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The microwave spectrum of propa-1,2-dienyl thiocyanatgCHC=CHSG=N) has been investigated in the
24—40 and 56-80 GHz spectral regions. The spectrum of one conformer was assigned. This rotamer, which
has a CG-C—S—C dihedral angle of about 134rom synperiplanar, is at least 2 kJ/mol more stable than any
other form. Two vibrationally excited states assumed to belong to the first excited state of $10(Sional

vibration and to a low bending mode were assigned. Their frequencies were determined to be 62(20) and

155(30) cnt, respectively. The microwave work has been augmented by ab initio calculations at the MP2/
aug-cc-pVTZ and density functional theory calculations at the B3LYP/aug-cc-pVTZ level of theory. The
B3LYP calculations are generally in better agreement with the observations than the MP2 calculations.

Introduction less stable anticlinalac, rotamer, where this angle is ap-
proximately 130 from sp56 The energy difference is-36 kJ/
mol in the gas, according to the MW stugl§.

f . . icted . b heSRbond These examples show that the conformational properties of
conlormations, owing to restricted rotation about t ond. thiocyanates are very sensitive to the groups to which the

Relatively few gas-phase studies of the conformational proper- thiocyanate group is attached. In the title compound, propa-
ties of thiocyanates have b_een rep_orted. Ethylthiocyanate1,2_dieny| thiocyanate (Bt=C—CHSCN), henceforth called
(CH,CH,SCN) has been studied by microwave (MWgépec-  ppt the thiocyanate group is adjacent to the allenyl group.
troscopy in th_e gas p_hase an(_j by infrared (IR) SPECIroscopY The fact that no conformational studies have previously been
using the matrix-isolation techniqd&the C-C—S-C dihedral  otormed for compounds in which the thiocyano group is
anglg determines the confprmat!on of .th's comppund. Only the adjacent to an allenyl group motivated the present investigation.
synclinal, sG_conformer, in which this angle is S8from The methods we have used are MW spectroscopy and high-
synperiplanarsp (0°), was identified in the MW worR. The level quantum chemical calculations. MW spectroscopy was
antlper_|planar,ap, rotamer, .Whefe_ ‘h‘? €C_S_C_ d_'hedr?" chosen because of its high accuracy and resolution, making this
angellls 18Q.from sp was identified in the matnxqsolapon method especially suitable for conformational studies. The
study in addition to thecform.? The scrotamer was determined spectroscopic work has been augmented by high-level quantum
to be 4.2(3) kJ/mol more stable than thg conformer: - chemical calculations, which were conducted with the purpose
Propargyl thiocyanate (HC=C—CH,SCN) has been inves-  of optaining information for use in assigning the MW spectrum

tigated by infrared and Raman spectroscopies and gas electronyng investigating properties of the potential energy hypersurface.
diffraction2 It was found that this compound exists as a mixture

of two forms, a less stable-6C—S—C sc form and a more Experimental Section
stableap conformer. The electron-diffraction, values for the

C—C—S—C dihedral angle were 57(8¥or the sc conformer . . -
and 171(12) for the ap form. The energy difference was of propa-1,2-dienyl thiocyanate have been repoft€the first

determined to be 1.24 kd/mol with tia® rotamer as the more preparation involved the synthesis of thiocyanogen followed by
stable3 its reaction with triphenyl-2-propynylstannahé the second,

flash vacuum pyrolysis of 3-isothiocyanato-1-propyne gave a
mixture of the starting material and propa-1,2-dienyl thiocyan-
ate® To prepare a pure sample, we modified the approach of
Bullpitt and Kitching?

In a two-necked flask equipped with a stirring bar and a

Organic thiocyanates, RS€N, have a CG-S—C angle of
approximately 100 and may therefore exist in different

Synthesis of Propa-1,2-dienyl ThiocyanateTwo syntheses

Two rotamers,ap and sc exist for isopropyl thiocyanate
(CH3CH(SCN)CH) according to an infrared and Raman stddy.
The ap form is the more stable in this case; the enthalpy
difference in the gas phase was found to be 2.3(3) kJ/mol using

matrix-isolation techniques. . . . .
. - . nitrogen inlet were introduced lead(ll) thiocyanate (2.50 g, 7.7
Ethenyl thlocyqnate (BC=CHSCN) has.been studied by mmol) and benzene (20 miy.The flask was immersed in a
MW, Raman, and infrared spectroscopi€d his compound has cold bath (5°C), and dibromine (1.23 g, 7.7 mmol) in benzene

a more stablepform (C—C—S5-C dihedral angle= 0°) and a (10 mL) was added dropwise. The reaction mixture was then

_stirred at room temperature for 30 min. The mixture was filtered

ha:a—ll—(g).mo\ll\llgr?gqal @Ckﬁgﬁ?ﬂ?oﬁﬂghce should be addressed. E-mail: nder nitrogen, and the clear solution was slowly introduced in
T University of Oslo. another two-necked flask containing a cooled solutiori@%®

*Ecole Nationale Sup@ure de Chimie de Rennes. of triphenyl-2-propynylstannane (2.0 g, 5.1 mmol) in benzene
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(20 mL). The mixture was stirred f@ h atroom temperature,
and water (5 mL) was added. The reaction mixture was taken
up in diethyl ether/water (% 20 mL). The organic phases were
combined and dried over MgSQOAfter filtration, most of the
solvent was removed under vacuum. The flask containing the
crude solution was then attached to a vacuum line equipped
with a trap immersed in a bath cooled a0 °C. The low-
boiling compounds were distilled and the flask was heated up
to 60°C. Propa-1,2-dienyl thiocyanate (0.38 g, 3.9 mmol) was
selectively trapped in the cold trap. A very pure product can be
obtained after a second distillation. Yield: 76% (based on
triphenyl-2-propynylstannane). p30 °C. *H NMR (CDCls,

400 MHz) 6 5.30 (d, 2H,3J4y = 6.1 Hz, CH); 5.83 (t, 1H,
3Jun = 6.1 Hz, CH).23C NMR (CDCk, 100 MHz) 6 78.0 (d,
1Jey = 197.5 Hz, CH); 82.5 (t{Jcy = 171.0 Hz, CH); 110.0

(s, CN); 209.2 (s, EC=C).

Microwave Experiment. The MW spectrum was recorded
in the 24-40 and 56-80 GHz spectral regions using the Stark-
modulated spectrometer of the University of Oslo. Individual
transitions were measured with an estimated accurasy0df5
MHz. Details of the construction and operation of this device,
which ha a 2 mHewlett-Packard Stark cell, have been given
elsewheré!12 The cell was cooled to roughly-10 °C while
recording the spectrum in the 240 GHz region in order to
enhance the intensity of the spectral lines. Lower temperatures,
which would have increased the intensity of the spectrum even
more, could not be achieved, owing to insufficient vapor
pressure of PDT. The spectrum in the-BD GHz is consider-
ably stronger than at lower frequencies and was therefore
recorded at room temperature. Radio frequency microwave
double resonance experiments (RFMWDR), similar to those
performed by Wodarczyk and Wilsdawere also conducted
to assign unambiguously particular transitions.

Results

Quantum Chemical Calculations.The present ab initio and
density functional theory (DFT) calculations were performed
employing the Gaussian 03 suite of prograthynning on the
64 processor HP “superdome” computer in Oslo. Electron
correlation was taken into consideration in the ab initio
calculations using the MglletPlesset second-order perturbation
calculations (MP2}°> Becke’s three-parameter hybrid func-
tional'® employing the Lee, Yang, and Parr correlation func-
tional” (B3LYP) was employed in the DFT calculations.
Dunning’s® correlation-consistent triplg-basis set, aug-cc-
pVTZ, which includes polarized functions for the valence
electrons and is augmented by additional diffuse functions, was
used throughout this work.

Rotation about the C5S6 bond (Figure 1) produces rotational
isomerism for PDT. Two typical forms, denotegph and ac,
where the C2C5—-S6-C8 dihedral angle are°0(sp) and
approximately 130 (ac), respectively, are sketched in Figure
1. B3LYP/aug-cc-pVTZ calculations of the energies were first
performed for the ©-18C interval in steps of 100f the C2-
C5—-S6-C8 dihedral angle, employing the scan option of the
Gaussian 03 program, allowing all remaining structural param-
eters to vary freely. The resulting potential function indicated
that there are two minima (two “stable” conformers) of the
potential energy hypersurface, at abouafid 135 for the C2-
C5—S6—C8 dihedral angle.

Separate B3LYP calculations of the energies and vibrational
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Figure 1. Synperiplanargp and anticlinal &c) forms of HLC=C=
CHSCN with atom numbering. The MW spectrum of therotamer
was assigned. This rotamer is at least 2 kJ/mol more stable thap the
conformer.
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Figure 2. B3LYP/aug-cc-pVTZ potential function for rotation about
the C5-S6 bond. The values of the EZ5—S6—C8 dihedral angle
are given on the abscissa. A dihedral angleof@responds to thep
conformer, and a dihedral angle of 134ctrresponds to thac rotamer.
The ground vibrational and the first excited €56 torsional states of
the spandac forms are indicated as horizontal lines on this plot.

T
-100 -50 150 200

dihedral angles were chosen to be close foabd 135,
respectively. Full geometry optimizations with no symmetry
restrictions were carried out employing the default convergence
criteria of Gaussian 03. Th&p conformer was found to have a
symmetry plane@s symmetry), the said dihedral angle being
exactly 0. The C2-C5—S6—C8 dihedral angle was found to
be 134.4 in the ac rotamer. Only positive values were found
for the vibrational frequencies, as expected for these two minima
on the potential energy hypersurface.

MP2 calculations were repeated for thgandac rotamers.
The sp form was again found to have exaC; symmetry,
whereas the C2C5—S6-C8 dihedral angle was predicted to
be 129.8 in the ac conformer.

It is possible to construct a potential energy function (shown
in Figure 2) based on the B3LYP results. The maxima of this
function are found at a value of 6@or the C2-C5—S6—C8
dihedral angle, 5.6 kJ/mol above the energy ofdbeotamer,
and at 180, 2.1 kJ/mol above the minimum energy. The
uncorrected C5S6 torsional frequencies, which were 65.3¢ém
for the spand 39.6 cm? for ac conformers, are indicated as
horizontal lines on this plot. The MP2 results for these
uncorrected frequencies were 72.2 and 39.1%cmespectively.

The MP2 and B3LYP geometries are listed in Table 1, while

frequencies were made next for these two rotamers in order toadditional parameters obtained in these calculations are dis-
locate the exact values of the energies and geometries spthe played in Table 2. It can be seen from Table 1 that the MP2
and ac rotamers. The starting values of the -©25—S6—C8 and B3LYP bond lengths agree to within about 1 pm, with the



2544 J. Phys. Chem. A, Vol. 111, No. 13, 2007

TABLE 1: MP2 and B3LYP Geometries?? of the spand ac
Conformers of H,C=C=CHSCN

method MP2 MP2 B3LYP B3LYP
conformer sp ac sp ac
bond length (pm)
Cil-C2 130.9 130.8 129.9 129.8
C1-H3 108.2 108.2 108.4 108.3
Cl-H4 108.2 108.2 108.4 108.3
C2-C5 130.5 130.8 129.7 129.9
C5-S6 178.8 178.3 179.3 179.1
C5—H7 108.2 108.2 108.3 108.2
S6-C8 168.7 169.5 168.6 169.2
C8—N9 117.8 117.8 115.6 115.6
angle (deg)
C2-C1-H3 120.8 120.6 121.3 121.1
C2-C1-H4 120.8 120.8 121.3 121.4
H3—-C1-H4 118.4 118.6 117.3 117.5
C2-C5-S6 124.6 119.6 126.8 120.4
C2—-C5-H7 1235 123.2 123.2 123.2
S6-C5-H7 111.8 117.0 110.0 116.2
C5-S6-C8 98.8 98.1 101.8 100.2
C1-C2-C5 177.8 179.4 179.3 179.4
S5-C8—-N9 179.2 178.3 177.2 177.4
dihedral angle (deg)

H3—-C1-C5-S6 89.5 95.2 89.7 95.7
H3—-C1-C5—-H7 —90.5 —90.2 —90.3 —90.0
H4—C1-C5-S6 —89.5 —84.8 —89.7 —84.6
H4—C1-C5—-H7 90.5 89.8 90.3 90.9
C2-C5-S6-C8 0.0 -—129.6 0.0 —134.4
H7—-C5-S6-C8 180.0 55.0 180.0 51.6
C1-C2-C5-S6 -0.1 —47.3 0.3 —78.3

C5-S6-C8—N9 —179.8 —155.0 180.0 —163.1

aBasis set: aug-cc-pVTZ. P Atom numbering is given in Figure
1.

TABLE 2: MP2 and B3LYP 2 Rotational Constants,
Centrifugal Distortion Constants, Dipole Moments, and
Energy Differences between thesp and ac Conformers of
H,C=C=CHSCN

method MP2 MP2 B3LYP B3LYP
conformer sp ac sp ac

rotational constants (MHz)

A 4185.2 9032.1 4315.3 9987.0
B 2598.2 1440.1 2379.5 1393.9
C 1621.0 1322.3 1550.0 1291.9
centrifugal distortion constartt¢kHz)
Ay 1.85 0.984 1.81 0.724
Ak 231 —42.2 —-1.31 —40.1
Ax —2.65 650. 1.69 795.
03 0.713 0.178 0.707 0.0938
Ok 4.24 —6.79 3.32 —8.18
dipole moment componeltél0-3° C m)
Ua 6.2 15.8 7.6 15.2
U 104 4.0 9.5 3.4
Ue 0.0¢ 14 0.0 15
Urot 12.1 16.4 12.1 15.7
energy differencégkJ/mol)
AE 0.0 2.3 2.2 0.0

aaug-cc-pVTZ basis set.A-reductiont® ©1 debye= 3.33564 x
103° C m.9For symmetry reasongRelative to lowest energy
conformer corrected for zero-point vibrational energiétal MP2
energy corrected for zero-point vibrational energyl 591 403.4 kJ/
mol. 9 Total B3LYP energy corrected for zero-point vibrational energy:
—1594 038.8 kJ/mol.
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to 3.3 (the C5-S6-C8 angle of thesprotamer). There is also
a difference of 3.7in the C2-C5—S6—C8 dihedral angle of
the ac rotamer.

The difference between the MP2 and B3LYP geometries
results in variations in values of the rotational constants, which
are especially large for thé rotational constant of thec
conformer (approximately 10% difference), as seen in Table 2.
The A-reduction quartic centrifugal distortion constdfitsre-
dicted by the two methods also differ considerably, whereas
the dipole moment components vary by less than about 10%
(Table 2).

Interestingly, the energy differences between dloeand sp
conformers predicted in the two procedures vary. The MP2
calculations predict that thsp rotamer is favored by 2.3 kJ/
mol over theac form after corrections for zero-point vibrational
energies, whereas the opposite result is obtained in the B3LYP
calculations, where thac form is calculated to be favored by
2.2 kJ/mol relative to thep form (Table 2).

Microwave Spectrum and Assignments.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€m
for each rotamer (not given in Table 1 or 2). The lowest
vibrational frequency of each conformer is the-¢36 torsional
frequency, predicted to be in the-335 cnt ! range (see above).
PDT will consequently have a relatively large partition function,
and each quantum state will therefore have a comparatively low
population, resulting in a relatively weak MW spectrum. Cooling
of the Stark cell reduces the partition function and enhances
spectral intensities. It is unfortunate that PDT has a compara-
tively low vapor pressure, which makes it impossible to
investigate the MW spectrum at lower temperatures than
approximately—10 °C, using our equipment.

The MW spectrum of PDT turned out to be comparatively
weak and dense, as expected. The lines were relatively broad
owing to a large dipole moment and unresolved nuclear
quadrupole hyperfine structure. This was the reason the spectral
accuracy is no better thah0.15 MHz.

The B3LYP calculations predict that tlae form is preferred,
whereas the MP2 method predicts that §peotamer is more
stable (Table 2). Thacform has its major dipole momerre(L5
x 10730 C m) along thea-principal inertial axis and the
asymmetry parametar ~ —0.97. This rotamer was therefore
expected to have a MW spectrum dominated by pileups of
a-type R-branch transitions separatediby C ~ 2.75 GHz.

The highK-; members of these series are modulated at
relatively low Stark voltages. Such pile-ups were readily
observed when recording the spectrum in the 80 GHz region

at a Stark voltage of about 50 V/cm. Detailed assignments of
the individual®R-transitions were then performed. RFMWDR
was used to confirm some of these assignments.

Theac conformer is predicted to hayg ~ 4 anduc ~ 1 x
10730 C m, respectively (Table 2p- andc-type transitions were
therefore expected to be much less intense thaa-tigpe lines
are. The strongest lines of these categories were searched for
but it was not possible to assign them unambiguously, presum-
ably because of insufficient intensities.

The MW spectrum consisting of 24R-transitions of the
ground vibrational state is given in the Supporting Information,

exception of the C8N9 triple bond, which is predicted to 2.2 Table 1S. The spectroscopic constan#&-réduction, I"-

pm shorter in the B3LYP than in the MP2 calculations. The representatiof) derived from these lines in a least-squares fit
bond angles associated with bonds between carbon atoms andre listed in Table 3. It was possible to determine only two
hydrogen atoms are quite similar in the two calculations, quartic centrifugal distortion constantg\ and Ajk). The
whereas the bond angle involving the sulfur atom varies by up remaining quartic constants were preset at the values obtained
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TABLE 3: Spectroscopic Constant8 of the Ground and Vibrationally Excited States of H,C=C=CHSCN

vibrational state ground first excited-G torsion low bending vibration
A (MHz) 9858.5(20) 9923.8(49) 10241.7(71)

B (MHz) 1415.6312(43) 1422.1436(64) 1407.502(12)
C (MHz) 1307.5570(41) 1311.1510(62) 1300.959(12)
A; (kHz) 0.8645(11) 0.9969(13) 0.7802(26)
A (kHz) —46.0394(91) —51.1980(93) —45.913(27)
Ak (kHz) 795. 795. 795.

o0kP (kHz) 0.0938 0.0938 0.0938

0 (kHz) —8.18 —-8.18 —8.18

D3P (Hz) —0.3583(83) —0.4341(77) —0.261(20)
Oy (Hz) —1.172(24) —1.573(22) —2.487(88)
rms (MHz) 0.143 0.155 0.202

no. of transitions 244 218 142

a A-reductionl'-representatiof? Uncertainties represent one standard deviatidiixed. Further sextic constants preset at zero.

in B3LYP calculations. The centrifugal distortion effect is different. Thespconformer of HC=CHSCN predominates and
relatively large in this compound, and two sextic constabtg, is 3—6 kJ/mol more stable that tkee form,>6 while the opposite
and®;, had to be included in the fit in order to obtain a root- s the case for the title compound, where #uform is at least
mean-square deviation of the fit comparable to the experimental2 kJ/mol more stable than thep rotamer.
uncertainty of~0.15 MHz. The reason for this difference is perhaps the nature of the
It was not possible to determine the dipole moment of this interaction between the vinyl and allenyl groups with the
compound because the lavtransitions, which are normally  thiocyano group. In thep form of H,C=CHSCN one of the
used for this purpose, were too weak. hydrogen atoms of the vinyl group comes into rather close
The experimental rotational constants (Table 3) agree betterproximity with the z-electron system of the €N group, as
with the B3LYP than with the MP2 result (Table 2). This is the nonbonded distance between this hydrogen atom and the
especially true for thé rotational constant. There is satisfactory carbon atom of the €N group is about 256 pm. The nonbonded

agreement between the experimemagland Ak centrifugal distance from this hydrogen atom to the nitrogen atom is
distortion constants and those obtained in the theoretical approximately 299 pm. These values should be compared to
calculations. the sum of Pauling’s van der Waals distariéesf the half-

Vibrationally Excited State. The ground-state transitions thickness of an aromatic molecule (170 pm) and hydrogen (120
were accompanied by several series of lines presumed to belongym), which is 290 pm. Moreover, the-& and G=N bonds
to vibrationally excited states. The spectra of two such excited are about 8 from being parallel, and the bond mometsf
states were assigned; their spectroscopic constants are found ithese two bonds are therefore nearly antiparallel. All this
Table 3 and the spectra are listed in Table 2S and 3S in theindicates that the nonbonded interaction between the said
Supporting Information. Relative intensity measuren®nts hydrogen atom and the cyano group stabilizes speform
yielded 62(20) and 155(30) crh respectively, for these relative to theac form, where this interaction is absent.
fundamental vibrations, which are assumed to be the first excited The nonbonded B3LYP distance between C2 and C8 in the
state of the C5S6 torsional vibration and a low-frequency  spform of PDT is 298 pm, whereas GiC8 nonbonded distance
bending mode. The uncorrected B3LYP value obtained for the js 365 pm, compared to 340 pm, which is twice the van der
torsional vibration is 39.6 cmt, whereas the uncorrected \Waals half-thickness of an aromatic molectidurthermore,
frequency of the lowest bending mode is predicted to be 132.4 the maximumr-electron density of the G1C2 double bond is

cm™. Another bending vibration appears at 194.7 ¢énac- found in the symmetry plane of thep rotamer facing the

cording to these calculations. electron density of the triple bond of thes®l group, leading
Searches for thespConformer. The theoretical calculations  to a destabilization of thep conformer relative to thac form.

of Table 2 predicts that the hypotheticsp conformer should The B3LYP prediction of the energy difference between the

have relatively large components of the dipole moment aloqg sp and ac rotamers (2.2 kJ/mol; Table 2) agree much better
both thea- andb-axes. Extensive searches were made for this \ith the experiment than the value found in the MP2 calcula-
rotamer using Stark and RFMWDR  spectroscopy, but no tions (—2.3 kd/mol; Table 2). This is not surprising since energy
assignments could be made. It is concluded that this rotamergitferences found in quantum chemical calculations at these
must have a higher energy than that of &weconformer. The  |evels theory are uncertain by several kilojoules per mole. The
intensity of the spectrum of the hypothetisgiconformer was  potential function for rotation about the €56 bond based on

predicted using various energy differences between the two the B3LYP calculations (Figure 2) is expected to reproduce the

forms as well dipole moments and partition functions from the qgjitative features of this rotation better than the corresponding
theoretical calculatons for comparison with the observed \p2 potential function would.

spectrum. In this manner, it was estimated that this energy
difference must be larger than about 2 kJ/mol. The fact that the Acknowledgment. We thank Anne Horn for her most
acconformer has a statistical weight of 2 relative to siporm helpful assistance. G.C.C. thanks the Research Council of

has been taken into consideration. Our estimate of the energyNorWay for financial support through Contract No. 160265/
difference is therefore in much better agreement with the B3LYP V30. The Research Council of Norway (program for super-
result than with the MP2 prediction (Table 2). computing) is thanked for a grant of computer time. J.-C.G.
. . thanks the PCMI (INSU-CNRS) for financial support.
Discussion

An interesting finding of this work is that the conformational Supporting Information Available: MW spectra of the
properties of HC=CHSCN and HC=C=CHSCN are so ground vibrational state and two vibrationally excited states.
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