), substitution (rs), and ground state
effective (o) structural parameters (bond lengths in A; angles in deg) determined for
AEE.

Te Ts To

C1-C2 1.325 1.328(7) 1.337(10)
C2-C3 1.494 1.505(6) 1.498(8)

C3-0 1.408 e 1.398(14)
0-C4 1.417 e 1.407(9)
C4-C5 1.513 1.514(4) 1.513(8)
2C1-C2-C3 125.4 124.7(6) 124.7(4)
2C3-0-C4 113.2 e 113.3(13)
20-C3-C2 111.3 111.2(6)
20-C4-C5 108.8 109.1(9)

ab-plane of the molecule. The results are given in Table S49 of the
ESL The atomic positions and their Costain errors®* were then used
to calculate the internal parameters of the rs geometry using the
EVAL routine,* and the results are summarized in Tables V and VI
for both molecules. For AES, the r. and rs values for most para-
meters match to within two standard deviations with the exception
of a few, r(C3-S), r(S-C4), and « C1-C2-C3-S, that depend on the
position of sulfur, which is not well-determined due to its small
c-coordinate (—0.086 28 + 0.017 39 A from Table S49). As the signal
was not sufficient to observe transitions of "*O for AEE, fewer para-
meters were determined in comparison with AES, but all derived
values are within two standard deviations of the r. values.

Next, the effective ground state geometries (ro) of AES and AEE
were derived using Kisiel's STRFIT program,*® which performs a
least squares fit of the selected geometric parameters to the moments
of inertia of all observed isotopologues. For AES and AEE, 21 and
12 rotational constants were used in the fit, respectively. Since all of
the heavy atoms in AEE are in the ab-plane (Fig. 5), the geometry
was derived using only 2 rotational constants (A and B) for each
isotopologue. The internal coordinates involving the hydrogen
atoms for both AEE and AES (and oxygen in the case of AEE) were
fixed to the computationally derived values at the B3LYP-D3(BJ)/
aug-cc-pVTZ level of theory. The resulting ro parameters are sum-
marized in Tables V and VI and, based on agreement with the

FIG. 5. Molecular geometries of conform-
a ers | of AES and AEE corresponding to

113.3(12)

AEE

the parameters in Tables \/ and VI.
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theoretical predictions, provide confirmation that the assigned spec-
tra arise from conformers I of AEE and AES. It is interesting to note
that the bridging angle C-S-C (~101°) in the sulfide is smaller than
the C-O-C angle (~113°) in AEE. This is analogous to what was
reported in DAE and DAS* and is consistent with the hybridization
of the bridging atoms identified from the NBO calculations,” with
the C-S bonding orbitals on sulfur possessing a larger p-character
(84%-85.03%) and favoring angles closer to those of atomic
p-orbitals in AES compared to those on oxygen (72.2%-72.05%) in
AEE, where the geometry at the center atom is closer to tetrahe-
dral. This result confirms that hybridization models of bonding used
to understand the molecular geometry of organic compounds that
include second row elements (such as an sp> hybridized oxygen in
this case) do not necessarily describe the bonding in heavier p-block
elements.

DISCUSSION

Quantum chemical calculations predicted rich conformational
landscapes for both AEE and AES arising from variations in the
three dihedral angles that define the orientation of the organic frag-
ments. In the jet-cooled rotational spectrum, the relative stabilities of
the three lowest energy conformers of AEE and the two most stable
conformers of AES were confirmed based on the observed spectral
patterns that were consistent with the theoretical energy ordering.
The absence of higher energy conformers is fairly common in jet-
cooled studies, as it is well known that these can relax to lower energy
geometries during the molecular beam expansion if the interconver-
sion barrier is smaller than ~5 kJ mol™.%° To further investigate the
absence of conformer IV in AEE and conformer III in AES (as their
relative energies indicate room temperature Boltzmann populations
of around 9%-10%), potential relaxation pathways were calculated
using systematic scans of the dihedral angles involved in the inter-
conversion between these and lower energy conformers. Figure 6
shows the energy profile for the conversion of conformer III — II

N
o

-
[=2]

-
N

1)

©o

I

Relative energy (kJ mol)

(=]

180 240 300
A (Degree)
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(barrier ~1.7 k] mol™") of AES and conformer IV — I of AEE (bar-
rier ~4.9 k] mol ') by changing the A and ® dihedral angles (Fig. 1),
respectively, while other parameters are relaxed. These barriers are
sufficiently low to enable relaxation and explain the absence of tran-
sitions attributable to conformers III of AES and conformer IV of
AEE in the rotational spectrum.

For AEE and AES, the computational results in Table I high-
light a distinct difference from the earlier study of the related diallyl
compounds,’® as now, the S-bridged compound exists as a mix-
ture of conformers at room temperature with three structures falling
within a 5 kJ mol™! energy window rather than one dominant form
as in the earlier study of DAS. While it remains true that the lighter
congener AEE still has the more competitive conformational equi-
librium (as the conformers are more closely spaced energetically
than for AES in Table I), the inclusion of an ethyl side chain has dras-
tically altered the richness of the conformational equilibria for the
S-bridged compound. Even more notable is that the predicted con-
former geometries of AEE and AES are substantially different and
surprisingly, this is even true for the lowest energy form (Fig. 1) in
contrast to the case of DAE and DAS,*® in which the organic groups
were similarly oriented in the ground state structures. A closer
inspection of the most stable structures in Fig. 1 shows that in AES,
the allyl side chain is described by dihedral angles (6 and ¢) of similar
magnitude such that the conformers are largely differentiated by the
orientation of the ethyl fragments (A). The opposite dependence is
seen in the lowest energy forms of AEE, with the ethyl groups adopt-
ing similar positions (A) while the dihedral angles describing the allyl
fragment (0 and ¢) vary. The results of this comparison suggest that
the bridging chalcogen atoms (oxygen vs sulfur) engage in unique
interactions with saturated and unsaturated organic groups and that
this key difference governs the conformational preferences of AEE
and AES.

To identify possible non-covalent interactions that give rise
to such distinct conformers of AES and AEE and to understand
the underlying reasons for the energy ordering, we plotted isosur-
faces of the reduced electron density gradient derived from NCI

=

Relative energy (kJ mol-)
(2]

180 240
® (Degree)

60 120 300

FIG. 6. Interconversion relaxation pathways (a) AES = Ill — Il and (b) AEE = IV — | attained at the B3LYP-D3(BJ)/aug-cc-pVTZ level of theory.
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for (a) AEE conformers I-IV and (b) for
conformers |-l of AES.
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calculations.” For AEE, the results (Fig. 7) reveal blue-green and
red regions that reflect the balance of attractive and repulsive inter-
actions, respectively. In conformer I, the overall stabilizing influence
seems to be due to attractive interactions between the terminal C-H
bond of the allyl fragment and the oxygen atom (C-H- - -O), as seen
by the blue isosurface appearing between these moieties. Similar

interactions (C-H- - -N) were reported in the lower energy forms of
diallyl amine (DAA)* and in a number of the low energy forms of
DAE (although not the global minimum)’® where the allyl group
adopts an analogous orientation. For the remaining conformers of
AEE and AES depicted in Fig. 7, it is difficult to predict the rea-
son for the stability ordering due to the presence of largely green

TABLE ViIL. Select second-order perturbation energy for conformers I-IIl of AES and conformers |-IV of AEE with charge
transfer interactions involving the lone pair (LP) on S and O. Figure 1 displays the labels for the atomic numbers, and the

complete results are listed in ESI, Table S50.

Conformer I E Conformer II E Conformer III E
AES interaction (kJ/mol) (kJ/mol) (kJ/mol)
LP1(S) g ()'*C4—Hl e 3.6
LP»(S) — 0* Cs—H o 16.6 5.8
LP,(S) - 0¥ Cy-H’ 14.8 16.7 3.1
LPi(S) = 6" C5-Cy 3.7
LPz(S) - O'*Cs—C4 17.4 20.6
LP,(S) - 0*Cs-H’ 3.6 42
Conformer [E ~ Conformer IIE  ConformerIIIE ~ Conformer IV E
AEE interaction (kJ/mol) (kJ/mol) (kJ/mol) (kJ/mol)
LP;(0O) = 6" C3-C, 5.4 3.3 4.6 2.5
LPz(O) g O'*C3—C2 e 27.2 e 4.7
LPz(O) - T[*Cz—cl R 4.9 R 3.8
LP,(0) - ¢*C3-H 3 49 3.1 cee
LP;(0) - ¢*C3-H’ 3 11.1
LP,(0) —» 0*Cs-H 28.6 27.2 25.1 10
LP,(0) - ¢*C3-H’ 28.6 e 29.6 7.3
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isosurfaces, which indicate a combination of weak contacts between
different bonds or atoms that can be either net attractive or repul-
sive interactions (referring to the color-coded scale in Fig. 7). In
such cases, second-order perturbation energies from NBO analy-
ses can help identify specific orbital interactions and their relative
importance in stabilizing the conformer.

The stabilizing interactions identified via NBO analysis are pro-
vided as the supplementary material in Table S50, and a shorter
summary is provided in Table VII to highlight some key interac-
tions involving the lone pair (LP) electron density on sulfur and
oxygen. For AES, for example, there are no significant differences
in the intramolecular contacts between sulfur and the allyl fragment
(Table S50) for the three stable conformers. This is consistent with
the 8 and @ dihedral angles being similar for all three; however, note
that conformer III differs from the other two in the signs of both 6
and ¢, but the magnitude is comparable. This orientation of the allyl
fragment is also observed for the most stable geometries of both DAE
and DAS, where both side chains point downward, and was found to
facilitate charge transfer of LP electron density from the chalcogen to
the n* orbital of the C=C bond. Maintaining the stability offered by
this orientation of the allyl group, the relative energies of conform-
ers I through III are then dependent on LP donation from sulfur
into the C-C bond [LP(S) — ¢ * C5-C,4] and neighboring methylene
C-H bonds [LP(S) » ¢*C4-H] of the ethyl fragment. The corre-
sponding second-order perturbation energies for these interactions,
which vary with A (i.e., the orientation of ethyl), are summarized in
Table VII for AES.

Interestingly, as noted earlier, the ethyl side chains in the most
stable conformers of AEE are positioned similarly and it is the
unique interactions between the LP electron density on oxygen and
the allyl fragments that influence the relative energies of the first
four conformers. In this case, the conformational equilibrium is very
competitive, as seen by the similar energies in Table I, and thus, it is
difficult to pinpoint a specific interaction or set of interactions that
give rise to this energy ordering. The overall ordering is, instead, a
balance of many subtle effects, of which only a small subset involv-
ing the allyl fragment is included in Table VII in AEE. In comparing
the NBO results for AEE and AES, the overarching trend appears to
be that it is the bridging atom’s LP interactions with the saturated
side chains that are most important for defining the relative stabil-
ity of conformers in the sulfide and with the (partially) unsaturated
group in the case of the ether. It would be interesting to extend this
to other side chains, and in fact, we are currently pursuing several
other examples to test the universality of this finding.

CONCLUSIONS

The conformational equilibria of AEE and AES were charac-
terized using quantum chemical calculations and Fourier transform
microwave spectroscopy. Rotational transitions consistent with the
three lowest energy forms of AEE and the two most stable conform-
ers of AES were assigned. A tunneling splitting in the high resolution
spectra of conformers I and II of AEE was attributed to methyl
internal rotation and used to derive the corresponding V3 barri-
ers that were consistent with theoretical predictions. The results of
this study highlight the dramatic differences in the stability of vari-
ous conformers of AEE and AES upon replacing the bridging atom

ARTICLE scitation.org/journalljcp

from oxygen to sulfur. The experimentally derived structural para-
meters for the ground state conformers of AEE and AES revealed
that the C-X~C angle is 12° smaller in the latter due to the greater
p-orbital character of bonding orbitals on sulfur. More surprising,
however, are the distinct orientations of organic side chains in the
ether vs sulfide species. Based on NBO calculations, this appears
to arise from stabilizing orbital interactions involving the lone pair
electron density on the bridging atom. For AEE, it is the unique
LP(O) donation to the allyl fragment that drives the energy order-
ing of the lowest conformers, while it is the differences in the LP(S)
donation to the ethyl group that define the relative stabilities in AES.
The results presented here for AEE and AES highlight the subtle but
critically important nature of intramolecular interactions that stabi-
lize distinct geometries of organic ethers and sulfides. The surprising
variability in the relative energies and shapes of these organochalco-
gens reaffirms the role that rotational spectroscopy and quantum
chemistry play in informing improved models of bonding, structure,
and dynamics that may inspire the design of novel compounds with
desirable functional properties.

SUPPLEMENTARY MATERIAL

Appendix 1: Cartesian coordinates for the energy minima
of AES and AEE. Appendix 2: Calculated energetic and spectro-
scopic parameters for conformers I and II of AES and conformers
I-III of AEE. Appendix 3: Assigned transitions for the observed
species of conformers I and II of AES and conformers I-IIT of AEE.
Appendix 4: Kraitchman coordinates of conformer I of AES and
AEE. Appendix 5: NBO analysis for conformers I-III of AES and
conformers I-IV of AEE.
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