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Acryloyl isothiocyanate, CH,CHC(O)NCS, was prepared and studied by IR, Raman,
photoelectron spectroscopy (PES), photoionization spectroscopy (PIMS) and theoretical
calculations. This molecule was theoretically predicted to prefer the trans-cis (tc) conformation as
the most stable conformer, with the CO bond frans to the CC bond and cis to the NCS group.
IR and Raman spectra also suggest the presence of the tc conformation only. A theoretical study
involving the calculation of the ionization energies using the orbital valence Green’s functional
(OVGEF/6-311+ G(d)) was performed to aid the assignment of the PE spectrum. The first vertical
ionization energy of CH,CHC(O)NCS was determined to be 9.89 eV, which is mainly the
ionization of the out-of-plane bonding nycs orbital. Natural population analysis

(NPA and NBO) were also performed to investigate the reactivity of CH,CHC(O)NCS.

Introduction

Recently, research interest in isothiocyanates has become
more intense because of their wide variety of medicinal,
pharmacological and industrial applications.'™ Their reactions,
which take place via nucleophile attack on the carbon of NCS
group, give high yields and exhibit no side reactions; they are
also examples of distorted linear triatomic systems. The
distortions of the NCS moiety from linearity have been
investigated in some detail.® The -NCS n-system contained
in cruciferae plants and vegetables give them a particular
flavor and most importantly causes them to possess a
number of interesting medicinal properties.” In particular,
isothiocyanates inhibit the medicinal proliferation of tumor
cells both in vitro and in vivo, and are used as chemopreventive
agents.'®!® The initiating event for these effects seems to be
acute cellular stress caused by this class of compounds,
although the elucidation of the mechanism is still at an early
stage. Furthermore, due to their volatility, these compounds
can reach the troposphere and react with radicals to
give certain conversion products, thereby presenting an
ecological risk.'*

Many of these behavioural phenomena are undoubtedly
related to their electronic structures.!” However, the influence
of electronic structure on the chemical behavior of these
species is not yet properly characterized, a better understanding
of which may help to find them further applications.'® These
compounds were investigated previously by UV photoelectron
spectroscopy (UPS) and MO calculations. Little experimental
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data has been reported in the literature on the electronic
structure of isothiocyanates. Derivatives studied previously
include alkyl isothiocyanates,'” methyl isothiocyanates,'s2°
silicon isothiocyanates,'®?! halogen thiocyanates® and
aromatic isothiocyanates.® Considering the information that
has been reported, we were interested in the electronic
structure of the corresponding acryloyl isothiocyanate.

Here, we present the results of our photoelectron spectro-
scopy and photoionization mass spectroscopy studies of
acryloyl isothiocyanate, CH,CHC(O)NCS, for the first time
and determine its ionization energies, as well as elucidating the
corresponding valence electronic structures on the basis of
theoretical calculations. To form a comparison with the
experimental ionization values, a complete theoretical study,
involving structure calculations of stable conformers at
different levels of theory, was performed. MO analysis and
ionization energy calculations were also carried out.

Results and discussion
The geometry of CHCHC(O)NCS

Isothiocyanates are rather intriguing compounds, since the
SCN group is ambidentate, bonding at either S or N and forming
R-S—C=N (thiocyanate)- or R—-N=—=C=S (isothiocyanate)-
type molecules.?® The parent acid exists as HNCS in the gas
phase, whereas both methyl derivatives,”* CH;NCS and
CH;SCN,® can be isolated, as well as CH,CHNCS and
CH,CHSCN.?® The halogen thiocyanates, on the other hand,
are known only as unstable intermediates in solution; chemical
and spectroscopic studies indicate an XSCN rather than an
XNCS structure.?>*”? This is also the case for the selenium
analogues RSeCN (X = Cl, Br,>® I,*' CN*® and CH;0C(0)S*?).
This is in contrast to the substituted oxygen analogues XNCO
(X = CN,* Cl, Br, 1,** CH;C(0)** and CH;0C(0)S***"),
which bond only through nitrogen. As for the acryloyl
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derivative, hardly any experimental or theoretical studies on
its structural and spectroscopic properties have been reported
so far, and only the CH,CHC(O)NCS form was found in our
experimental investigations. Therefore we have just studied the
geometry of CH,CHC(O)NCS here. Generally, several
conformations are feasible, depending on the orientation
around the C—C and C-N single bonds. The molecular structure
and conformational properties of related CH,CHC(O)CI and
CH;3;C(O)NCS had been studied by theoretical and experi-
mental methods.*>* The previous vibrational and theoretical
investigations indicate that the trans conformation is preferred
for acryloyl chloride and the trans-cis (Pc—c c—o0 = 180°,
Po—c n—c = 0°) conformation is preferred for acryloyl
isocyanate in the gas phase,” while substantial amounts of
both conformers are present in the condensed phase. According
to these antecedents, the structure of CH,CHC(O)NCS with
both syn-periplanar orientations around the CC and CN single
bonds was used as the initial form in the calculations.
To gain insight into the conformational preference of this
molecule, the potential energy functions for internal rotation
around the @c—c_c—o0 and Po—c_n—c dihedral angles were
calculated at the MP2/6-31+ G* level by allowing geometry
optimizations, with the respective dihedral angles, @, varying
from 0 to 360° in steps of 10°. The potential energy curves are
shown in Fig. 1.

As seen from Fig. 1, four conformers are predicted to be
stable structures. As expected for the CH,CHC(O) moiety,
a trans orientation of ®c—c c—o dihedral angle is preferred,
given that the cis form is higher in energy. Likewise, four
structures correspond to minima in the potential energy curve
around the @®o—c n—c dihedral angle. The most stable one
shows a cis orientation of the CO and NC bonds, while the
trans form is higher in energy. Similarly, the resulting potential
energy curve for the rotation of the ®o—c_n—c dihedral angle
possesses minima for three planar forms and one non-planar
form, and the non-planar form possesses the highest energy
and the least stability.

Moreover, full geometry optimizations and frequency
calculations for the four feasible conformers have been

] ——Tapc=0 [
—— ®o=CN=C I
b
64 —— Po=C-N=C Lg
o~ 5- L5
E |
= 4 L4
>3
E] L
3. L3
&
E L
& 2- L2
1 - F1
04 +0
0o e 120 180 240 300 360
Dihedral angle (degrees)
Fig. 1 Potential energy curves of CH,CHC(O)NCS by rotating the

C—C and C-N bonds from 0 to 360° in steps of 10° (* ®c—c c—0 = 0°,
° Pc—c c—o = 180°).

Table 1 Calculated relative energies (/kcal mol™') of different
conformers of CH,CHC(O)NCS

tc cc ct tt
B3LYP/6-31 1++G(3df,3pd) 0.0 0.34 1.53 1.90
B3P86/6-311++G(3df,3pd) 0.0 0.47 1.49 1.72
B3PW91/6-31 H+G(3df,3pd) 0.0 0.42 1.47 1.79
MP2/6-31 1++G** 0.0 0.59 1.75 2.25

performed using three DFT methods (B3LYP, B3P86 and
B3PWO1) and the 6-311++G(3df,3pd) basis set; single point
energies were calculated at the MP2/6-311+ +g** level.
Relative AE energy values are listed in Table 1. All computa-
tional methods predict a structure with a trans C—C-C—0
orientation and a cis O—C-N=—C orientation to be the
most stable conformer of CH,CHC(O)NCS (tc). The second
stable form, higher in energy by 0.59 kcal mol™!
(MP2/6-311+ + G**), corresponds to a conformer with a
cis orientation around the two dihedral angles (cc). A third
conformer, named cis-trans (ct) in Fig. 2, with a trans
orientation of the C—O and N—C bonds, becomes a
minima in the potential hypersurface as well, located at
1.75 kcal mol™! above the global minimum. The calculated
energy of the fourth conformer, with a frans orientation of
both dihedral angles (tt), is higher than 2.25 kcal mol™! with
respect to the minimum (Table 1). Furthermore, for acryolyl
isothiocyanate, the rotational barrier from tc to cc was
predicted to be 6.56 kcal mol~!, and it is smaller than that
of acryloyl isocyanate (7.84 kcal mol™").* Compared with
other saturated analogues, we found that the rotation around
the C—C or C—N single bond is less hindered with relatively
low energetic barriers due to n-conjugation.*

Selected geometric parameters obtained by the B3LYP/
6-311+ + G(3df,3pd) approach for the most stable conformer
and the radical cation form for CH,CHC(O)NCS are given in
Table 2. Apparent changes can be found in the bond lengths
and angles between the neutral molecule and the radical cation
form. The most significant change is the C-N bond length,
which elongates from 1.417 to 1.458 A after ionization. This is
similar to that of acetyl isothiocyanate, whose C—N bond
elongates from 1.424 to 1.533 A. Contrary to the corresponding
isocyanate, the C—N single bond shortens (from 1.428 to 1.346 /o\)
after ionization.* Similar to acetyl isothiocyanate, the C=0

Fig. 2 A schematic representation of the four conformers of
CH,CHC(O)NCS: (a) cis—cis (cc), (b) trans-cis (tc), (c) cis-trans (ct)
and (d) trans—trans (tt).
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Table 2 Calculated geometric parameters for the tc conformer of
CH,CHC(O)NCS* and for its radical cation form, CH,CHC(O)NCS* ",
calculated by different methods at the 6-311++G(3df,3pd) basis
set level

Neutral .

Cation
Parameters B3PWO1 B3P86 B3LYP B3LYP
Ycic2 1.329 1.327 1.329 1.335
Yc2c6 1.471 1.468 1.473 1.441
Yc607 1.203 1.202 1.204 1.198
YC6NS 1.412 1.411 1.417 1.458
YNSCY 1.203 1.203 1.204 1.193
Yco9s10 1.557 1.555 1.561 1.572
oAC1c206 124.0 123.8 124.3 121.9
0CaC607 123.7 123.7 123.6 130.6
LCOCENS 114.5 114.4 114.6 117.9
%O7CENS 121.8 121.9 121.8 111.4
LCENRCY 138.6 138.2 138.2 148.4
ONSCIS10 175.6 175.7 175.8 175.6
dC1C2C607 180.0 180.0 180.0 180.0
007C6NSCY 0.0 0.0 0.0 0.0
O CeNgC9S10 180.0 180.0 180.0 177.0

“ Values are given in A and °. For atom numbering, see Fig. 2.

bond length shortens from 1.204 to 1.198 A, and the C-C=0
and O—C-N angles change from 123.6 and 121.8 to 130.6 and
111.4°, respectively. In addition, the dihedral angle dcenscosio
changes from 180 to 177.0° after ionization, which is
completely different to that of acetyl isothiocyanate and
acryloyl isocyanate.>°

Vibrational analysis

No experimental or theoretical calculations have been
reported for CH,CHC(O)NCS. Fig. 3 presents the IR (gas)
and Raman (liquid) spectra of CH,CHC(O)NCS. Experi-
mentally observed vibrational data are collected, together
with the theoretically predicted wavenumbers (B3LYP/
6-311++G(3df,3pd)) for the most stable conformer and
tentative assignments are given in the ESI (Table S1).¥ The
vibrational modes were assigned in comparison with the
theoretical wavenumbers and intensities, as well as with
relevant reported data, specially of CH,CHC(O)CL*!
CH;C(O)NCS* and CH,CHNCS.* This molecule in its
planar tc conformation possesses Cs symmetry. Thus, in
CH,CHC(O)NCS, the 3N — 6 = 24 normal modes of vibration
correspond to an irreducible representation 17A’ + 7A” for
the in-plane and out-of-plane modes, respectively.

Generally, the ab initio and DFT harmonic vibrational
frequencies are overestimated.** Since this overestimation is
found to be consistent, the constant or exponential scaling
method is often employed.*® Due to the similar energies of the
tc and cc conformers, it is possible that a second stable cc form
may also exist with the tc form at ambient temperature, but
that the main conformer is the latter in the gas phase.
Furthermore, it was found that the experimental IR spectrum
was in more agreement with the theoretical spectrum of the tc
conformer (see the ESI, Table S1t). For simplicity, our
discussion is reduced to the analysis of the energetically more
favorable tc conformer.

All of the stretching modes at high wavenumbers are
characteristic and easily assignable. The carbonyl and NCS
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Fig. 3 The gas phase IR spectrum (top) and liquid phase Raman
spectrum (bottom) of CH,CHC(O)NCS.

stretching vibrations give rise to three prominent IR absorptions.**
The NCS antisymmetric stretching mode appears only
as a very weak and broad line in the Raman spectrum. The
strong 1980-2100 and 450-700 cm ™" IR features are diagnostic
of isothiocyanates, being rather insensitive to the nature of the
substituents.*****¢ The characteristic vibrational frequencies
of the vinyl group are well documented.*’” As seen in Fig. 3,
the most intense band at 1989 cm,”' which is somewhat
lower than the calculated value of 2040 cm™!, corresponds
to the NCS antisymmetric stretching mode and appears as a
weak signal in the Raman spectrum, is very similar to that of
acetyl isothiocyanate, for which the corresponding stretching
mode is located at 1990 cm~'** The most characteristic
band, at 1733 cm™!, can undoubtedly be attributed to the
stretching mode of vc—o. Additionally, the NCS
bending mode was predicted at 459 cm~', which agrees
very well with the observed band at 450 cm™' in the
IR spectrum of acetyl isothiocyanate.*> The C—C double
bond stretching mode was calculated to have a relatively high
IR intensity and Raman activity. This mode was observed
at 1629 and 1622 cm™' in the IR and Raman spectra,
respectively. The absorption at 1406 cm ™' can be assigned to
the deformation of the CH, group, and the absorptions at
1156 and 923 cm ™' are mainly the twist of the CH, group.
CC(O)N out-of-plane bending is assigned to the band at
573 em™'. Other characteristic bands at 1233 and 711 cm™'
correspond to vc_c symmetrical stretching and ven
stretching, which excludes the of acryloyl
thiocyanate in our experiment.

existence
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Photoionization mass spectroscopy

The He I photoionization mass spectrum of CH,CHC(O)NCS
is shown in Fig. 4. The spectrum is relatively simple, showing
five peaks: C,H;", C,H;CO™, NCS*, CONCS* and M ™,
with the dominant feature being the C,H;CO" peak,
and is similar to that of acryloyl chloride.*® Because there
are no peaks for acryloyl chloride in Fig. 4 and no acryloyl
chloride bands in the corresponding PE spectrum, it can
be concluded that the C,H;CO™ and C,H;" peaks are
fragments of CH,CHC(O)NCS. Seen from the spectrum of
CH,CHC(O)NCS, the parent ions are distinct, which indicates
that this molecule is relatively stable under the experimental
conditions. Four dissociation pathways can be envisaged:
C,H;" ions with CONCS radicals, C,H; radicals with
CONCS™ ions, C,H;CO™" ions with NCS radicals and
C,H;CO radicals with NCS™ ions. According to the intensity
of the peaks in the spectrum, it is evident that the C,H;CO ™"
ions with NCS radicals dissociation pathway is the dominant
one for CH,CHC(O)NCS.

Photoelectron spectrum

Photoelectron spectroscopy with a He I resonance source
(58.4 nm) is an effective method for investigating the electronic
structure of unstable compounds and free radicals, in
combination with ab initio calculations. The valence shell
structure of molecules can be readily obtained by He I
photoelectron energy analysis, especially when studying
similar molecules. Previous photoelectron spectroscopic
investigations on aromatic pseudohalides and acetyl pseudo-
halides have indicated that the first two occupied molecular
orbitals (HOMOs) are the bonding-m and non-bonding-n
orbitals of the NCS group. In addition, on energy grounds,
it is expected that the NCS-n delocalization/interaction will be
more prominent in isothiocyanates than in isocyanates; this
being due to the lower energy gap between the NCS and CO
n-orbitals compared with NCO and CO m-orbitals. In alkyl
derivatives, the relevant NCS bands are sharper than in
aromatic examples, which supports the notion of stronger
orbital mixing/interaction in the latter. These principles are
of particular interest in connection with the present study.
As we know, within the He I energy region (21.2 e¢V), the
non-bonding- and bonding-n levels (of the originally linear
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Fig. 4 The PIMS spectrum of CH,CHC(O)NCS.
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Fig. 5 The He I photoelectron spectrum of CH,CHC(O)NCS.

moieties) will give rise to four IPs in the linear molecule, viz.
a” (n.b.), a’ (n.b.) and a” (b), a’ (b). One group of orbitals
(with a’ symmetry) lies in the molecular plane, while the other
group (with a” symmetry) belongs to orbitals perpendicular to
the plane. These orbitals are partially localized on the pseudo-
halide carbonyl group and the C—C bond. The information
obtained from several empirical and theoretical considerations
can be used simultaneously to assign the spectrum. The PE
spectrum of CH,CHC(O)NCS is depicted in Fig. 5.
Before assigning the spectrum, ROVGF calculations
(OVGF/6-311+G(d)) were carried out for the tc and cc con-
formers by using the structure parameters optimized at the
B3LYP/6-311++G(3df,3pd) level to obtain the ionization
energies. The experimental vertical ionization energies,
calculated vertical ionization energies and molecular orbital
characters of the tc and cc conformers of CH,CHC(O)NCS
are listed in Table 3. Drawings of six molecular orbitals
(MOs) are shown in Fig. 6. Since tc and cc conformers with
comparable energies are possible in some cases, first we should
investigate whether the spectrum can originate from a mixture
of both conformers or whether one of them dominates.
However, in comparison to the calculated orbital energies,
we have reduced our discussion to the analysis of the global
minimum tc conformer.

As for the photoelectron spectrum of CH,CHC(O)NCS,
nine distinct ionization bands were observed in the 10-18 eV
region. The ionization energies of the different bands are in
good agreement with the calculated values derived from the
OVGF method. In addition, the photoelectron spectrum could
be assigned by referring to the previously analyzed PE spectra
of CH,CHC(O)Cl and CH,CHC(O)NCO,* as well as its
parent molecules, CH,CHC(O)H* and HNCS.'® The shape
and intensity of the first two bands suggests that they should
be attributed to two ionization processes. Consistent with
analogous molecules HNCS'® and CH;C(O)NCS,* and
together with the analysis of the OVGF calculation results,
these two bands are derived from 5a” and 24a’, the compo-
nents of which are bonding m-orbitals on the pseudohalide
NCS moieties (primarily sulfur lone-pair electrons); the only
difference between them is their orientation: the former is
out-of-plane mycs, while the latter is in-plane nt'ncs. This is
completely different to that of acryloyl isocyanate: * for the
latter, the first occupied molecular orbital (HOMO) is mainly
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Table 3 Experimental IP values, and IP values obtained by ROVGF/6-311+ G* calculations for the tc and cc conformers of CH,CHC(O)NCS“

Experimental IP/eV Calculated IP(tc)/eV Calculated IP(cc)/eV MO Character

9.89 9.93 (0.89) 9.57 (0.90) 5a” TN—C—S

10.05 10.09 (0.89) 9.70 (0.90) 24a’ T'N—C—s

11.04 11.01 (0.89) 10.69 (0.90) 4a” Te—c

11.19 11.14 (0.87) 11.27 (0.88) 23a’ NoCc=0)

13.28 13.40 (0.83) 13.16 (0.85) 3a” TCe—0, TN—C—S
13.97 13.76 (0.87) 13.45 (0.88) 22a’ Gc—c

14.17 14.17 (0.85) 13.83 (0.87) 21a’ T'N—C—s

15.22 15.44 (0.87) 15.23 (0.84) 20a’ ' N—C—s

15.53 15.51 (0.82) 15.25(0.87) 2a” TCc—0, TN—C—S

“ Pole strength given in parentheses. © Geometry optimized at the B3LYP/6-311+ + G(3df,3pd) level of approximation.

] 39"

Fig. 6 Drawings of selected occupied MOs of CH,CHC(O)NCS.

the C=C n-orbital. This may be caused by the small energy
gap between the NCS and the C—0 mn-orbital compared with
that between the NCO and the C—O m-orbital, which also
results in the shift of the first vertical ionization of
CH,CHC(O)NCS to a lower energy. An interesting and
important feature of the PE spectra of compounds containing
SCN is that the energetic order of the two highest occupied
orbitals is m(a”) < m(a’), such as for HNCS,'® CH;NCS!'® and
CH;C(O)NCS.*® The separation of the m(a”) and m(a’) is also
quite narrow, which indicates that the interaction between the
ines and Te—q is strong. The same phenomenon occurs in
CH,CHC(O)NCS, where the separation of the first two bands
is only 0.16 eV.

Further calculations (UB3LYP/6-311++G(3df, 3pd)) were
performed in order to analyze the nature of the radical cation
formed in the first ionization process. The results demonstrate
that the atomic charges are delocalized over the whole
molecule, with an appreciable fraction localized on
the carbonyl oxygen atom and the sulfur atom (Table 4).
The optimized structural parameters of the radical cation are
summarized in Table 2. In a similar way, the C—-N and C—0
bond lengths and the O—C-N bond angle are the geometric
parameters most influenced by ionization. The planar form,
with a trans orientation of the C—C and C—O bonds, is

changed after ionization. These results agree with a picture of
electron ionization mainly localized on the NCS group, with a
reinforced bond character in the C—C and C—O0O bonds, and a
decrease in the corresponding C—N and C=S bonds. The
planar structure of the neutral molecule changed after the first
ionization process, and this change in geometry may be the
reason for the structureless broad band observed when the first
ionization process occurs. A value of IP*! = 9.57 eV is derived
from the difference between the energies of the neutral and the
radical cation form.

The next two bands, which overlap with each other, come
from the ionization of the 4a” and 23a’ orbitals. Combining
our calculated OVGF results and the assignments of the PE
spectra of other RNCS molecules, we have assigned the
third band at 11.04 eV as arising from the ionization of the
out-of-plane bonding mc—c-orbital and the fourth band at
11.19 eV as arising from the ionization of the in-plane
carbonyl oxygen lone pair np-orbital. These bands are in good
agreement with the calculated values of 11.01 and 11.14 eV,
respectively. Compared with CH,CHC(O)NCO,* the ionization
of the bonding mc—c shifts to a higher energy by 0.36 eV.

The PE band at 13.28 eV is the ionization of the 3a” orbital,
which is in agreement with the calculated 13.40 eV value.
The primary MO character is bonding-nc—o with a consider-
able contribution from the non-bonding-nycs. Similar bands
occur in the PE spectrum of CH3;C(O)NCS (13.04 eV)
{42"(nc—o, Tines)}.>> The sixth band at 13.97 eV, which
originates from the ionization of the 22a’ orbital, has a main
character of oc—c. With the help of theoretical calculations,
the next two bands at 14.17 and 15.22 eV are assigned to the
ionization of the 21a’ and 20a’ orbitals, the main characters of
which are same as each other, both arising from in-plane
n'ncs.  The distinct band in the PE  spectrum of
CH,CHC(O)NCS at 15.53 eV is tentatively assigned to the
out-of-plane T MO (2a”), with a primary contribution of Tc—q
and mncs characters, and is in good agreement with the
calculated value of 15.51 eV. The bands in the higher

Table 4 Atomic charge for the neutral and radical cation forms of CH,CHC(O)NCS, calculated by the UB3LYP/6-311+ + G(3df,3pd)

approximation

Atom“ Cl1 C2 H3 H4 H5 Co6 o7 N8 C9 S10 TAC®
CH,=CHC(O)NCS —0.214 0.342 0.045 0.026 0.036 0.797 —0.681 —0.856 0.642 —0.136 0
CH,=CHC(O)NCS* —0.094 0.438 0.079 0.028 0.057 0.855 —0.513 —0.801 0.757 0.195 1
Ag° 0.120 0.096 0.034 0.002 0.021 0.058 0.168 0.055 0.115 0.331 1

“ For atom numbering, see Fig. 2. * TAC = total atomic charge. ¢ Ag = gCH,—CHC(O)NCS® + — dCH,—CHC(O)NCS
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Table 5 Natural bond orbital analysis for CH,CHC(O)NCO and
CH,CHC(O)NCS with the B3LYP method at the 6-311++ G(3df,3pd)
basis set level”

Donor NBO Acceptor NBO  E®/kcal mol™!

CH,—CHC(O)NCO LP(1)0;,  m*(1)Ng-Co 11.86
CH,—CHC(O)NCS LP(1)S,, 7*(1)Ng-Co 18.79

“ For atom numbering, see Fig. 2.

ionization energy region of the spectrum over 16.0 eV
are broad features, making it difficult to make further
assignments.

Relative reactivity

It has been found that substituents do not significantly affect
the electron density of NCX groups.®*>* The chemical
reactivity of the NCX group is based on nucleophilic
attack on the electron deficient carbon, which can be
rationalized by simple resonance structures. R-N—C=X (I) <
R-N"-C*"=X(II) &> R-N=C"-X~ (IlI) (X = O or S) This
is in accordance with our population analysis (see the ESI,
Table S27), which shows that the NCX carbon always has a
positive partial charge. The results of a natural population
analysis show that the atomic charges in CH,CHC(O)NCS are
C: +0.25, N: —=0.53 and S: +0.09, and in NCO derivatives are
C: +0.91, N: —0.65 and O: —0.45. However, in isothio-
cyanates, since the carbon’s partial charge is considerably
smaller, they can be expected to be less reactive than their
isocyanate analogues. In addition, a natural bond orbital
(NBO) analysis also supports this notion: the delocalization
energy of the p-type lone pair of sulfur to the n*(N-C) orbital
is 18.79 kcal mol ™!, which is bigger than that of the p-type lone
pair of oxygen to the m*(N-C) orbital (11.86 kcal mol™!)
(see Table 5). Furthermore, the ionization energy of the
electron deficient NCX orbital may be an indicator of
chemical reactivity; the higher the ionization energy (i.e. the
lower the NCX orbital energy) the more stable the inter-
mediate will be. Our investigations on the electronic structure
of CH,CHC(O)NCS may have further implications on
understanding its chemical reactivity.

Conclusions

Acryloyl isothiocyanate, CH,CHC(O)NCS, was synthesized
by a heterogeneous reaction between acryloyl chloride and
AgNCS, and was investigated by He I photoelectron spectro-
scopy, photoionization mass spectroscopy, IR and Raman
spectroscopy, and theoretical calculations. The results show
that the most stable conformer of CH,CHC(O)NCS is the tc
(trans-cis) form: with the C—C bond in a trans orientation
with respect to the C—O bond, and the C—O bond in a
cis orientation with respect to the NCS group. The first vertical
ionization potential of CH,CHC(O)NCS is at 9.89 eV. In
order to understand the nature of the first ionization processes,
the radical cation form of CH,CHC(O)NCS was also studied.
It was found that its structure changed after ionization.
Comparing CH,CHC(O)NCS with its isocyanate analogue,
the main characters of their HOMOs are different; the first
ionization of the former originates from the out-of-plane

bonding mncs orbital, while that of the latter originates from
the bonding nc—c orbital. The adiabatic energy is 9.57 eV,
which is not identical to the first vertical ionization energy
according to Frank—Condon principle. Furthermore, NPA
and NBO analyses combined with electronic structural investi-
gations showed that the reactivity of CH,CHC(O)NCS is less
than that acryloyl isocyanate in nucleophilic reactions.

Experimental section

Experimental and theoretical methods

CH,CHC(O)NCS is typically prepared by the reaction of
acryloyl chloride with ammonium thiocyanate®® or potassium
thiocyanate®' in dioxane. However, in this paper, it was
synthesized quantitatively by a new and convenient gas—solid
reaction between acryloyl chloride and AgNCS for 48 h at a
room temperature of 20 °C. Under these conditions, the
volatile product was slowly pumped and separated by
trap-to-trap condensation to remove the minor impurity of
acryloyl chloride. The final purity was checked by IR and mass
spectroscopy. The reaction equation is as follows:

CH,CHC(O)CI (g) + AgNCS (s)
— CH,CHC(O)NCS (g) + AgCl (s)

IR and Raman spectroscopy

IR spectra, recorded at 4 cm™' resolution, were collected on a
Thermo Nicolet 6700 interferometer equipped with a 20 cm
single-pass gas cell. The cell, with KBr windows, gave a
spectral range from 4000 to 400 cm™'. All compounds had
sufficient vapor pressure and were pumped continuously
through the cell using a rotary pump. Raman signals were
collected and focused into a spectrometer (SpectraPro-5001i,
Acton) equipped with a liquid nitrogen cooled CCD detection
system (SPEC-10-400B/LbN, Roper Scientific). The sample in
a 4 mm glass capillary was excited with a 200 mW Ar ™ laser at
488 nm (Spectra-Physics Beam Lock).

Photoelectron spectroscopy

PE spectra were recorded on a double-chamber UPS-II
instrument designed specifically to detect transient species at
a resolution of ~30 meV, as indicated by the Ar+(2P2/3)
photoelectron band.’>>  Experimental vertical ionization
energies (IP in eV) were calibrated by the simultaneous
addition of a small amount of argon and methyl iodide to
the sample. Mass analysis of ions was achieved by a time-of-
flight mass analyzer mounted directly at the photoionization
point. lonization was provided by single wavelength He I
radiation. PE and PIMS spectra, although not measured
simultaneously, were recorded within seconds of each other
under identical conditions; thus, it was assumed that for a
given PE spectrum, the subsequent PIMS spectrum was of the
same compound.

Quantum chemical calculations

Electronic structure calculations were carried out using the
Gaussian series of programs.>* Because the values and order of
molecular orbital (MO) energies depends on molecular
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geometry, the geometries of the neutral ground state and
lowest-lying cationic state of CH,CHC(O)NCS were
optimized using density functional theory (B3LYP, B3P86
and B3PW91) at the 6-311++G(3df,3pd) basis set level.
The single point energy of different conformers were calcu-
lated by the ab initio (MP2) method with the 6-311++G**
basis set. Density functional calculations were previously
employed for pseudohalides and had a good performance.>>->
The vibrational frequencies were computed analytically and
zero-point energy (ZPE) corrections were included in the
calculation of relative energies. To assign the PE spectra,
out-valence Green’s function (OVGF/6-311+ G(d)) calcula-
tions, which include sophisticated correlation effects of the
self-energy, were applied to the most stable conformer of each
compound to give accurate results of the vertical ionization
energies. The adiabatic energy was obtained according to the
energy differences between the most stable conformer and
the corresponding radical cation form. Mulliken population
analysis was applied to assign the charges of both the neutral
and radical cation forms. Three-dimensional MO plots were
obtained by using the Gauss View program with a 0.06 isodensity.
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