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The structural and conformational properties of etheneselenocyanfle=¢tHSeG=N) have been explored

by microwave spectroscopy and quantum chemical calculations performed at the MP2/aug-cc-pVTZ and
B3LYP/aug-cc-pVTZ levels of theory. The spectra of two rotameric forms were assigned. The more stable
form has a synperiplanar conformation, whereas the less stable form has an anticlinal conformation characterized
by a C-C—Se—C dihedral angle of 163(3)from the synperiplanar position {0 The synperiplanar form

was found to be 4.5(4) kd/mol more stable than the anticlinal form by relative intensity measurements performed
on microwave transitions. The spectra of several isotopologues and two vibrationally excited states were
assigned for the synperiplanar conformer. The anticlinal rotamer displays a complicated pattern of low-
frequency vibrational states, which is assumed to reflect the existence of a small potential hump at the
antiperiplanar (189 conformation. The predictions made in the MP2 and B3LYP calculations are in reasonably
good agreement with the experimental results in some cases, whereas rather large differences are seen for
other molecular properties.

Introduction

Very few experimental gas-phase studies of structural and
conformational properties of organic selenocyanates have beer
reported. The structure, dipole moment, and barrier to internal
rotation of the methyl group of methyl selenocyanate
(CH3SeCN) have been investigated by Sakaizumi éfaising
microwave (MW) spectroscopy. Rotational isomerism is pos-
sible for ethyl selenocyanate (GEH,SeCN). One conformer, ' »
which has a synclinals¢) conformation for the €C—Se-C
chain of atoms, was found in a MW stuély.

The synthesis of etheneselenocyanat€&+CHSeCN (hence-
forth called ESE), was recently reportéaljowing experimental Figure 1. The anticlinal &c) and synperiplanarsf) conformers of
\t/)vorkhtot bel petrforme(éij (l)\lnl\/ltgs comtpound. .ESE was Charatcterlzte d H2C=CHSeG=N with atom numbering. The MW spectra of both these

Yy photoelectron and SPECIroscopIes, Mass SPeCromelry yqiamers were assigned in this work. Térotamer is 4.5(4) kd/mol
and quantum chemical calculations in this stddfhese more stable than thac conformer, which has a GiC2—Se6-C7
calculation$ indicate that two rotameric forms exist for ESE. dihedral angle of 166(3)from sp (0°).
The more stable form was predicted to have a synperiplanar
(sp conformation for the €C—Se—C chain of atoms, whereas  conformational studies of gaseous species. The spectroscopic
the less stable rotamer was calculated to have an anticéial ( work has been augmented by high-level quantum chemical
conformation for this link of atoms. These two conformers are calculations, which were conducted with the purpose of obtain-
depicted in Figure 1. ing information for use in assigning the MW spectrum and

The fact that so few conformational studies have been investigating properties of the potential-energy hypersurface.
performed for selenocyanates motivated the present work. We
also wanted to compare the properties of selenocyanates withExperimental Section
those of thiocyanates, which are much better known, 10 gynthesis Etheneselenocyanate is malodorous and potentially

investigate the influence of the selenium atom on the confor- i~ Al reactions and handling should be carried out in a
mational and structural properties. The methods we have usedg||_,entilated hood.

are MW spectroscopy and high-level quantum chemi.cal calcula-  The sample used in this experiment was synthesized and
tions. MW spectroscopy was chosen because of its high aceuracy, rified as described previoushThis experimental procedure

and resolution, making this method especially suitable for s repeated in the Supporting Information for the convenience
of the reader.

*To whom correspondence should be addressed. E-mail:  \jicrowave Experiment. The MW spectrum was recorded
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Figure 2. The B3LYP/aug-cc-pVTZ potential function for rotation
about the C2Se6 bond. The values of the EC2—Se6-C7 dihedral
angle are given on the abscissa. A dihedral angle’ aiobresponds to
thespconformer, which is sketched on the left side of figure, whereas
a dihedral angle of 148corresponds to thac rotamer (right). The
observations are only in qualitative agreement with these predictions;
see text.

were measured with an estimated accuracy~@15 MHz.
Details of the construction and operation of this device, which
has a 2 mHewlett-Packard Stark cell, have been given
elsewheré:® The cell was cooled to roughly-20 °C while
recording the spectrum in the 230 GHz region to enhance

Mgllendal and Guillemin

hypersurface at abouf @sp) and 148.1 (ac) for the C1-C2—
Se6-C7 dihedral angle, with an energy difference of about
1.60 kJ/mol, withspas the more stable conformer. This function
has maxima at 70(9.79 kJ/mol above the energy &if) and at
18C° (2.34 kJ/mol above the energy aof). The barrier of
transformation from thetac to its mirror image, the—ac
conformer, is as low as 0.74 kJ/mol. This barrier has its
maximum at the exact antiperiplanapf conformation (180).

Separate B3LYP calculations of the energies and vibrational
frequencies were then performed for thigand ac rotamers.
The starting values of the CIC2—Se6-C7 dihedral angles
were chosen to be close td @nd 150, respectively. Full
geometry optimizations with no symmetry restrictions were
undertaken employing the default convergence criteria of
Gaussian 03. Thep conformer was found to have a symmetry
plane Cs symmetry) with the said dihedral angle being exactly
0°. The Ct-C2—Se6-C7 dihedral angle was found to be 148.1
in the ac rotamer. Only positive values were found for the
vibrational frequencies, as expected for these two minima on
the potential energy hypersurface. The electronic energy dif-
ference corrected for zero-point vibrational contributions was
calculated to be 1.20 kJ/mol widpas the more stable rotamer,
as compared to the uncorrected value of 1.60 kJ/mol referred
to above.

Analogous MP2 calculations were repeated for $jpeand
ac rotamers. Thesp form was again found to have exaCt
symmetry, whereas the €2—-Se6-C7 dihedral angle was
predicted to be 13728n theac conformer, about 10less than
that found in the B3LYP calculations. The vibrational frequen-

the intensity of the spectral lines. Lower temperatures, which cies found in these calculations are listed in Table 13S in the
would have increased the intensity of the spectrum even more,Supporting Information. The energy difference corrected for
could not be achieved, due to insufficient vapor pressure of ESE. zero-point vibrational effects was predicted to be 4.02 kJ/mol
The spectrum in the 4080 GHz interval is considerably  with spas the more stable in this case. The B3LYP and MP2
stronger than at lower frequencies and was therefore recordedresults for the energy difference between the two forms therefore
mostly at room temperature. Radio frequency microwave double vary by 2.8 kJ/mol, which are not unexpected given the large
resonance experiments (RFMWDR), similar to those performed number of electrons (62) involved in these calculations.
by Wodarczyk and .Wilsoﬁ,we're. also conducted to assign The MP2 and B3LYP geometries are listed in Table 1, while
unambiguously particular transitions. additional parameters obtained in these calculations for the most
abundant isotopologue (B=CH8°SeCN; 8Se occurs with
49.8% relative abundance) are displayed in Table 2, which also
Quantum-Chemical Calculations.The present ab initio and contains experimental results obtair}ed for the gr'ound vﬁbrational
density functional theory (DFT) calculations were performed States of bottsp and ac for convenient comparison with the
employing the Gaussian 03 suite of progrémenning on the  theoretical predictions. The principal axis coordinates calculated
64 processor HP “superdome” computer in Oslo. Electron from the B3LYP structure are given in Table 3, and projections
correlation was taken into consideration in the ab initio Of the ac andsp rotamers in thea—b principal inertial axis
calculations using the Maller-Plesset second-order perturbationSyStem are shown in Figure 3.
calculations (MP29.Becke’s three-parameter hybrid functiotal Comparison of the MP2 and B3LYP structural results (Table
employing the Lee, Yang, and Parr correlation functibhal 1) reveals that the structure of the vinyl AB=CH) group is
(B3LYP) was employed in the DFT calculations. Dunnidg’s ~ predicted to be similar in the two methods, because the bond
correlation-consistent tripl&-basis set, aug-cc-pVTZ, which  lengths and bond angles agree to within about 1 pm &nd 1
includes polarized functions for the valence electrons and is respectively. There are relatively larger disagreements between
augmented by additional diffuse functions, was used throughout C2—Se6, Se6-C7, and CEN8 MP2 and B3LYP bond lengths,
this work. Our MP2 and B3LYP/aug-cc-pVTZ calculations are Which differ by about 2-2.5 pm. The values of the CIC2—
at a somewhat higher level of theory than those of Bajor et al., S€6 angle agree to within approximatefy Whereas a discrep-
who conducted calculations at the MP2 and B3LYP/cc-pVTZ ancy of about 2is seen for the C2Se6-C7 angle. Interest-
levels4 ingly, both methods find that the E1C2—S6 angle in thesp
Rotation about the G2Se6 bond (Figure 1) produces form opens up by about’6n comparison with the same angle
rotational isomerism for ESE. B3LYP/aug-cc-pVTZ calculations in the ac rotamer, which may indicate that repulsion between
of the energies were therefore performed for thetd 180 the vinyl and selonocyanate group may play a role. The rather
interval in steps of 100of the C1-C2—Se6-C7 dihedral angle,  large difference (10:3 in the C}-C2-Se6-C7 dihedral angle
employing the scan option of the Gaussian 03 program, allowing has been alluded to above.
all remaining structural parameters to vary freely. The resulting  There are few experimental structures reported for seleno-
potential function shown in Figure 2 indicates that there are cyanates for comparison with the present calculations. However,
two minima (two “stable” conformers) of the potential energy in the substitution structuregt® of methyl selenocyanatethe

Results



Microwave Spectrum of HC=CHSeCN

TABLE 1: MP2 and B3LYP Geometries? of the ac and sp
Conformers of CH,=CHSeC=N

method: MP2 B3LYP
conformer: ac sp ac sp
Bond Length (pm)
Cil-C2 133.3 133.2 132.3 132.2
C1-H3 108.1 108.1 108.2 108.2
Cl-H4 108.1 108.2 108.2 108.1
C2-H5 108.1 108.3 108.0 108.2
C2-Seb6 189.9 189.8 192.7 192.4
Se6-C7 182.8 182.1 184.7 184.3
C7—N8 117.7 117.7 115.5 115.5
Angle (deg)
C2-C1-H3 120.0 119.2 120.1 119.6
C2-C1-H4 121.8 122.4 122.8 123.0
H3—-C1-H4 118.2 118.5 117.1 117.5
C1-C2—H5 123.2 122.4 123.8 123.1
C1-C2-Seb 120.7 126.6 1215 127.7
H5—C2—Seb6 116.0 111.0 114.6 109.2
C2-Se6-C7 95.7 96.2 97.2 98.4
Se6-C7—N8 178.6 179.1 177.8 178.9
Dihedral Anglé (deg)

H3—C1-C2-H5 0.8 0.0 0.9 -0.0
H3—-C1-C2-Se6 —174.3 180.0 -—1746 -—-180.1
H4—C1-C2-H5 —-179.4 —-180.0 -—179.3 —179.9
H4—C1-C2-Seb6 55 0.0 5.2 -0.0
Cl1-C2—-Se6-C7  —137.8 0.0 -—148.1 —0.0
H5—-C2-Se6-C7 46.8 —180.0 36.0 179.9
C2—Se6-C7—N5 —151.4 0.2 -—161.2 179.0

2aug-cc-pVTZ basis set.Measured fromsp = 0°.

C—Se bond length of the selenocyanate group is 183.6(11) pm
a bit longer than the MP2 values for the Se&7 bond length

and somewhat shorter than the B3LYP distance shown in Table

1. The G=N bond length in methyl selenocyanate is 116.2(9)
pm?2 which is somewhat shorter than the MP2 value, but longer
than the B3LYP prediction for the GIN8 bond (Table 1). The
equilibrium bond length of this functional group is not expected
to be accurately predicted by the methods of calculations
employed in this work.

The differences between the MP2 and B3LYP geometries
result in variations of severatM3—8) percent in the predicted

values of the rotational constants, as seen from Table 2. The

A-reduction quartic centrifugal distortion constdritsredicted

by the two theoretical methods differ significantly, and the
B3LYP dipole moment components are generally smaller or
similar to their MP2 counterparts (Table 2). The MP2 calcula-
tions predict that thep rotamer is favored by 4.0 kJ/mol over
theacform after corrections for zero-point vibrational energies,
whereas B3LYP calculations find this energy difference to be
1.2 kJ/mol (Table 2).

MW Spectrum and Assignment of sp. Selenium has six
naturally occurring isotopes. Five of these are relatively
abundant’5Se (9.0%)/’Se (7.6%)/8Se (23.5%)8Se (49.8%),
and 82Se (9.2%). The quantum chemical calculations above
indicate that the rotational constants of the two forms are
relatively small and that there are about five vibrational
fundamentals with frequencies below 500 ¢rfor each rotamer
(not given in Table 1 or 2). The two lowest fundamental
frequencies of each conformer are the &6 torsional
frequency and the lowest bending vibration. The B3LYP
calculations (uncorrected) predict the bending vibration to be
120 cntt and the C3-Se6 torsional vibration to be 122 ci
in the sp conformer. The corresponding valuesdo are 120
and 59 cml, respectively. All of this means that ESE will have
a relatively large partition function and each quantum state will
therefore have a comparatively low population, resulting in a
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relatively weak MW spectrum. Cooling of the Stark cell reduces
the partition function and enhances spectral intensities. It is
unfortunate that ESE has a comparatively low vapor pressure,
which made it impossible to investigate the MW spectrum at
temperatures lower than approximateh20 °C, using our
equipment.

The MW spectrum of ESE turned out to be comparatively
weak and extremely dense with absorption lines occurring every
few MHz, as expected. The lines were relatively broad due to
relatively large dipole moments of each rotamer (Table 3) and
unresolved nuclear quadrupole hyperfine structure cause by the
1N nucleus. This is the reason why the spectral accuracy is no
better thant-0.15 MHz.

Both the MP2 and the B3LYP calculations predict that the
spconformer is the preferred form of the molecule by 4.0 (MP2)
or 1.2 kJ/mol (B3LYP) (Table 2). It is seen from Table 2 that
the dipole moment ofsp is predicted to have its largest
component along tha-principal inertial axis £12 x 10730 C
m). The strongest transitions of its spectrum are therefore the
a-type R-branch transitions. Searches were first made for the
spectrum of the most abundant isotopologugGHCHSSeCN,
which is an oblate rotor with Ray’s asymmetry paramgter
= 0.36. These transitions were soon found. Their assignments
were confirmed by their Stark effects and fit to Watson’s
A-reduction Hamiltonian using the'-tepresentatio®® The
assignments were then extended to include the a-type Q-branch
transitions as well. About 300 transitions were assigned in this
manner. The hypothetical frequencies of b-type lines could be
predicted accurately from these a-type lines, but none was
‘identified with 100% certainty, due to their relatively low
intensity, with the high spectral density as an additional
difficulty. The reason for the relatively low intensity of the
b-type transitions is assumed to be the fact thabthgis dipole
moment component has roughly 50% of the value ofetfaeis
component (Table 2) and the fact that MW intensities are
proportional to the.?.

Two hundred and eight-four lines with a maximum value of
J = 60 andKy; = 24 (see the Supporting Information; Table
3S) were used to derive the spectroscopic constants shown in
Tables 2 and 4. One sextic centrifugal distortion const@p,
had to be used in addition to the five quartic centrifugal
distortion constants to get a satisfactory fit with a root-mean-
square deviation comparable to the experimental uncertainty of
+0.15 MHz.

Changes in the rotational constants upon isotopic substitution
from the values obtained for th&Se isotopologue were
calculated employing the B3LYP structure (Table 2). These
changes were used to predict the rotational constants dfthe
Se,’®Se, and?Se isotopologues, whose spectra were found close
to their predicted frequencies. The spectroscopic constants of
these species are shown in Table 4, and the spectra are listed in
the Supporting Information, Tables 1S, 2S, and 4S. Only the
strong@R-transitions were assigned foL,&=CH’6SeCN and
H,C=CH®&2SeCN, due to their low relative abundance. The
d3, Ok, anddyk centrifugal distortion constants were therefore
preset in the least-squares fit at the values found for the parent
(H,C=CH8%SeCN) isotopologue.

Inspection of Tables 2 and 4 reveals that there are large
differences between the theoretical and experimental quartic
centrifugal distortion constants, especially fgranddg. Even
the advanced calculations used in the present case therefore fail
to predict a reliable force field for thep conformer of ESE.

A small and positive inertial defect defined by
A =1, — l,— I.is generally observed for planar moleculés'8
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TABLE 2: Rotational Constants,? Inertial Defect,? Watson’s A-Reduction Centrifugal Distortion Constants¢ Principal Axis
Dipole Moment Components, and Energy Differences of Conformeac and Conformer sp of H,C=CH8SeG=N

method: MP2 B3LYP experimental
conformer: ac sp ac sp ac sp

Rotational Constants (MHz)

A 6712.5 4046.8 7229.6 4149.6 7170.89(18) 4077.2227(27)

B 2282.6 3475.2 2182.8 3252.0 2230.432(13) 3392.5379(22)

C 1761.1 1869.6 1711.2 1823.2 1729.922(14) 1849.7425(20)
Inertial Defect (1072°u n¥)

A2 —34.756 0.0 —21.773 0.0 —4.9201(51) 0.29627(22)

Centrifugal Distortion Constarft¢kHz)

A 1.18 3.32 0.844 3.09 1.1064(38) 5.1985(60)

Ak —17.5 —13.3 —14.4 —13.1 —18.341(10) —16.093(16)

Ax 115 15.2 123 16.5 123 11.053(14)

d; 0.437 1.57 0.287 1.45 0.329(12) —0.0535(15)

Ok —0.620 —-1.21 0.0574 —0.836 0.0574 —17.456(20)

Principal Axes Dipole Moment Componefifd0-2° C m)

Ua 15.0 12.0 14.0 11.5 f f

Ub 34 5.6 34 6.2 f f

e 1.0 0.0 1.0 0.0 f f
Energy Differenci(kJ/mol)

AE 4.0 0.0 1.2 0.0 4.5(4) 0.0

@ The aug-cc-pVTZ basis set was used in the MP2 and B3LYP cal

lculatidnss | — 1, — |y, Wherel,, Ip, andl. are the principal moments

of inertia. Conversion factor 505379.05 MHz u20m?. ¢ A-reduction I-representatiof® 9 Fixed; see text¢ 1 Debye= 3.33564x 107° C m.

fNot measured? For symmetry reason8.The energy of thesp conforme

TABLE 3: B3LYP Principal-Axis Coordinates of
H,C=CH?8SeCG=N

conformer: ac spg
coordinates (pm): a b [« a b

C1 —2485 —85.6 —215 1440 187.7
Cc2 —1254 —90.1 26.6 152.3 55.8
H3 —318.6 —164.8 14 2346 246.8
H4 —284.2 —-4.8 —83.9 49.8 240.7
H5 —87.8 —170.6 88.2 246.5 25
Seb -2.1 55.8 14 7.7 —71.2

Cc7 1524 —-452 —-52 -—132.8 48.1
N8 251.3 —-1046 —85 —2222 1212

@ The c-coordinates are zero by symmetry.

Itis seen from Table 4 that the inertial defect varies from about
0.289 to 0.309% 102°u n for the four isotopologues. This is
similar to the inertial defect found for the sulfur congener,
H,C=CHSCN (0.22347(56% 10-2°u mP), which was assumed

to be planat®201t is therefore concluded thap conformer of

r is assigned a value of 0 kJ/mol.

yielded 136(25) cm! for this fundamental as compared to 120
(B3LYP) and 127 cm! (MP2). The lowest torsional and in-
plane bending vibrations therefore have very similar frequencies
of 120(20) and 136(25) cnt. The theoretical calculations
predict that there is insignificant Coriolis interaction between
the two fundamentals. This is in accord with the finding that
the spectra of these two states can be fitted to the Watson
Hamiltoniad® to within the experimental accuracy of
+0.15 MHz.

Further vibrationally excited states of this conformer have
frequencies above~325 cnt! according to the theortical
calculations (Table 13S; Supporting Information), which would
result in very weak lines that were not assigned.

Structure of the spConformer. The rotational constants in
Table 4 furnish insufficient information for a full determination
of the structure of this planar rotamer. Comparison of the
theoretical rotational constants with the experimental rotational
constants (Table 2) shows that the MP2 rotational constants are

ESE has a planar equilibrium structure in agreement with the somewhat closer to the experimental values than the B3LYP

B3LYP and MP2 calculations.

Vibrationally Excited States of sp The spectra of two
vibrationally excited states of #@=CH8°SeCN were also
assigned. The spectroscopic constants are shown in the two la

rotational constants are, but this could be fortuitous and does
not necessarily reflect that the MP2 structure is more accurate
than the B3LYP structure. It is conjectured that the bond lengths
Shnd bond angles obtained in both calculation procedures

columns of Table 4, and the spectra are listed in the Supportingyepresent the equilibrium values to within 2 pm ang] 2

Information, Tables 5S and 6S.

The inertial defect of one of these vibrationally excited states
is seen to be negative-(.4651(12)x 10-2°u mP). The decrease
of the inertial defect upon excitation is typical for an out-of-
plane vibration:817 1t is therefore assumed that this is the first
excited state of the torsion about the-€2e6 bond. Relative
intensity measurements performed as described by Esbitt an
Wilsor?! yielded 120(20) cm? for this vibration, close to the
B3LYP (not given in Table 1 or 2) and the MP2 (Supporting
Information; Table 13S) result of 123 and 130 cimrespec-
tively.

The inertial defect of the vibrationally excited state, whose

respectively.

Assignment of the MW Spectrum of theac Conformer.
Theacrotamer is a prolate rotor with the asymmetry parameter
x = —0.81* according to the theoretical predictions (Table 2).
This conformer is calculated to have a predominating component

f the dipole moment as large asl4—15 x 1073 C m along

the a-axis (Table 2). The a-type R-branch transitions are
therefore predicted to be the strongest lines in the spectrum of
this rotamer. The 4680 GHz spectral interval was first
investigated. The rotational constants (Table 2) predict®Rat
transitions with the principal quantum numhkketween about

spectroscopic constants are listed in the last column of Table 10 and 20 occur in this spectral region.

4, is positive (2.2177(12x 1072°u m?). This is typical for an
in-plane bending vibratio#17 Relative intensity measurements

Pairs ofaR-lines with the samé&_;-value coalesce for the
highest values oK_;. This coalescence results in a very rapid
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Figure 3. The ac andsp conformers of HC=CHSeCN projected in the—b principal inertial axis plane.

TABLE 4: Experimental Spectroscopic Constants for the sp Conformer of H,C=CHSeC=N

species: HC=CH®SeCN HC=CH’8SeCN HC=CHESeCN HC=CH®SeCN HC=CHSeCN H,C=CH?3'SeCN
A (MHz) 4146.759(36) 4111.1496(28) 4077.2227(27) 4044.380(48) 4066.242(15) 4121.808(25)
B (MHz) 3394.232(11) 3393.4396(24) 3392.5379(22) 3392.179(21) 3363.9984(92) 3397.272(12)
C (MHz) 1846.4837(42) 1856.9670(18) 1849.7425(20) 1842.759(10) 1850.8459(36) 1847.2202(31)
A; (kHz) 4.771(33) 5.3097(66) 5.1985(60) 5.459(59) 4.231(49) 6.135(46)
A (kHz) —15.656(38) —16.583(15) —16.093(16) —16.394(75) —15.197(50) —17.141(48)
Ax (KHZ) 11.053 11.422(14) 11.053(14) 11.053 11.053 11.053
85 (kHz) —0.0535 —0.0353(15) —0.0535(15) —0.0535 —0.0538 —0.0535
Ok (kH2) —17.46 —17.522(17) —17.456(20) —17.46 —31.10(19) —4.32(16)
Dy (Hz) —0.0247 —0.03293(59) —0.02470(60) —0.0247 —0.0247 —0.0247
A (1072 2 u) 0.2890(15) 0.29580(20) 0.29627(22) 0.3093(35)  —1.4651(12) 2.2177(12)
rms (MHz) 0.152 0.157 0.202 0.202 0.167 0.134
noé? 52 199 284 28 86 70

2 A-reduction [-representatiof® Uncertainties represent one standard deviafidfirst vibrationally excited state of the torsion about the-C2
Se6 bond¢ First excited state of the lowest bending vibratiéirixed at the value found for the 8=CH&SeCN isotopologué Inertial defect
defined byA = I — I, — l,. Conversion factor: 505379.06 102° MHz u n?. f Root-mean-square deviatichNumber of transitions used in the
fit.

Stark effect for the said transitions. This spectral behavior was I
exploited to obtain the first assignments of the MW spectrum I \
of ac. j

When the spectrum in the 480 GHz was scanned using a '/\
comparatively low field strength of about 50 V/cm, pile-ups of /X
lines protruded from the background at intervals of ap-
proximately 3.9 GHz. These pile-ups are unusually rich in lines
and are several hundred MHz wide. A similar observation was
made for the ac conformer of the sulfur analogue,
H,C=CHSG=N,1%20 and was ascribed to the presence of a
potential hump at theap position resulting in the existence of A

Intensity

several vibrationally excited states caused by low-frequency
C—S torsional vibration$?20

Some of these pile-ups of ESE were subsequently studied
using the RFMWDR technigd¢o assign particular transitions.
A portion of the spectrum of théR J = 15 — 14 transitions
using a radio frequency of 5.05 MHz is shown in Figure 4. _
This radio frequency modulates te= 15; < 14 pair of lines, Figure 4. A portion of the RFMWDR spectrum of = 15 -— 14
which are split by roughly 10 MHz. Five series of lines transition of theac conformer of HC=CHSeCN obtained employing

. . . . a radio frequency of 5.05 MHz. The spectrum showslhe 15 —
belonging to various vibrational states (denoted by Roman 14 oair of lines associated with three of the five vibrational states that

nume.r.als +IV) were first assigned in this manner. Thgse were assigned for this conformer. A Roman numeral indicates each
transitions were then fitted to Watson’s A-reduction Hamilto- state. Note the small intensity difference between states Il and IIl.

niant> and used to predict the frequencies of additional lines.

The comparatively high<-; lines were then readily assigned Assignments of lowk_; transitions have to be made at much
because they are modulated at low Stark field strengths. An higher field strengths thar50 V/cm to modulate them. While
example is shown in Figure 5. In this portion of the spectrum, practically all of the observed lines belong to txeconformer

the K_; coalescing pair of lines between 13 and 7 of he at low field strengths of~50 V/cm, the very rich spectrum
14— 13 transition of the vibrational state denoted by the Roman belonging to thesp rotamer gradually becomes modulated as
numeral | is shown. the field strength increases adding a large amount of additional

T T T T T T T T T
60050 60100 60150 60200 60250 60300
Frequency / MHz
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found for the torsional vibrations by relative intensity measure-
ments are listed in the last line of Table 5. The frequencies of
7 the three additional vibrationally excited states were determined
9 in the same manner to be 56(30) chfor I, 60(30) cnT! for

IV, and 93(40) cm! for V (Table 5). All of these frequencies
are lower than the predicted value of the lowest bending
0 vibration (120 (B3LYP) and 128 cm (MP2)), which is the

12 11 second lowest vibration predicted for this conformer.

13 The irregular pattern formed by the vibrationally excited states
of this rotamer is a strong indication that there is a hump at the
(ap) conformation (which ha€s symmetry) with an associated
double minimum potential. This potential cannot be high. The
B3LYP calculations yielded a barrier height of 0.74 kJ/mol and
a torsional frequency of 59 crh(see above). The experimental
. . . . . . . . . data indicate that the barrier height is definitely less than the
55400 55450 55500 55550 55600 55650 B3LYP prediction and that extensive tunneling through this
Frequency / MHz barrier takes place.
Figure 5. A portion of the MW spectrum showing the= 14 — 13 Attempts were subsequently made to fit the available data of
transitions of the vibrational state denoted I. The values of the coalescingthe ground and vibrationally excited states of the—G26
K-1 lines are shown above each assigned transition. torsion of theac conformer using a reduced potential function
of the formV(2) = A(Z*H B[Z20), as suggested by Gwinn and
co-workers?? The computer program by Mgllendalwas
employed for this purposed and B, as defined by Gwin#?
are parameters to be fitted (not to be confused with the rotational
constants).A may have the dimension cth B and z are
dimensionless. A double minimum potential with a hump at
the ap conformation will exist ifB is negative, resulting i,
symmetry for the equilibrium conformation of tlee rotamer.
However, we were not able to get a satisfactory fit to this

Intensity

lines to the spectrum. This often made it difficult to unambigu-
ously assign transitions of thee conformer withK_; less than

4 or 5, because field strengths much higher than 50 V/cm are
necessary to modulate them.

The spectra of all five vibrational states could be fitted to
the A-reduced Watson Hamiltonigxwith a root-mean-square
deviation comparable to the experimental uncertainty, with the
exception of a few high<_; lines, which have been omitted in
g]r?:lelf?(S)E:[?ou::/?srztio-[lhilit;?glé:ﬁ)rl1$s_pOSSIbly caused by higher- potf_enti’al function us_ing the_datz_a i_n '_I'able 5, possibly because

Attempts to find b- and c-type transitions failed, presumably Gwmns_ procgdur%? Is too simplistic in the present;ase.
because the corresponding dipole moment components are much '€ intensity of the spectrum of the ;&=CH™SeCN
less thanu, (Table 2). The spectra depend very little on the isotopologue should be about one-hglolf the intensity of the
anddk centrifugal distortion constants, and these constants wereSPeCtrum of the parent speC|e§CE-|7=80H SeCN (see above).
fixed at the values obtained in the B3LYP calculations (Table he rotational constants ofZ3=CH™SeCN were predicted in
2) in the least-squares fits. The spectra are listed in the 1€ Same manner as described above forsfneonformer. A
Supporting Information (Tables 721S), and the spectroscopic ~ S€"€S of Ilngs (seg Table 12S in the Sup.portlng Informatlon),
constants are shown in Table 5. Interestingly, the experimental 9€noted series VI in Table 5, were tentatively assigned as the

Serie (g y assl
values of the fitted centrifugal distortion constants Ay, and ~ 9round vibrational state of 4 Cé—(l) SeCN. This series partly
8y are in much better agreement (Tables 2 and 5) with the OVerlap with series Il of HC=CH®'SeCN, which complicated
theoretical values in this case than in the casepf the assignment procedure of this isotopologue. Binetational

The fact that there are several relatively abundant isotopesconstant was fixed in the fit, because it is easy to predict an
of selenium (see above) made it necessary to explore whethe/@ccurate value for this constant of this species becaus_e the Se
any of the assigned spectra belonged to isotopologues other tha@tom IS close to the- andc-inertial axes (Table 3 and Figure
the parent isotopologue gB—CHESeCN). The B3LYP (Table <) @nd its mass is relatively high.

1) structure was used for this purpose to predict rotational Structure of the ac Conformer. The pattern of the vibra-

constants of various isotopologues, which were compared totional states observed for this rotamer strongly indicates that
the rotational constants in Table 5. It was concluded that the this rotamer has a nonplanar equilibrium conformation. The
spectra of the five states M) must belong to various  €xperimental rotational constants of this conformer are in
vibrational states of the parent isotopologue@HCH3°SeCN) somewhat better agreement with B3LYP than with the MP2
and not to further isotopologues. predictions (Tables 2 and 5). Bond lengths and bond angles

Relative intensity measurements were then performed fol- predicted by the two theoretical approaches presumably repre-
lowing Esbitt and Wilsor#! The spectra of two states, denoted Sent the equilibrium structure to within 2 pm anti as in the
Il and 1ll, had almost the same intensity at room temperature, case of thesp form.
as seen in Figure 4. These two spectra were the two strongest However, the important GEC2—Se6-C7 dihedral angle
ones observed for this conformer. Closer scrutiny revealed that(Table 1) calculated to be 137.8VIP2) and 148.1 (B3LYP)
the spectrum of state Il tends to be slightly stronger than the seems to be predicted far too small in both cases. This can best
spectrum of Ill, and state Il is therefore assumed to be the be shown by comparing the experimental4(9201(51)) and
ground vibrational state, whereas state Il is the first excited theoretical inertial defects—34.756 (MP2) and—21.773 x
vibrational state. It was not possible to perform very accurate 10720 u n? (B3LYP)) shown in Table 2. The inertial defect
relative intensity measurements, due to the high spectral densitywould have been exact zero, if a completely rigid and planar
However, such measuremetitgielded a vibrational frequency  ap conformation had existed for this rotamer. The small value
of 21(20) cn? for 1l, much lower than the uncorrected values of —4.9201(51)x 1072° u n¥ for the inertial defect is another
of 59 (B3LYP) and 65 cm! (MP2). The experimental values indication that theac conformer is nearly but not exactly planar.
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TABLE 5: Spectroscopic Constants for the ac Conformer of H,C=CHSeC=N
series? | 1 1l v \Y VI
A (MHz) 7136.4(23) 7170.89(18) 7127.28(22) 7045.0(11) 7096.1(16) 7243.4(76)
B (MHz) 2215.46(13) 2230.432(13) 2230.632(10) 2235.165(67) 2247.068(77) 2930.43
C (MHz) 1727.04(15) 1729.922(14) 1732.373(12) 1735.245(82) 1736.461(92) 1733.771(41)
A; (kHz) 1.286(21) 1.1064(38) 1.0849(43) 0.793(14) 1.305(49) 1.126(26)
Ay (kHz) —16.473(48)  —18.341(10) —17.166(10) —18.212(42) —18.123(49)  —18.685(57)
Ak (kHz) 123 123 123 123 123 123
03 (kHz) 0.65(10) 0.329(12) 0.214(15) 0.274(59)  —0.056(59) 0.19(17)
Ok (kHz) 0.0574 0.0574 0.0574 0.0574 0.0574 0.0574
A& (10720 m?2 u) —6.305(61) —4.9201(51) —5.7445(47) —6.596(31) —5.085(38) —4.864
rmsg (MHz) 0.200 0.190 0.173 0.146 0.207 0.184
noh 53 133 138 45 57 49
vib. frequency (cm?) 56(30) 0 21(20) 60(30) 93(40) 0

a A-reduction [-representatiof? Uncertainties represent one standar
while VI refers to the’®Se isotopologue in the ground vibrational state;

d deviatidihe Roman numerals-IV refer to the8°Se isotopologue,
see feéhiked at the value found in the B3LYP calculations; see Table

2. 9Fixed; see texte Inertial defect defined by = I — I, — I,. Conversion factor: 505379.06 1072 MHz u 2. f No uncertainty limit is given
here because th& rotational constant has been fixed in the least-squaresRibot-mean-square deviatiohNumber of transitions used in the fit.

The CEC2—-Se6-C7 dihedral angle was then fitted to
reproduce the observed inertial defect. Both the MP2 and the
B3LYP structures were used in these procedures. A
C1=C2-Se6-C7 dihedral angle of 166(3)yielded the best
fit in each case.

Internal Energy Difference between theac and sp Con-
formers. The internal energy difference between two conformers
has been derived using a variant of eq 3 of Esbitt and Wit3on.
According to Wilsor?* the internal energy difference is given

by

E"

v_E'

V'

E,-E'5+RTInL Q)
where E",» and E',, are the internal energies of the two
conformers in the'" andy' vibrational states, respectivel,y
and E";- are the lowest energy levels of the two rotational
transitions under investigationR,is the universal gas constant,
andT is the absolute temperature.is given by

(VH H)
'V'//{'

21" Av A" (23 +1)

L=3S9
" AV AT (23 + 1)

sl gl (2)
whereSis the peak signal amplitude of the radiation-unsaturated
line, g is the degeneracy other than the rotational degeneracy,
which is 2] + 1, v is the frequency of the transitiop, is the
principal-axis dipole moment componehis the radiation wave
length in the Stark cefl® Av is the line breadth at half-height,

A is the line strength, andlis the principal rotational quantum
number.

The internal energy difference between the ground vibrational
states of thec andspconformers was determined by comparing

sources of errors in this procedure. One standard deviation has
conservatively been estimated to B$.4 kJ/mol by taking
plausible uncertainties of the many parameters of egn (2) into
account.

The fact thaspis 4.5(4) kd/mol more stable than taeform
should be compared to the theoretical results. The MP2
prediction of this energy difference (Table 2) is best (4.0 kJ/
mol), whereas B3LYP yielded 1.2 kJ/mol.

Discussion

The reason why thep conformer is preferred over thec
form by as much as 4.5(4) kJ/mol is not obvious. Several forces
seem to influence the conformational properties of ESE. It is
possible that an interaction between the H4 atom andnrthe
electron cloud of the triple bond of the nitrile group stabilizes
sp, because the nonbonded distance between the H4 atom and
the C7 atom is calculated from the MP2 structure of Table 1 to
be 252 pm (MP2). The MP2 nonbonded distance between H4
and N8 is also as short as 276 pm. These values should be
compared to the sum (290 pm) of Pauling’s van der Waals
radiiZ® of hydrogen (120 pm) and the half thickness of an
aromatic molecule (170 pm). A similar interaction is of course
not possible in thac form. Electron conjugation along the chain
of the heavy atoms may also be favored in fperotamer as
compared to the nonplanac rotamer, whereas the large €2
Se6-C7 angle (Table 1) irsp may indicate that repulsion
between the vinyl and selenocyanate destabilizes this form.

It is interesting to compare the conformational properties of
this selenocyanate g@=CHSeCN) with similar thiocyanates
such as HC=CHSCN and HC=C=CHSCN. The conforma-
tional properties of HKC=CHSCN"®-2%are very similar to those

the intensities of several selected ground-state transitions of eactof H,C=CHSeCN. Thesp conformer of HC=CHSCN is 3-

conformer. The lines employed in this comparison procedure

6 kJ/mol more stable than thec, and this conformer has a

were relatively strong and not detectably overlapped by other complicated fine structure of vibrational states associated with
lines. The intensity comparison was performed as described bythe torsion about the €S bond, just as in the present case of
Esbitt and Wilsorf! The statistical weight ) of the ac ESE. The substitution of the sulfur atom with a selenium atom
conformer was assumed to be twice the weight okghetamer. therefore seems to have little influence on the conformational
The radiation wavelengthg) (vere assumed to be identical. The and vibrational properties.
line breadths Av) were assumed to be proportional to the The conformational behavior of @=C=CHSCN is strik-
principal-axis dipole moment component. The ratio of the dipole ingly different from that of HC=CHSCN. Only one rotamer,
moment components of the two forms was calculated using thethe ac, characterized by a-©C—S—C dihedral angle of 134
B3LYP predictions in Table 2. was assigned for the former compound, and there is no evidence
The internal energy differenc&sc — Esp, Obtained this way for an extremely low potential hump at tleg conformation
varied between 4.2 and 5.3 kJ/mep(more stable thaac) in (C—C—S—C dihedral angle equal to 180 It remains to be
the six comparisons that were performed. The average valueseen whether the selenium analogueCHC=CHSeCN, be-
was found to beEsc — Esp = 4.5 kd/mol. There are several haves in a similar manner.
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The predictions made by the B3LYP and MP2 calculations
with the large aug-cc-pVTZ basis set are of mixed quality. The
structure of thesp conformer seems to be relatively accurate,
whereas the prediction of the structure of teform under-
estimates the C1C2—Se6-C7 dihedral angle by 1525°. Poor
values are predicted for the quartic centrifugal distortion
constants oép, while a much better agreement is found &ar
The energy difference is well predicted by the MP2 procedure,
whereas B3LYP performs more poorly.
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