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Z-3-Amino-2-propenenitrile, INCH=CHCN, a compound of astrochemical and astrobiological interest, has
been studied by Stark and Fourier transform microwave spectroscopy along with eight of its isotopologues;
the synthesis of five of these are reported. The spectra of the ground vibrational state and of three vibrationally
excited states belonging to the two lowest normal modes were assigned for the parent species, whereas the
ground states were assigned for the isotopologues. The frequency of the lowest in-plane bending fundamental
vibration was determined to be 152(20) cnand the frequency of the lowest out-of-plane fundamental mode

was found to be 176(20) crhby relative intensity measurements. A delicate problem is whether this compound

is planar or slightly nonplanar. It was found that the rotational constants of the nine species cannot be used
to conclude definitely whether the molecule is planar or not. The experimental dipole momgrt K5.45-

(12),up = 2.86(6),uc = 0 (assumed), angy, = 16.70(12)x 103 C m [5.01(4) D]. The quadrupole coupling
constants of the two nitrogen nuclei grg = —1.4917(21) angt.c = 1.5644(24) MHz for the nitrogen atom

of the cyano group ang.. = 1.7262(18) ang.. = —4.0591(17) MHz for the nitrogen atom of the amino
group. Extensive quantum-chemical calculations have been performed, and the results obtained from these
calculations have been compared with the experimental values. The equilibrium structures of vinylamine,
vinyl cyanide, andZ-3-amino-2-propenenitrile have been calculated. These calculations have established that
the equilibrium structure of the title compound is definitely nonplanar. However, the MP2/VQZ energy
difference between the planar and nonplanar forms is small,-o4B3 J/mol.Z-Amino-2-propenenitrile and
E-3-amino-2-propenenitrile are formed simply by mixing ammonia and cyanoacetylene at room temperature.
A plausible reaction path has been modeled. G3 calculations indicate that the enthalpy (298.15 K, 1 atm) of
the transition state is about 130 kJ/mol higher than the sum of the enthalpies of the reactants ammonia and
cyanoacetylene. This energy difference is comparatively high, which indicates thatEbahd Z-3-
aminopropenenitrile are not likely to be formed in the gas phase in cold interstellar clouds via a collision
between ammonia and cyanoacetylene. An alternative reaction between protonated cyanoacety@esne (H
C—C=NH") and ammonia is predicted to have a much lower activation energy than the reaction between the
neutral molecules. Although protonatedandZ-3-aminopropenenitrile in principle may be formed this way,

it is more likely that a collision between NHand H-C=C—C=NH" leads to NH*and H-C=C—C=N.

Introduction interstellar spac&®in comet8 and in the atmosphere of Titds.
The other precursor, ammonia, is also a ubiquitous extraterres-

It was pointed out in a very recent stddiiat the two isomer: .
po yre it the two isomers trial molecule®1°Moreover, Eschenmoser and co-worRéts1s

of aminopropenenitrile,Z- and E-3-amino-2-propenenitrile h inted out that am il h laved
(H2N—CH=CH—C=N), might exist in the interstellar medium, ave pointed out that aminopropenenitriie may have played a

in comets, and in the atmospheres of planets, and they mayrole in prebiotic chemistry in the formation of carbohydrates

also have existed on primitive Earth. The reason for this and amino acids.
suggestion is that this compound is readily formed in aZt&l Previous investigatiods of the title compound have shown
mixture at room temperature in the gas pRasein solutior? that theZ:E ratio, which is roughly 1:1 in the reaction mixture,
simply by mixing cyanoacetylene (H&C—C=N) and ammonia increases to about 20:1 after distillation in vacuo. Distilled
(NHs), two compounds that are prevalent in the Universe. The samples were used in the most recent study,which the
reactant cyanoacetylene has, for example, been observed irinfrared (IR) spectrum of aminopropenenitrile was investigated
in the 500-4000 cnT?! spectral region in the gas and liquid
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Ho,NCH=CHCN, of Astrochemical Interest

Figure 1. Model of Z-3-amino-2-propenenitrile (APN) with atom

numbering. Evidence is presented to show that the compound has a

slightly nonplanar equilibrium conformation.

density functional theory calculations employing the B3L¥#
procedure with the 6-31G(3df,2p) basis set both predict the
Z-isomer to be approximately 8.0 kJ/mol (Gibbs energy differ-
ence at 100 K) more stable than t&ésomer! It was also found
that a rotation about the double bond is the likely thermal
interconversion path between theand theE-isomers, whereas
this isomerization may occur via an enamiimine tautom-
erism path in a basic solution. The transition state for the thermal
interconversion was predicted to lie approximately 215 kJ/mol
above the energy of th&-isomer!

Nitriles are among the most commonly reported interstellar
organic molecules and have been identified in a number of
sources in interstellar spaé®? It is considered likely that
nitriles containing an amino group have played a key role in
the formation of amino acids, which have been found in certain
meteoriteg? A radio astronomical search for th&isomer of
the title compound in the Sagittarius B2 (N) interstellar cloud
has recently been performétThis search concentrated on
identifying microwave (MW) signals from this source that
coincide with the MW transitions presented in this work, but
no identifications could be madg.

The likely formation of extraterrestrial aminopropenenitrile
and its potentially prebiotic role were the main motivations for
undertaking the present MW and quantum chemical study of
Z-3-amino-2-propenenitrile, henceforth called APN. A model
with atom numbering is depicted in Figure 1.

The MW spectrum of APN was investigated because such
spectra are very useful for identifying molecules in interstellar
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moment, and quadrupole coupling constants, and to model the
gas-phase reaction between ammonia and cyanoacetylene form-
ing 3-aminopropenenitrile.

Experimental Section

Synthesis of 3-Amino-2-propenenitrile and Its Isotopo-
logues. 3-Amino-2-propenenitrile has been synthesized by
mixing gaseous ammonia and cyanoacetyleflee preparations
of cyanoacetylene, cyanoacetyletheand cyanoacetyleneN
are given in the Supporting InformatiolN-enriched ammonia
was used to synthesize th# species. The syntheses of the 2-
and 3-deuterated derivatives were more difficult to perform. This
work was complicated by the fast exchange between the
hydrogen(s) or deuterium(s) of ammonia and cyanoacetylene.
It has already been reported that the therEat Z isomerization
does not occur via an enamininine tautomerism.However,
such tautomerism occurs in the presence of a base. Thus a 95:5

space, in the gas jets of comets, and in the atmospheres oZ:E ratio of aminopropenenitrile led to a 1Z:E ratio by

planets'® Both Stark-modulated (Oslo) and Fourier transform
(Lille) MW spectroscopy have been employed, since these
techniques yield complementary information.

addition of small amounts of a base such as sodium hydroxide,
triethylamine, or 1,8-diazabicyclo[5,4,0Jundec-7-ene (DBU).
We used this property to prepare the two deuterated derivatives.

The MW spectra of several isotopologues have also beenAll these results are summarized in Scheme 1.
investigated because they should be of interest in a possible (Z+E)-3-Amino-d,-2-deuterio-2-propenenitrile (2).(Z+E)-

future identification of APN in the Universe. Another reason

3-Amino-2-propenenitrileX; 1.36 g, 20 mmol) was introduced

for studying isotopologues has been that the rotational constantsn a flask with 5 mL of methanadk. A few drops of triethylamine

obtained from their MW spectra can be used to derive
information about the structure of this compound.

On aspect of the structure of APN is whether this molecule
is exactly planar. Interestingly, the related molecule vinylamine
(H2C=CHNH,) is definitely nonplanaf?-2* The title compound
thus offers the possibility of investigating the effect the nitrile

were added. Afte2 h of stirring at room temperature, the low-
boiling compounds were evacuated in vacuo. This sequence was
repeated by addition of methartband triethylamine. The crude
compound? in a 1:1ZE ratio was purified by distillation in
vacuo (bp 1, 63 °C) to give2 (95:5 ZE ratio) in a 78% vyield
(1.10 g). Isot pur- 97%. ) 'H NMR (CDCls, 400 MHz): 6

substituent may have on the structural properties. The molecular6.78 (t, 1H,3Jyp < 1 Hz, CH-N). 13C NMR (CDCk, 100
dipole moment and the nuclear quadrupole coupling constantsMHz): 6 63.1 (Jcp = 27.3 Hz, CH-CN); 118.4 (CN); 149.5

of the two nitrogen nuclei are also important for the determi-
nation of the molecular symmetry and bonding properties and
have therefore been investigated in the course of this study.
Quantum-chemical calculations at high levels of theory have
also been performed primarily to assist in the assignment
procedure, to predict an accurate equilibrium structure, dipole

(CH=N). (E) *H NMR (CDCls, 400 MHz):  6.98 (t, 1H,3Jo
= 1.9 Hz, CH-N). 13C NMR (CDCk, 100 MHz): 6 65.2 £Jco
= 27.3 Hz, CH-CN): 122.2 (CN): 151.0 (CHN). IR (neat:
v, cmh): 2529 (n-p) (M), 2189 fcn) (S), 1618 fc=c) (),
1308 (s), 977 (s). HRMS. Calcd fors8:DsNy:  71.0563.
Found: 71.0561.



12574 J. Phys. Chem. A, Vol. 110, No. 46, 2006

(Z+E)-3-Amino-2-deuterio-2-propenenitrile (3).(Z+E)-3-
Amino-d,-2-deuterio-2-propenenitri2 (710 mg, 10 mmol) was
introduced in a flask with 5 mL of methanol. After 5 min of
stirring, methanol was removed in vacuo. CompoGmmlirified
by distillation in vacuo (bpi, 63 °C) was obtained in a 85%
yield (587 mg). Isot pur- 94%. ) 'H NMR (CDCls, 400
MHz): o 4.96 (s brd, 2H, Nh); 6.77 (tt, 1H,3J4y = 10.6
Hz3Jhp = 1.3 Hz CH—N). 13C NMR (CDCk, 100 MHz): 6
62.6 (Jcp = 27.1 Hz, CH-CN); 118.5 8Jcp = 12.0 Hz, CN);
149.9 (CH-N). (E) 'H NMR (CDCls, 400 MHz): & 4.96 (s
brd, 2H, NH); 6.92 (t, 1H,3J4y = 10.7 Hz3J4p = 1.9 Hz,
CH—N). 13C NMR (CDCk, 100 MHz): ¢ 65.2 {Jcp = 25.6
Hz, CH-CN); 121.4 (CN); 151.2 (CHN).

(Z+E)-3-Amino-d,-2,3-deuterio-2-propenenitrile (4).Gas-
eous ammonias was mixed with cyanoacetyleftk as reported
for 1! (Supporting Information), and the product was purified
by distillation in vacuo (yield: 80%).2) 3C NMR (CDCE,
100 MHz): 6 61.4 (Jcp = 27.3 Hz, CH-CN); 118.8 (CN);
149.8 {Jcp = 25.7 Hz, CH-N). (E) *C NMR (CDCk, 100
MHz): 6 63.1 (Jcp = 26.0 Hz, CH-CN); 121.6 (CN); 151.0
(YJcp = 25.8 Hz, CH-N).

(Z+E)-3-Amino-3-deuterio-2-propenenitrile (5). Compound
4 (720 mg, 10 mmol) was introduced in a flask with methanol
(20 mL), and a few drops of triethylamine were added. After 2
h of stirring at room temperature, the low-boiling compounds
were removed in vacuo and th2«{E)-3-amino-3-deuterio-2-
propenenitrile 4) was purified by distillation (bgi, 63 °C).
Yield: 566 mg, 8.2 mmol, 82%. Isot pur 94%. ) 'H NMR
(CDCls, 400 MHz): 6 3.97 (s, 1H, CH-CN); 4.86 (s brd, 2H,
NHs). 13C NMR (CDCk, 100 MHz): ¢ 63.0 (CH-CN); 118.5
(CN); 149.8 tJcp = 25.7 Hz, CH-N). (E) H NMR (CDCls,
400 MHz): 6 4.27 (s, 1H, CH-CN); 4.52 (s brd, 2H, Nb).
13C NMR (CDCk, 100 MHz): 6 65.5 (CH-CN); 121.4 (CN);
151.0 {Jcp = 25.7 Hz, CH-N).

(Z+E)-3-Amino-13N-2-propenenitrile (6).2° This compound
was prepared in a 80% yield by the synthesis describedfor
(Supporting Information) using ammonrté&N and cyanoacety-
lene.’>N NMR (CDCls, 500.1 MHz): 6 —302.0 (E), 3nn =
90.5 Hz); —301.0 (@), YInn = 92 Hz).

(Z+E)-3-Amino-2-propenenitrile-13N (7).25 This compound
was prepared in a 80% vyield by the synthesis described?for
using ammonia and cyanoacetylefis. (Z) 13C NMR (CDCk,
100 MHz): 6 61.4 (CH-CN); 118.9 tJcy = 17.6 Hz, CN);
150.5. E) 13C NMR (CDCk, 100 MHz): ¢ 63.7 (CH-CN),
122.0 tJcn = 18.4 Hz, CN); 151.8 (CHN). 15N NMR (CDCls,
500.1 MHz): 6 —135.4 €); —121.0 ).

Z-3-Amino-d-2-propenenitrile (8). There are two rotamers
in this case having the HN—C—C chain of atoms in a syn-
periplanar or in an anti-periplanar configuration, respectively.
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spectrum. However, it turned out that it was problematic to
obtain a sufficiently strong Stark spectrum for several reasons.
The samples used in our experiments were synthesized in
Rennes, but they had been distilled and transported to Oslo
dissolved in dichloromethane. Most of the dichloromethane was
first removed by distillation under reduced pressure, leaving
behind a brown, viscous residue, which is obviously associated
with polymeric material. Dichloromethane has a strong and rich
MW spectrum, and it was essential to remove this volatile
component completely in order to obtain the MW spectrum of
APN. Pumping on the sample by simply using a diffusion pump
was not sufficient. It was necessary to heat the sample vigorously
with a heat gun while evacuating with a diffusion pump to
remove the last dichloromethane completely. The upper part of
the sample tube was cooled with dry ice during this operation
in order to condense the sample, which contained more than
95% of theZ-isomer (APN) of aminopropenenitrile according
to the NMR spectroscopy The measured vapor pressure of
APN at room temperature was roughly of the order of-26

Pa. The observed spectrum was much weaker than expected
for a molecule with a dipole moment of approximately 47
10730 C m. It was therefore assumed that a major part of the
vapor belongs to gaseous impurities, which were only partly
identified. HG=C—C=N was searched for using both Stark and
Fourier transform techniques but was not found. Ammonia was
identified and is one impurity, but the vapor pressure indicated
that there had to be additional impurities as well. It was also
observed that the intensity of the spectrum diminished rather
rapidly in the Stark experiment. It is assumed that this is due to
a partial adsorption of the sample onto the cell walls, followed
by the formation of polymerization products or similar reactions.
The cell therefore had to be refilled frequently with fresh sample.

Microwave Fourier Transform Experiment. The spectrum
of APN was recorded in the-420 GHz spectral range using
the molecular jet microwave Fourier transform spectrometer in
Lille.?8 A pure sample (not diluted in dichloromethane) was used
in this experiment. No extensive searching for impurities was
performed. The sample was heated at a temperature of 320 K
and mixed with neon at a stagnation pressure of 1.5 bar. The
gas was injected into the vacuum tank by means of a pulsed
nozzle at a rate of 2 Hz to create a supersonic expansion with
a rotational temperature of-2 K. The cell is a FabryPerot
cavity of adjustable length, with a mode bandwidth of about
0.4 MHz. Molecules in the expansion were probed withs?
pulses of tunable MW radiation, and the free-induction decay
occurring at each resonance frequency was detected and
processed. This operation was then automatically repeated every
0.4 MHz in order to cover the desired frequency region. As the
nozzle is inserted in the center of the fixed mirror of the Fabry

Both these species were produced by exchange between Z-3Perot cavity, the supersonic expansion is parallel to the MW
amino-2-propenenitrile and heavy water in the MW cell. The axis of the cavity, and each transition is consequently divided
cell was first conditioned with heavy water. Fumes of the APN into two Doppler components. The central frequency of each
were then introduced. The spectra of the syn-periplanar and anti-line was determined by averaging the frequencies of the two
periplanar forms produced in this manner were each observedDoppler components after the transformation of 4096 data points
to have roughly 25% of the intensity of the spectrum of the in the time domain signal, leading to an accuracy of 2.4 kHz.

pure parent species. The line width of a well-resolved line was 10 kHz.

Stark Spectrometer Experiment. The MW spectrum of Assignment of the MW Spectrum Using Stark Spectros-
APN was studied at room temperature in the-80 GHz copy.Accurate predictions of the rotational constants and dipole
spectral region with the Stark spectrometer in Oslo. The main moment components along the principal inertial axis are very
features of this spectrometer have been described elsetfltére. useful when assigning MW spectra. It has been shéwmat

Preliminary quantum-chemical calculations indicated that Mgller—Plesset second-order perturbation calculations (KP2)
APN should have a dipole moment component along the using a large basis set predict structures that are close to
a-principal inertial axis of about 1% 1073° C m [5 D] (see equilibrium structures. The approximatquilibriumrotational
below). This should result in a comparatively strong MW constants calculated from such structures should normally be
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close &2%) to theeffectve rotational constants obtained from It is concluded that this form cannot be present in high
the MW spectra. The relatively large 6-3t+G** basis set, concentrations. This is in accord with previous findidgs.
which is of triple< quality and includes diffuse functions, was Fourier Transform MW Spectroscopy. The resolution and
employed in a MP2 calculation to predict rotational constants, sensitivity of this supersonic molecular-jet technique is much
Watson’s quartic centrifugal distortion constaftsnd dipole higher than in the Stark experiment described above. The
moment components along the principal inertial axes using the rotational temperature is much lower in the supersonic expansion
Gaussian 03 prografd.The results of these predictions were (1—2 K), and this allows only ground-state transitions involving
= 12521,B = 3701, andC = 2861 MHz for the rotational low values of the principal quantum numklkeand of the pseudo

constantsAJ 4.32,A)x = —31.2, andAx = 94.2 kHz,6; = guantum numbeK, to be observed.
1.41 anddk = 7.96 kHz for the quartic centrifugal distortion The preliminary spectroscopic constants obtained in the Stark
constants, and, = 17.7,up = 3.7, anduc = 2.8 x 1030Cm experiment were used to predict the frequencies of additional

for the dipole moment components. APN is therefore predicted transitions. Weakb-type lines could be assigned using this
to be a near-prolate asymmetric top (Ray’s asymmetry param-technique.c-type lines were searched for, but none were

eter3® k = —0.82). identified.

Searches were first made for the stroagype R-branch It is found below that the equilibrium conformation is
transitions using these rotational and centrifugal distortion nonplanar. Tunneling between two equivalent forms should lead
constants, because this dipole moment componentlis7 x to a large splitting for the-type transitions and much smaller
10730 C m [5.2 D]. These lines were readily identified and splittings for thea- and theb-type lines. There is no indication
analyzed employing Watson’s Hamiltonia& ¢eduction | * of such splittings in thea- and b-type lines observed in this
representatiordt The assignments were also confirmed by their experiment, which is characterized by its extreme resolution.
characteristic Stark effects. A total of six a-type and sevebr-type lines were observed

In Watson’s model, the rigid asymmetric rotor is described for the parent molecule and assignedite: 0—4, Ko = 0-2
in the | ' representation by thelg part of the Hamilitonian: transitions.

To maximize the signal-to-noise ratio, the molecules were
polarized with an optimal microwave power of 0.1 and 2.5 mW
for the a- and b-type transitions, respectively. This clearly
1 f o a s indicates that the dipole moment components> up, as
Z(B -0, +J) (1) predicted in the MP2 calculations and indeed found experimen-
tally (see below).

A complex hyperfine structure caused by the presence of the
two nitrogen atoms was seen for each of these transitions. One
example is the fully resolved hyperfine structure of dhgK, =
1,1—0gp b-type transition, which is shown in Figure 2.

The hyperfine structure was described with the two nuclear

Pl =

whereA, B, andC are the rotational constants. The centrifugal
distortion corrections were accounted for by Watséwieduced
Hcp Hamiltonian3!

Hep=— A% = A, 3% = A — quadrupole interactioR terms associated with, the nitrogen
03232 - jyz]+ — 20,3232 - jyz) @) n:gc;lei of the cyano and amino groups, respectively, and written
a
About 110a-type R-branch transitions with th&principal . 1.
guantum number betwedr= 1 and 13 were assigned this way HY = —ZQi(j”)Vi(j”) (3)
and analyzed in a least-squares fit by Sgrensen’'s ROTFIT 645
program3* The transitions are listed in Table 1S in the
Supporting Information. Searches were madebfaandc-type Equation 3 describes the interaction between the nuclear electric

transitions, but these were not found. This was presumably quadrupole momer®® and the molecular electric field gradient
because of the experimental problems mentioned above as welMV™ for the nucleusn. The nuclear quadrupole coupling
as much smalleb- and c-dipole moment components (see constantsy(,s, are the elements of the quadrupole coupling
below), rendering them too weak to allow definite assignments tensor given by
to be made.
APN has twoN nuclei, which have spis 1, and therefore gV )0 2/
a nuclear quadrupole moment. This results in a complicated -€ oo 93
hyperfine structure caused by quadrupole coupling of the spin
angular moments of the two nuclei with the rotation. The o andp refer to the coordinatea, b, andc of the principal
resolution of the Stark spectrometer is not sufficiently high to inertial axis system, and denotes the elementary charge. The
resolve the resulting hyperfine splittings, which produced broad angular momenta associated with the nitrogen nuclear spins were
lines that in many cases had a skew shape instead of the normafirst coupled together, and the resulting momenﬂumas next
symmetrical Lorentzian form. The frequencies of the peaks of added to the rotational angular momentdio obtain the total
the lines were measured. These measurements can be reproduceghgular momenturk. The observed lines satisfy the selection
to within about£0.05 MHz. The frequencies of the peaks should rules AF = 0, +1 (F is the quantum number associated with
in most cases be close to the frequencies of transitions notthe operatoi-?).
perturbed by nuclear quadrupole interaction. The frequency The 13 lines split by nuclear quadrupole coupling were first
measurements made by this Stark spectrometer are thereforgitted to a Hamiltonian, which included only the diagonal
estimated to have an uncertainty of approximate®/15 MHz. elements of the quadrupole coupling constants of each nitrogen
MP2/6-31H+G** rotational constants and dipole moment nucleus in addition to the rigid rotor (eq 1) and quartic
components were also calculated for Ehisomer. No transitions  centrifugal distortion parts (eq 2). The least-squares fit was
attributable to this isomer were identified in the Stark spectrum. performed with the program SPFIT by Pick&tf¢aa andycc of

(4)



12576 J. Phys. Chem. A, Vol. 110, No. 46, 2006 Askeland et al.

2322 Jkake =111 -0g0
[]21-00, 21-11, 21-22

[]22-11, 2222
[~ ]01-00, 01-22, 01-11
12-11,1222 [[| ]

11-00, 11-11, 11-22 [ |

|

MJLM jﬂwxm,

T } T T T T T T 7 T T T

15478,0 15478,5 15479,0 15479,5 15480,0 15480,5
Frequency (MHz)

Figure 2. Composite microwave Fourier transform spectrum of the<t Ogo rotational transition oZ-3-amino-2-propenenitrile. The hyperfine
structure associated with the two nitrogen nuclei is shown in detail. The lines are assigned Wijth theantum numbers.

TABLE 1: Spectroscopic Constants of the Ground and determined, whileAx and ok are rather inaccurate. The
Vibrationally Excited States of Z-3-Amino-2-propenenitrile experimental values of\;, Ay, and d; are in satisfactory
first excited  first excited second excited agreement with the MP2 values given above.

state ground _ outofplane in-plane in-plane Interestingly, the inertial defect defined byA = I — 1, —

A(MHz) 12583.056(35) 12577.65(20) 12641.95(25) 12700.34(35) |, wherel,, Ip, andl. are the principal moments of inertiats

B(MHz) 3766.1252(31) 3752.7271(63) 3771.0753(81) 3775.015(12) _. 20 :
C(MHz) 2896.3784(28) 2891.4408(62) 2895.3996(74) 2894.252(13) 0.1324(4)x 10"20u m? (Table 1).A is zero for a completely

Ay(kKHz) 4.416(17) 4.339(12) 4.325(16) 4.261(21) rigid and planar molecule. This relatively small deviation from
A (kHz) -31.068(98) —30.210(26) —30.499(36) —29.041(45) zero is taken as an indication that the molecule is planar, or
A (kHz) 46(35) 45.5 458 458 nearly planat’ (see discussion below).

03(kHz) 1.4487(52)  1.372(14) 1.420(18) 1.375(28) The final val f th q | i tant

o (KHz) 6.4(14) 6.40 6.49 6.49 e final values of the quadrupole coupling constants were
AP 0.1324(4) -0.0660(11)  0.5546(14) 0.9475(22) now determined. The values of the rotational and centrifugal
rme 222 0.094 0.11% 0.12% distortion constants shown in Table 1 were kept fixed in the
no? 113 86 7 59 least-squares fit employing the SPFIT progr@nThe fit is

a A, reduction; | ', representatioft Uncertainties represent one shown in Table 2S in the Supporting Information. The results
standard deviatio? A = I — 15 — Iy la, |y, andl. are the principal- Were yaa = —1.4917(21) andy.c = 1.5644(24) MHz for the
axes moments of inertia. Conversion factor: 505 37%0E)2° MHz nitrogen atom of the cyano group apgh = 1.7262(18) anckc.

u m?. ¢ Root-mean-square deviatiohNumber of transitions® Root- = —4.0591(17) MHz for the nitrogen atom of the amino group.
aneeila;gt-iz?]ua;ﬁ_'geg;e;it;ownitﬁfum?Egggﬁtsf.lt?|xed.9Root—mean-square These valu'es are also listed i.n' Tablg 2 together yvith the
corresponding,p values. In addition, this table contains the
experimental and theoretical HF/VTZ quadrupole coupling
constants for acrylonitrile and vinylamine together with the

These 13 microwave lines were now “corrected” for quad- corresponding values of APN. A discussion of the nuclear

rupole interactions. A weighted least-squares fit using RO¥FIT quaglrup_ole consta_nts is found in the Theoretical Section.
was then performed. The inverse squares of the estimated Vibrationally Excited States. The ground-state spectrum was
standard deviations of the measured frequencies were employedccompanied by spectra that were presumed to belong to
in a diagonal weight matrix. The frequencies corrected for vibrationally excited states. The spectra of three such states were
quadrupole interaction of the transitions observed with the assigned using Stark spectroscopy, as seen in TabteS38
Fourier transform spectrometer were all assigned a standardthe Supporting Information. A least-squares fit of these spectra,
deviation of 3 kHz, whereas the transitions observed using the @ssuming unit weights for the transitions, yielded the spectro-
Stark spectrometer were assigned a standard deviation of 505cOpic constants displayed in Table 1. As the quartic constants
kHz. Watson’s HamiltonianA reductionl " representationd: Ak and ok are rather poorly determined, they were held fixed
including quartic Centrifuga| distortion constants (eqs 1 and 2) |n theﬂt at the values found for their COUnterpartS of the ground
were employed in a least-squares fit of all observed transitions. Vibrational state.
The resulting spectroscopic constants are listed in Table 1, and The vibrationally excited state that has the inertial defect
the spectrum is shown in Table 1S in the Supporting Informa- = —0.0660(11)x 10-2°u n, is presumed to be the first excited
tion. state of the lowest out-of-plane vibration, because of the way
Comparison of the experimental rotational constants in this in which A changes upon excitation of this motleThe
table with their MP2/6-311+G** counterparts given in the  frequency of this fundamental vibration was determined to be
previous paragraph shows that the agreement is better than 2%176(20) cnt® by relative intensity measurements of MW
as expected. It is seen (Table 1) that three of the quartic transitions performed largely as described by Esbitt and
centrifugal distortion constantd, Ak, andd;) are accurately Wilson 38

the two nuclei were varied in the least-squares /i, was
calculated from the relatiofaa + ybb + ycc = O.
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TABLE 2: Quadrupole Coupling Constants (MHz) for Z-3-Amino-2-propenenitrile, Vinyl Cyanide, and Vinylamine

experimental ab initid
Xaa X bb Xcc Xaa X bb e Axx Ayy Xzz 77b
APN(CN) —1.4917 —0.0727 15644 -1.21 0.064 1.145 —3.66 2.52 1.14  —-0.377
vinyl cyanide —3.7891 1.6861 2.1030 —3.44 1.620 1816 —3.89 2.07 1.82 —0.065
APN(NH,) 1.7262 2.3329  —4.0591 1.56 1972 —-353 1.58 2.06 —3.64 0.132
vinylamine 2.0722 2.0751 —4.1473 1.64 1873 —-351 212 180 —3.92 —0.082

aHF/VTZ level. ® Asymmetry parameter for quadrupole coupling definedzbs (yaa —xon)/xcc-

TABLE 3: Spectroscopic Constant8 Isotopologues ofZ-3-Amino-2-propenenitrile
species: DHNCH-CHCNe DHNCH=CHCN¢ H;NCH=CDCN H,NCD=CHCN HSNCH=CHCN H,NCH=CHCN H,NCH=1CHCN H,NCH=CH3CN

A(MHz)  11894.99(20) 12157.25(24)  11367.33(44)  12241.57(40)  12352.11(27) 12489.74(38h h

B(MHz)  3753.381(13) 3607.428(13)  3763.719(26)  3640.609(17)  3704.155(14) 3656.845(16) 3773.787(4) 3731.693(4)
C(MHz)  2851.314(13) 2780.622(12)  2825.378(21)  2804.133(16)  2847.459(14) 2826.514(14) 2872.039(3) 2875.130(3)
Aj(kHz)  4.539(18) 4.202(17) 4.178(70) 3.6560(40) 4.421(30) 4.196(38) 14.42 4.47

A (kHz)  -27.667(28) —32.192(28)  —28.43(10)  —24.020(83)  —31.224(55)  —29.664(76) —31.07 —31.07

Ak (kHz) 455 455 455 458 455 458 458 455

dy(kHz)  1.468(28) 1.372(22) 1.427(69) 1.120(48) 1.395(51) 1.387(47) 1.449 1.449

o« (kHz)  6.42 6.42 6.42 6.42 6.42 6.42 6.42 6.42

AP 0.1112(19) 0.0862(19) 0.1359(35) 0.1255(27) 0.1341(20) 0.1350(24) h h

mss 0.134 0.138 0.180 0.152 0.100 0.129 0.019 0.013

nod 72 72 38 48 48 48 3 3

a A, reduction Irepresentatioft Uncertainties represent one standard deviatidnertial defect. Same units as in Table°Root-mean-square
deviation.? Number of transitionsS D—N—C=C in the synperiplanar configuratiohFixed. ¥ D—N—C=C in the antiperiplanar configuratidriot
determined.

TABLE 4: Second Order Stark Coefficients* and Dipole

Two successively excited states of the lowest in-plane bending, == 0 573" 0-2-propenenitile

vibration were also assigned, as shown in Table 1. This

assignment is in accord with the fact thatbecomes larger AEZ%?B&;:&EJ;C\'?P;)SC -
and positive upon excitatioH.Relative intensity measuremetits -
yielded a value of 152(20) cm for this fundamental vibrational transition M| obsd caled
mode. 414— 313 0 —5.70(30) —5.84
The harmonic vibrational frequencies have been calculated dos— 305 1 72:3888)) 753.'3614
at various theoretical levels below. The results were 140 and 4. 3. 0 —2.40(10) —237
208 cntt (B3LYP/VTZ), 42 and 140 cm! (B3LYP/AVTZ), c 1 —6.30(30) 671
136 and 267 cmt (MP2/6-311-+G**), and 132 and 272 cmt 2 —19.9(8) -19.7
(MP2/VTZ). These uncorrected values of the vibrational Sts™ 414 1 —2.00(10) —1.99
frequencies are therefore seen to vary considerably with the %05~ 404 ! —3.50(20) —349
method used to derive them. The best agreement is found in Dipole “goment o
the B3LYP/VTZ calculations (140 and 208 c#) compared ~ #a= 16:45(12)#o=2.86(6)c= 0. anduw: = 16.70(12)x 10°C m
with the experimental values (152(20) and 176(20) ¥m aUncertainties represent one standard deviation.= 833564 x

Assignments of IsotopologuesThe changes of the MP2 10739 C m.? Preset at this value in the least-squares fit.
rotational constants caused by isotopic substitution were added ) ) ) )
to the experimental rotational constants. The resulting rotational SPectra. The centrifugal distortion constants were fixed at the
constants were used to predict the MW spectrum of the Values of the parent species. TBeandC rotational constants
isotopologues. In this manner, the spectra of the isotopically ©btained in this manner are listed in Table 3.

enriched species3( 5—8) were found close to the predicted Dipole Moment. The dipole moment was determined in a
frequencies using Stark spectroscopy and readily assigned. Thdeast-squares fit using the second-order Stark coefficient shown
spectra of these species are found in Tables B in the in Table 4. The weight of each Stark coefficient was taken to

Supporting Information. The spectroscopic constants derived be the inverse square of its standard deviation, which is also
from them using unit weights in the least-squares fits are shown shown in the same table. The cell was calibrated using OCS,
in Table 3. whose dipole moment was taken to be 2.3857(88)03° C

The Stark spectra are fairly crowded and comparatively weak m.3° The theoretical values of the second-order Stark coefficients
and could therefore not be employed to asdighisotopologues ~ Were calculated as described by Golden and WitSemploying
in natural abundance. By use of the more sensitive Fourier the computer program MBO#.
transform spectroscopy, the spectra of t#@ isotopologues The dipole moment along theprincipal inertial axis,uc,
were detected in their natural abundance (1.1%) after a carefulshould be exactly zero if APN were completely planar. A
search. They are associated with #€ isotopologues of the  nonplanar molecule should have a nonzesavhose size should
C2 and C3 atoms (Figure 1). Only three weatype rotational increase with increasing deviation from planarity. Care was
lines were detected for each species. Unfortunately, the spectruntherefore exercised to find Stark coefficients that are sensitive
associated with th&C isotopologue of the C1 atom could not  to this dipole moment component. Some of the Stark coefficients
be assigned because the signal-to-noise ratio was insufficient.used in this fit depend strongly qr.

The spectra of thé3C species are found in Tables 12S and  All three principal-axis dipole moment components were
13S in the Supporting Information. Only tBeandC rotational initially varied in the fit. However, a small but negative value
constants of each species could be determined from theseof u2 = —0.004 x (1073° C m)y with a comparatively large
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TABLE 5: Cartesian Coordinates for Z-3-Amino-2-propenenitrile (pm)

MP2/VQZ experimental

a b c as bs Cs
Namino 149.8 —88.7 -35 150.58(10) -88.51(17) —3.0(49y
C3 125.4 45.3 11 112.3(15) 17.0(10) 1.0(53)
Cc2 2.8 102.0 -0.1 8.0(22) 101.9(16) —3.0(14)
C1 —112.3 18.7 -0.1 —-102.3
Neyano —200.7 —56.6 0.4 —201.73(7) —56.55(27) 3.7(40)
Ha 240.3 —122.4 23.2 241.70(12) —121.73(25) 15.9(19)
Hs 72.6 —152.0 9.9 66.16(45) —153.06(20) 10.6(28)
H(C3) 2131 108.3 1.8 214.63(14) 108.71(28) 6.1(50)
H(C2) —8.4 209.1 -15 —29.0(10) 208.27(14) —4.4(68y

a From Kraitchman equations, the uncertainties are calculated from Costain’'s()les 0.15/x|; for the H coordinates, this value is multiplied
by 2.°Imaginary coordinateZ From first moment equation.

standard deviation of 0.059 (1073° C my was found. The fit (Table 5). There is also a smadt (C2 atom) and a small
thus resulted in a small but imaginaey with a relatively large b-coordinate (C1 atom).
uncertainty. There is a satisfactory agreement betweernr§aed the MP2/

It is not possible to conclude from this result whether the VQZz coordinates shown in Table 5. However, the delicate
molecule is completely planar or not. However, it can be stated question of whether the compound is planar or not cannot be
that any deviation from planarity would not be large. In the settled using thes coordinates of this table, becauseallone
final fit, which is shown in Table 4. has arbitrarily been fixed  a-, and oneb-coordinate have comparatively large uncertainties.

at zero. This has very little influence on the valuesugf= It was discovered during the course of this work that the ab
16.46(11)x 10730 C m [4.93(4) D] andu, = 2.86(6) x 10730 initio calculations presented in the next section were able to
C m [0.862(2) D], which were obtained in this manner. yield an equilibrium structure that is superior to thestructure

The dipole moment has been calculated below at various that can be calculated from the experimental rotational constants
levels of theory, with MP2/VQZ as the highest level. The results obtained in this study. These calculations were also able to
of the MP2/VQZ calculations were, = 17.9,u, = 3.26, and resolve the planarity problem. A fulls structure is therefore
uc = 1.96 x 1039 C m. Two conclusions can be drawn: The not presented here. The reader is instead referred to the ab initio
theoretical dipole moment components are typically higher than structure presented in the next section.
their experimental counterparts. The MP2/VQZ valuetgpfs
calculated to be comparatively small, since a nonplanar equi- Theoretical Section
librium conformation is predicted (see below).

Attempts To Calculate the Structure from the Experi- Strategy To Derive the Equilibrium Structure. A major
mental Rotational Constants.One aim of this work has been  objective of this study has been to derive an accurate equilibrium
to derive an accurate molecular structure of APN. According structure of APN using quantum chemical methods. Ab initio
to Costairf2 the rotational constants of the ground vibrational calculations are in principle limited in scope and will conse-
state of the parent molecule and of isotopologues can be usedluently not predict the exact equilibrium structure. However,
to calculate a set of Cartesian coordinates, so-called substitutiortsing small model molecules, it is now possible to extrapolate
(r9 coordinates, for atoms that have been substituted by anto their very accurate equilibrium structurés?® The differences
isotope. Kraitchman'’s equatiofisre employed for this purpose.  between the bond lengths obtained in high-level ab initio
The coordinates obtained in this manner could be obtained for calculations and their equilibrium counterparts will be called
all atoms of APN but C1. The coordinates are listed in Table 5 offsets. It is a reasonable assumption that offsets obtained for a
together with the MP2/VQZ values. Four of the small Kraitch- small molecule can be transferred to a larger, closely related,
man coordinates were imaginary (Table 5). Kraitchman's molecule. This is the strategy that will be used to obtain the
equations yield the absolute values of the coordinates. The signsequilibrium structure of APN.
assigned to thes coordinates in Table 5 have been chosen to  One way of obtaining useful offsets for APN would be to
make them consistent with the signs obtained in the MP2/VQZ transfer them from Ck=CHCN and vinylamine, Ci=CHNH_,
calculations. since the title compound may be considered either as an amino

The spectrum of INCH=CH3CN could not be assigned. It  derivative of vinyl cyanide or as a cyano derivative of
was therefore not possible to calculate Kraitchman's coordinatesvinylamine. The procedure has therefore been to first calculate
for this atom. Thea-coordinate of C1 appearing in Table 5 was accurate equilibrium structures both for vinyl cyanide and for
instead calculated using the first moment equatfarhe b- and vinylamine, because these two compounds are more easily
c-coordinates of this atom can be derived in the same manner,amenable to high-level ab initio calculations than APN, since
but they have not been listed in this table because they are smalthey consist of fewer first-row atoms thanMCH=CHCN. The

and have large uncertainties. offsets obtained in these calculations will then be transferred
Costaift* and van Eijck® have discussed the accuracy of to APN.
substitution coordinates. The uncertainties oftheoordinates Methods of Calculations. Most of the correlated-level ab

of the carbon and nitrogen atoms shown in Table 8 have beeninitio electronic structure computations conducted during the
calculated using Costain’s ruté g(x) = (0.15 pn?)/|x|, where course of this study of the equilibrium structure have been
o(x) is the uncertainty angis the Kraitchman coordinate. The carried out at two levels: second-order Mgliétlesset pertur-
uncertainties of the hydrogen atoms have been calculated usingoation theory (MPZP and coupled cluster (CC) theory with
o(x) = (0.30 pn?)/|x|. single and double excitatiéhaugmented by a perturbational
The existence of a near-symmetry plane in APN results in a estimate of the effects of connected triple excitations [CCSD-
series of smalt-coordinates with relatively large uncertainties (T)].° The Kohn-Sham density functional thed¥y using
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TABLE 6: Ab Initio Geometries (Distances, pm; Angles, deg) of Vinyl Cyanidé

MP2 CCsSD(T)
VTZ VQZ AVQZ wCVQZ wCVQZ(ae) vDZ VTZ VQZ VZe=b re¢ oldrg? ree

r(C=C) 133.74 133.49 133.50 133.45 133.13 135.62 134.13 133.84 133.76 133.52 133.7 133.3(3)
r(C-C) 142.91 142.73 142.74 142.7 142.37 145.22 143.84 143.65 143.61 143.32 143.2  142.9(3)
r(CN) 117.27 116.97 117.01 116.92 116.63 117.96 116.47 116.13 116.02 115.84 115.7  115.7(3)
r(C—Hy  107.92 107.83 107.83 107.82 107.67 109.66 108.16 108.08 108.07 107.93 108.0 108.8(1)
r(C—Hcg)  107.98 107.89 107.89 107.88 107.73 109.70 108.21 108.13 108.12 107.98 108.1  109.7(2)
r(C—Hg)  108.06 107.99 107.99 107.99 107.84 109.72 108.23 108.17 108.17 108.02 108.2  109.3(4)
0(CCC) 122191 122.088 122.044 122.073 122.105 122.051 122.126 122.040 122.040 122.072 1221 122.5(5)
O(CCN)  179.117 179.184 180.000 180.000 180.000 179.382 179.067 179.125 179.125 179.125 179.2 180.7(9)
O(CCH) 120.311 120.296 120.295 120.298 120.321 120.378 120.406 120.385 120.385 120.408 120.3  120.3(fixed)
O(CCH;) 121.220 121.189 121.185 121.189 121.196 121.440 121375 121.345 121.319 121.352 1215 120.2(1)
O(CCHy) 121.265 121.362 121417 121.371 121.338 121.657 121.647 121.730 121.730 121.697 1215 121.7(2)

2 Frozen core approximation unless otherwise stated; akt electrons correlated.g geminal, c= cis to CN, and t= trans to CN.” Exponential

extrapolation to infinite basis sétCCSD(T)/VQZ+ MP2(ae)/wCVQZ—

Becke's three-parameter hybrid exchange functiéhahd the
Lee—Yang—Parr correlation functiondf together denoted as
B3LYP, was also used in this study. The G3 meffadas
employed in the calculations of reaction paths.

The correlation-consistent polarizeetuple ¢ basis sets cc-
pVvnz® with n € {D, T, Q, 5§ were employed extensively in
this study. In this paper, these basis sets are abbreviatedzas V

MP2(fc)/wCVQZ. 9 Reference 63% Reference 64.

convergence is nearly achieved but that these ab initio bond
lengths may be slightly too long. Addition of diffuse functions
on all heavy atoms leads to negligible changes in the bond
lengths and angles.

To estimate the inner-shell correlation, the MP2 method was
used. It leads to the expected shortening of the bondsHC
(0.15 pm), CC (0.32 pm), and CN (0.29 pm). The effect on the

For several CCSD(T) calculations, a mixed basis set denotedangles is negligible. The most reliable ab initio structure is

as V(T,D)Z was utilized. It is composed of VTZ on all non-

obtained by correcting the CCSD(T)/VQZ values for the effects

hydrogen atoms and VDZ on H. Such a basis set reduces theof inner-shell correlation. It is given in Table 6. If an exponential

computation time significantly and has been shown to be able
to predict the structure of the heavy atom skeleton accuréftely.

extrapolation to infinite basis size is tried, it has a significant
effect on the &N bond length only, which is shortened by 0.1

To account for the electronegative character of the N atom, the pm.

augmented YiZ (aug-cc-p\hZ, AV nZ in short) basis setéwere
also employed, particularly at the MP2 level. The combination
of an AVQZ basis on all non-hydrogen atoms and of VQZ on
H is denoted hereafter as\VWQZ.

To estimate the corecore and corevalence correlation
effects on equilibrium geometrié$the correlation-consistent
polarized weighted corevalencen-tuple ¢ (cc-pwCWhz)58:59
basis sets were employed. As for the effect of inclusion of
diffuse functions in the basis set, it is sufficient to use the MP2
method to estimate this correctiéh.The frozen core ap-

There structure (Table 6) is in excellent agreement with the
previous oné? which is also given in the same table. Com-
parison of this structure with the MP2/VQZ results shows that
there is a good agreement for the bond angles and th€ C
bond length, but the MP2-€C, C=N, and C-H bond lengths
are too short by 0.6, 1.1, and about 0.1 pm, respectively. These
offsets will be used in the derivation of the equilibrium structure
of APN below, for which MP2/VQZ calculations were per-
formed.

The equilibrium structures of two compounds related to vinyl

proximation (hereafter denoted as fc), i.e., keeping the 1s orbitalscyanide, namelyZ-pent-2-en-4-ynenitrile (&C—CH=CH—

of C, N, and O doubly occupied during correlated-level
calculations, was used extensively.

The CCSD(T) calculations were performed with the MOL-
PRCO-62 electronic structure program packages, while most
other calculations utilized the GAUSSIAN 03 prografm.

Equilibrium Structure of Vinyl Cyanide. The structure of
vinyl cyanide has been the subject of previous investigations.
An ab initio structure was calculated at the MP2 level, and a

C=CH) and maleonitrile (&*C—CH=CH—C=N) have been
reported®” The re lengths of the &N bonds in these two
molecules are 115.7 and 115.8 pm, respectively, compared to
115.8 pm in vinyl cyanide (Table 6), whereas the=C
equilibrium bond lengths are 134.5 pm 2h2-en-4-ynenitrile
and 134.1 in maleonitrile, slightly longer than 133.5 pm in vinyl
cyanide.

Equilibrium Structure of Vinylamine. Vinylamine is the

near-equilibrium structure was estimated using corrections simplest enamine and is thought to be a constituent of interstellar

derived empirically?® More recently, the pure rotational spectra

molecular cloud$® Although it is a short-lived transient species,

of 13 isotopologues of vinyl cyanide have been measured, andwhich is difficult to generate, it has been studied by micro-
the derived rotational constants have been used to evaluate thevave??24 infrared® and ultraviolet® spectroscopies. The

molecular geometry using various methééig. was found that
the empirical substitutiorr*2 andr structure® are in general
in excellent agreement with the ab initio values.

It has been established that vinyl cyanide is planar; its
geometry was therefore optimized with the constraintCof

structure was first determined by microwave spectroscopy, and
the molecule was found to be nonplafaiThe nonplanarity
was confirmed by a combined semirigid bender analysis of
vibrational satellite shifts in the microwave spectrum and
infrared data® The ab initio structure was also calculated in a

symmetry. The details of the computed geometries are given number of investigation®, but the highest level of calculation

in Table 6. The coupled clustdi, diagnosti€® at the CCSD-
(T)/VQZ of theory is 0.014, indicating that the CCSD(T) results
should be reliable. Improvement of the basis set from VTZ to

was MP2/6-311G**, which is not always sufficient to obtain
an accurate geometry.
The structure was first calculated at the MP2 level with the

VQZ leads to negligible changes for the bond angles as well asVTZ and VQZ basis sets and the CCSD/VTZ and CCSD(T)/

for the CG—H bond lengths. For the CC and CN bond lengths,
there is a decrease of about 823 pm, indicating that

V(T,D)Z levels. All these calculations indicate that the vinyl
group HC=CH is planar. Finally, the structure was calculated



12580 J. Phys. Chem. A, Vol. 110, No. 46, 2006 Askeland et al.

TABLE 7: Ab Initio Geometries (Distances, pm; Angles, deg) of Vinylaminé

MP2/VTZ MP2/NQZ MP2/wCVQZ MP2(ae)/ wCVQZ CCSD/VTZ CCSD(T)/V(D,T)Z CCSD(T)/VTZplan r¢ rs

=C 133.79 133.56 133.52 133.21 133.48 134.05 13411 133.57 1335
C—Hgis 108.10 108.02 108.01 107.86 108.21 108.96 108.36 108.13 109.0
C—Hyans  107.70 107.62 107.61 107.45 107.81 108.57 107.95 107.71 109.0
C—N 139.33 138.95 138.91 138.54 139.94 140.19 140.21 139.46 139.7(40)
C—Hgem  108.25 108.17 108.16 108.01 108.27 109.04 108.42 108.19 109.0
N—Hecis 100.83 100.67 100.67 100.53 100.77 101.82 101.01 100.71 101.0
N—Hyans  100.66 100.49 100.49 100.35 100.64 101.70 100.87 100.56 101.0
OCCH;s 121.585 121.620 121.622 121.630 121.757 121.641 121.721 121.763
OCCHyans 119.987 119.925 119.928 119.943 120.224 120.298 120.182 120.136
OHCH 118.417 118.445 118.441 118.418 118.009 118.051 118.097 118.103  118.0
OCCN 126.131 126.040 126.035 126.066 126.149 125.974 126.019 125.959  125.2(20)
OCCHgem 119.944 120.005 120.001 119.959 120.073 120.196 120.127 120.146
ONCH 113.795 113.838 113.847 113.865 113.656 113.689 113.698 113.759
OCNHgs  113.807 114.475 114.501 114.772 113.312 113.030 113.166 114.104
OCNHirans 114.074 114.728 114.756 115.040 113.412 113.170 113.289 114.227
OHNH 110.985 111.549 111.580 111.849 110.364 110.182 110.327 111.160  114.0
OH.CCN —4.023 —3.807 —3.799 —3.688 —3.881 —4.315 —4.824 —4.498
OH.CCHg —179.617 —179.616 —179.614 —179.621 —179.602 —179.726 180.000 180.000
OHCCN  174.728 175.045 175.058 175.193 174.922 174.508 175.176 175.629
OHCCHy; —0.866 —0.764 —0.758 —0.740 —0.799 —0.903 0.000 0.000
OCCNH. 18.875 18.368 18.366 18.089 19.152 18.958 20.293 19.510
OCCNH:  147.619 149.208 149.305 150.000 145.987 145.095 146.844 149.127
OHgCNH, —165.297 —165.599 —165.596 —165.764 —164.890 —165.372 —164.263 —164.734
[OH¢CNH; —36.553 —34.760 —34.657 —33.853 —38.056 —39.236 —37.712 —35.116

aFrozen core approximation unless otherwise statedsadl electrons correlated.CCSD(T)/VTZ + MP2/VQZ — MP2/VTZ + MP2(ae)/
wCVQZ — MP2(fc)/wCVQZ. J(CNHy) + O(CNH,) + O(HNH) = 339.5 (36C° for a planar molecule)

TABLE 8: Ab Initio Geometries (Distances, pm; Angles, deg) ofZ-3-Amino-2-propenenitrile?
Z-3-amino-2-propenenitrile

vinyl cyanide vinylamine

method: B3LYP/VTZ MP2/NVTZ MP2/VQZ re MP2/VQZ MP2/VQZ
r(C3—N) 135.39 136.18 135.75 136.26 138.95
r(NH) 100.19 100.26 100.10 100.15 100.49
r(NH,) 100.66 100.76 100.64 100.69 100.67
r(C2=C3) 135.31 135.27 135.09 135.11 133.49 133.56
r(C3—H) 108.21 108.11 108.03 108.06 107.83 108.17
r(C1—-C2) 141.27 141.78 141.54 142.12 142.73
r(C2—H) 107.80 107.60 107.53 107.63 107.99 107.62
r(C1—-N) 115.66 117.51 117.22 116.09 116.97
O(C3NHy) 120.19 118.15 118.92 114.73
(C3NHy) 119.92 117.70 118.42 114.48
O(HNH) 117.27 115.77 116.47 111.55
0(C2C3N) 126.29 125.33 125.13 126.04
O(NC3H) 114.80 115.29 115.38 113.84
0(C2C3H) 118.90 119.33 119.45 120.30 120.01
0(c1c2cg) 121.29 119.59 119.23 122.09
0(C3C2H) 120.00 120.66 120.82 121.36 119.93
O(NC2H) 118.70 119.75 119.94
[0(C2C1NY 177.47 176.03 175.50 179.18
O(HJNC3C2) —168.94 —160.38 —163.11 —149.21
O(HJ.NC3H) 12.59 22.49 19.34 34.76
O(HNC3C2) —7.79 —13.47 —-11.72 —18.37
O(HNC3H) 173.74 169.40 170.73 165.60
O(NC3C2C1) 1.97 3.43 2.95
O(NC3C2H) —177.85 —176.19 —176.74 —175.05
(C1C2C3H) —179.61 —179.55 —179.59
O(HC2C3H) 0.57 0.83 0.72
> 357.4 351.6 353.8 340.8

2 See Figure 1 for atom numberingEstimated from the MP2/VQZ structure using offsets derived from acrylonitrile and vinylafii€NH)
+ O(CNH,) + O(HNH) (360 for a planar moleculey! N atom approaches the amino group.

at the CCSD(T)/VTZ level assuming planarity of the vinyl for the effects of inner-shell correlation calculated at the MP2/
group. Then, the CCSD(T)/VQZ values were estimated using wCVQZ level; see Table 7. Vinylamine is confirmed to be
the following approximate formula CCSD(T)/VQZ CCSD- nonplanar, and the NH bond lengths are characteristic of a
(MVTZ + MP2/VQZ — MP2/VTZ. There is indeed large,  ponplanar NH groups® It may also be noted that tigemC—H

documented evidence that this formula is a good approxima- honq length is shorter than the other two, which are almost
tion,*6-48 and this was again verified here in the particular case identical

of vinyl cyanide (see Table 6).
As in the previous case of vinyl cyanide, the equilibrium Comparison of this structure with the MP2/VQZ results shows
structure is obtained by correcting the CCSD(T)/VQZ values that there is good agreement for the bond angles and+k€ C
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and N—H bond lengths, but the MP2-€N bond length is too
short by 0.5 pm, which is taken to be the offset for this distance.
Equilibrium Structure of APN. The structure has been
calculated at the MP2/VQZ level of theory (Table 8). The use
of the MP2 method significantly reduces the complexity of the

determination of the electron correlation energy, whereas it gives

structural parameters with an accuracy just slightly inferior to
that of the CCSD(T) method, at least for molecules including
only first-row atoms®71 This was confirmed above for vinyl
cyanide and vinylamine (Tables 6 and 7).

MP?2 calculations may give reliable equilibrium bond angles,
with an accuracy of a few tenths of a degféén the other
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18 (Table 8), whereas it is nearly linear in vinyl cyanide.
Likewise, for the amino group, the,, principal component is
also significantly larger in vinylamine. Thus, it may be
concluded that the bonding is different in APN compared to
both vinyl cyanide and vinylamine.

Planarity. The principal inertial axis dipole moment com-
ponents, the substitution coordinates, and the inertial defect are
experimental parameters often used to decide whether a
compound is planar or not. A small, positive value for the inertial
defect, as observed for APN, is often interpreted as evidence
that a molecule is planar, or nearly pladarThe small,
imaginary experimental value of; (see above) and the fact

hand, the offset error, which is due to the finite size of the basis that no c-type transitions were assigned might also be an

set, and to the partial consideration of electron correlation,
remains in bond lengths. For example, for thekCbond length,

indication that APN is planar. However, a small degree of
nonplanarity should lead to a small dipole moment along the

the offset is nearly independent of the environment and may c-axis. The MP2/VQZ calculations predict for example =

thus be easily estimatédThis remains true for the NH bond

length of different molecules, with exceptions, such as HNO.
The structure of APN is shown in Table 8 together with the

structures of vinyl cyanide and vinylamine. An equilibrium

1.96x 1073°C m [0.59 DJ]. It should be noted that the ab initio
values of dipole moments tend to be too large, so k@30

C m is presumably an upper limit of the dipole moment.
Moreover, the dipole moment it measured in the equilibrium

structure of APN has been estimated using the offsets deter-conformation but in the effective ground-state conformation.
mined for the bond lengths found for vinyl cyanide and This difference may obscure the physical significance of a small
vinylamine, as described in the preceding two paragraphs. Thedipole moment component. It is interesting to note that the
offsets of bond angles are assumed to be zero. The bond length€nergy difference between the planar form and the minimum

and bond angles of the equilibrium structure are estimated to of the nonplanar form is indeed quite small. A value of only

be accurate to withinrt0.2 pm and+0.2°, respectively. The
accuracy of the dihedral angles is more difficult to estimate
exactly and could be as large as a few degrees.

It is concluded that the equilibrium structure of APN is
definitely nonplanar, since the sum of thECNHs + COCNH,
+ OHNH angles is significantly less than 36(0rable 8). This
sum is even less in vinylamine, which is therefore more

nonplanar than APN. One consequence of this difference is that

the O(HNH) and [0(C3NH) angles are larger in APN than in
vinylamine. Interestingly, the YHof the amino group is more
out of plane than the Hatom.

The rotational constants of APN calculated from the
structure in Table 8 ar& = 12514.24B = 3803.94, andC =
2920.01 MHz. They agree to within better than 1% with the
rotational constants (Table 1), which are 12583.056(35),
3766.1252(31), and 2896.3784(28) MHz, respectively. This
difference was expected since the equilibriug) &nd effective
(ro) rotational constants are defined differently.

Quadrupole Coupling Constants. If the molecule has a
symmetry plane and if the=N bond lies in this symmetry
plane, the quadrupole coupling constaat(c being the principal

423 J/mol (35.4 cmb) was obtained for this difference in the
MP2/VQZ calculations. This indicates that the barrier is well
below the zero-point level. The NHgroup would therefore have
equal amplitudes above and below the plane, and the vibra-
tionally averagedc-component of the dipole moment should
be zero. This could perhaps explain whyis indistinguishable
from zero and why na-type lines were observed.

It was noted above the; coordinates (Table 5) cannot be
used to decide whether the molecule is planar or not. However,
the ground-state inertial defect of APN is as small as 0.1324(4)
x 10720 u n? (Table 1). The equilibrium inertial defect
calculated from the equilibrium structure in Table 7As =
—0.167 (same units), and the vibrational contribution calculated
from the MP2/VTZ harmonic force field iA, = +0.22 (-0.15
x 10720 u m? were found at the B3LYP/VTZ level of theory),
giving Ag(calc) = +0.05 x 1072° u m¥?, not widely different
from the experimental value (0.1324(%) 10720 u n¥). The
vibrational contribution to the inertial defect is therefore of the
same order of magnitude, but of opposite signAqf It is
concluded that even if the experimental ground-state inertial
defect is quite small (0.1324(4) 1072° u n? in the present

axis perpendicular to the plane) is expected to be close to ocase), it is not necessarily in conflict with a slightly nonplanar

MHz as, for instance, in vinyl cyanié&wherey.. = 2.10 MHz,

or its methyl derivativeg? Likewise, if the NH group lies in
the symmetry planey.. is expected to be negative and larger
than—4 MHz55

structure. The present discussion once more shows how difficult
it is to use ground-state observations to form conclusions about
the equilibrium conformation of a compound, especially when

an easily distortable group, such as the amino group, is involved.

For these reasons, it is interesting to compare the quadrupole Formation of APN via a Neutral —Neutral Reaction. It was

coupling constants of APN with those of vinyl cyanide and

noted above thaZ- and E-3-amino-2-propenenitrile is formed

vinylamine. However, if the molecule is not planar (which seems in an approximately 1:1 mixture simply by mixing gaseous
to be the case for APN), this comparison is made difficult by @mmonia and cyanoacetylene at room temperdttifemech-

the fact that these constants are given for the principal inertial @nism suggested for this reaction is sketched in Figure 3. The
axis system. To circumvent this difficulty, we have calculated relative enthalpy values (298.15 K, 1 atm) listed on this figure
the quadrupole coupling tensors of these molecules at the HF/were calculated using the G3 mettSduhich is tailored to

VTZ level of theory. This level was chosen because, in a calculate energy differences accurately. The sum of the enthal-
previous work on amide®,we found that it gives satisfactory ~ Pies of the reactants ammonia and cyanoacetylene were assigned
results. The results are given in Table 2. For the cyano group, @ value of zero.

they,,principal component is much larger in vinyl cyanide than In the first step of this mechanism, a hydrogen-bonded
in APN and the asymmetry much lower. It has also to be noted complex (HN---H—C=C—C=N) is formed between ammonia
that, in APN, the angl€](CC=N) is significantly different from and cyanoacetylene, where the dots represent the hydrogen bond.
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LW

128.9

®
Figure 3. Reaction profile of the reaction between Nahd H-C=
C—C=N forming Z- andE-3-amino-2-propenenitrile (! —CH=CH—
C=N), as calculated using the G3 method. The numbers in the figure
are enthalpy differences (298.15 K, 1 atm) in kilojoules per mole relative
to the sum of the enthalpies of ammonia and cyanoacetylene, which
has been assigned the value of zero.

The MW spectrum of this complex has been reporfeld.is
stabilized by AH —18 kJ/mol relative to the reactants
ammonia and cyanoacetylene according to the G3 calculations
B3LYP/6-31G(d,p) calculations yieldE = —24 kJ/mol for
this energy difference, wherkE is the energy of the hydrogen-
bond formation corrected for zero-point vibrational effects, basis
set superposition error, and relaxation correctfddP2 calcula-
tions of the structure of this complex have been performed using
Dunning’$* correlation-consistent wave function of tripie-
quality with polarized valence electrons, aug-cc-pVTZ. The
complex is a symmetrical top witls, symmetry. The bond
lengths were calculated to bEN=C1) = 117.5,r(C1-C2) =
137.2,r(C2=C3) = 122.0,r(C3—H) = 107.7, and(N—H) =
101.3 pm, whereas the NHN angle was 106Fhe hydrogen
bond length was(H-:-N) = 213.7 pm. The rotational constant
calculated from this structure is 1102.62 MHz, compared to
1095.4628(11) MHz found experimentally for the ground
vibrational state®

This complex passes through a transition state (TS1) whose
G3 enthalpy is 129 kJ/mol higher than the sum of the enthalpies
ammonia and cyanoacetylene. MP2/aug-cc-pVTZ calculations
of the structure and vibrational frequencies of TS1 have been
performed. A model of the TS1 with atom numbering is shown
in Figure 4 and its structure is given in Table 9. One imaginary
vibrational frequency of-1469 cnt! was calculated for this
proper transition structure. This vibration is associated with the
breaking of the H3-N5 bond and the formation of the HEL2
bond.

It was showd that a thermal interconversion path exists
between theZ- and the E-forms. The transition structure
associated with this transformation is denoted TS2 (Figure 3).
The MP2/6-31#G(3df,2p) structure of TS2 has been reported
elsewheré. The G3 enthalpy of TS2 is 59 kJ/mol higher that
that of the reactants (Figure 3). However, the enthalpy of TS2
is significantly lower than that of TS1 (129 kJ/mol). This implies

Askeland et al.

Figure 4. Model of TS1 with atom numbering.

that TS1 can be transformed bwth the E- and theZ-forms,
even if theE-configuration is about 8 kJ/mol less stable. This
is in accord with the observatiéAthat a 1:1 mixture of and

Z is formed at room temperature.

The temperature varies in the interstellar space, being typically
a few kelvin in cold interstellar clouds. Spontaneous formation
of APN can hardly occur in such clouds because of the high
activation energy (about 129 kJ/mol). However, it is possible
that this mechanism might produce APN in regions in space
where the temperature is relatively high, on surfaces of
interstellar grain, or in solution. Heating incidents might release
APN from the grain to the gas phase.

Formation of APN via a Neutral-Cation Reaction. It is
assumed that many of the compounds found in cold interstellar
clouds have been formed spontaneously via a reaction between
a cation and a neutral molecufeThese reactions occur because
the activation energy is often low or nonexistent.

An alternative reaction path could in our case be that ammonia
reacts with protonated cyanoacetylene{E=C—C=N—H")
following a mechanism analogous to that outlined in the
previous paragraph. The reaction profile based on G3 calcula-
tions is sketched in Figure 5. The energies shown in this figure
are enthalpy differences (298.15 K, 1 atm).

The first step is the formation of a hydrogen-bonded complex,
H3N---H—C=C—C=N™, stabilized by AH = —62 kJ/mol
relative to the enthalpies of the reactants. The first transition
structure, TS3, hadH = 12 kJ/mol compared to the combined
enthalpies of ammonia and protonated cyanoacetylene. This
represents a substantial reduction of the activation energy (from
about 129 kJ/mol) of the neutraheutral reaction, as expected.
The transitions state for the — E interconversion (TS4) has
AH —172 kJ/mol. Interestingly, theE isomer of the
protonated 3-amino-2-propanenitrile AHCH=CHCNH") is
predicted to be favored b&H = 12 kJ/mol (Figure 5) relative
to theZ-form, which is the opposite of what is found for their
counterparts in the neutraheutral reaction. Neutral APN might
then be formed in an electron recombination reaction.

APN might be formed by this mechanism in interstellar space
at low temperatures since the activation energy is relatively low
(+12 kJ/mol). However, a collision between protonated cy-
anoacetylene and ammonia might easily lead to the formation
of cyanoacetylene and the ammonium cation instead, because
of the high proton affinity of ammonia. The mechanism of
Figure 5 is therefore considered to be of minor importance for
the generation of interstellar APN.

Discussion

The bonding situation in APN is interesting. Comparison with
vinylamine and vinyl cyanide is informative. The title compound
is definitely flatter than vinylamine. The quadrupole coupling
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TABLE 9: MP2/aug-cc-pVTZ Geometry of Transition
Structure T12

bond length (pm) angle (deg) dihedral angle (deg)
r(C;—C;) 133.8 [O(CiC,Cs) 124.2 [O(HgCiNsHy) 180.0
r(C;—Cs) 1412 [O(CC3Ns) 175.0 O(HsCiNsHg)  —65.1
r(Cg—N4) 117.8 D(N5C1C2) 103.9 D(CngNng) 0.0
r(C;—Ns) 148.2 [O(CiNsHe) 115.3 [O(HsNsCiCo) 114.9
r(Ns—Hg) 101.8 [O(CiNsH;) 115.3 [O(HsCiCCs) 0.0
r(Ns—H7) 101.8 [O(H/NsHg) 110.2 [O(NsCiCoCs) 180.0
r(C;—Hs) 108.3 [O(HsCiCy) 136.6 [O(HsCiNsH7) 65.1
r(C;—Hyg) 157.0 [O(HgCiNs) 119.5 0O(H/NsC,C;) —114.9
r(Ns—Hg) 121.9 O(CiC:He) 724

O(H7/NsHe)  117.2

O(CiNsHg)  78.8

O(HeNsHo)  117.2

a See text.

o

.:.Q)\ _Y

%o,

Figure 5. Reaction profile of the reaction between Nahd H-C=
C—C=N-—H" forming Z- and E-H,N—CH=CH—C=N-H", as cal-
culated using the G3 method. The numbers indicated on this figure are
enthalpy differences (298.15 K, latm) relative to the sum of the

enthalpies of ammonia and protonated cyanoacetylene, which has been

assigned the value of zero.

constants of the nitrogen atom of the cyano group is remarkably
different in the two molecules, as noted above. Inspection of
Table 8 reveals that the €3 bond length is longer in APN
than in both vinylamine and vinyl cyanide. It is also noted that
the C1-C2 bond length is shorter in APN than in vinyl cyanide,
whereas the GEN bond is longer. The C3N bond has its
longest value in vinylamine. It is also seen the C2C1N angle is
more bent in APN than in vinyl cyanide. These differences
indicate that electron delocalization is considerably more
prevalent in APN than in both vinlyamine and vinyl cyanide.

The energy differendebetween theZ- and theE-forms of
about 8 kJ/mol warrants comments. The effects of electron
delocalization should be rather similar in the two forms, so this
cannot be the explanation. A major part of the 8 kJ/mol energy
difference is perhaps due to intramolecular hydrogen bonding
between the nearest hydrogen atom of the amino grouyp (H
and thexr electrons of the cyano group. This interaction is of
course only possible in th&-form.

The internal hydrogen bond in APN is characterized by the
following: The nonbonded &+-C1 and H---N distances are
252 and 290 pm, respectively (from structure in Table 8),
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The distance from ko thesx electron clouds of the triple bond
of the nitrile group is therefore comparatively short.

Moreover, the bond moments of both theeR® and N-H
bonds are relatively large with the nitrogen atoms as the negative
end in each cas€.The CEN and N-Hg bonds are calculated
to be 7.5 from being parallel, using the structure in Table 8.
The bond moments are consequently nearly antiparallel, which
is ideal for dipole-dipole stabilization.
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