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ABSTRACT: The gas-phase rotational spectrum of
(cyanomethylene)cyclopropane, (CH,),C=CHCN, generated
by a Wittig reaction between the hemiketal of cyclopropanone
and (cyanomethylene)triphenylphosphorane, is presented for the
first time. This small, highly polar nitrile is a cyclopropyl-
containing structural isomer of pyridine. The rotational spectra
of the ground state and two vibrationally excited states were
observed, analyzed, and least-squares fit from 130 to 360 GHz.
Over 3900 R-, P-, and Q-branch, ground-state rotational
transitions were fit to low-error, partial octic, A- and S-reduced
Hamiltonians, providing precise determinations of the spectro-
scopic constants. The two lowest-energy vibrationally excited
states, 11, and v,,, form a Coriolis-coupled dyad displaying small a-
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and b-type resonances. Transitions for these two states were measured and least-squares fit to a two-state, partial octic, A-reduced
Hamiltonian in the I" representation with nine Coriolis-coupling terms (G,, G/, G.%, G/, E,, E,/, F, X, G,, and G})). The observation
of many resonant transitions and nine nominal interstate transitions enabled a very accurate and precise energy difference between
vy; and 1y, to be determined: AE,;,, = 29.8975453 (33) cm™'. The spectroscopic constants presented herein provide the
foundation for future astronomical searches for (cyanomethylene)cyclopropane.

B INTRODUCTION

Organic nitriles occupy a significant place in the field of
astrochemistry and are well represented in the list of ~220
species detected in space.”” Their large molecular dipole
moments, due to the cyano moiety, result in intense rotational
transitions that facilitate identification of these species by
radioastronomy. We have been keenly interested in measuring
spectroscopic constants of organic nitriles in two groups: aryl
nitriles/isonitriles®™® and nitrile-containing isomers of pyr-
idine.”~” The former group was inspired by the potential of
these aryl species to serve as tracers for their parent
compounds (e.g., benzene, pyridine, pyridazine, pyrimidine,
and pyrazine). While pyridine, pyridazine, and pyrimidine
possess a permanent dipole moment and have been sought in
the interstellar medium unsuccessfully,10 benzene and pyrazine
do not and thus cannot be detected by radioastronomy. Recent
detections of benzonitrile,"" 1- and 2-cyanonaphthalene,'” and
1-cyano-1,3-cyclopentadiene'® represent a dramatic break-
through in the field and have further inspired our spectroscopy
of related compounds. The latter group of molecules that we
have been studying are nitrile-containing structural isomers of
pyridine (C;HN) (Figure 1). Several of these species are
likely to be involved in complex, astrochemically relevant
processes' ”'® and have been detected in harsh reaction
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Figure 1. C;HN isomers studied by rotational spectroscopy: (E)-1-
cyano-1,3-butadiene (E-1), (Z)-l-cyano-1,3-butadiene (Z-1), 4-
cyano-1,2-butadiene (2), 2-cyano-1,3-butadiene (3), 4-cyano-1-
butyne (4), (cyanomethylene)cyclopropane (5), and pyridine (6).
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environments.'°~'® Expanding the family of pyridine isomers

facilitates future investigations of the reactivity of these small
molecules and astronomical searches for these species in
extraterrestrial environments. Astronomical detections of any
of the molecules from either group would be of fundamental
interest and could illuminate new astrochemical pathways
toward complex aromatic species.
(Cyanomethylene)cyclopropane (5) (2-cyclopropylidene-
acetonitrile) is a structurally intriguing molecule (Figure 2).

Figure 2. (Cyanomethylene)cyclopropane (5) (C, CsHsN) structure
with principal inertial axes (y, = 4.4 D, p, = 1.2 D).

It is substantially higher in energy than its isomer, pyridine [ca.
50 kcal/mol, B3LYP/6-311+G(2d,p)] due to the absence of
aromaticity and the presence of a strained, three-membered
cyclopropyl ring with the exocyclic 7 bond. The inherent strain
energy of three-membered rings notwithstanding, four
interstellar molecules include this structural motif (with
differing degrees of unsaturation): cgclopropenylidene (c-
? cyclopropenone (C;H,0),” ethylene oxide (c-
*! and propylene oxide (CH;C,H;0).”* Additionally,
S contains an a,f-unsaturated nitrile moiety, which is similar to
the known interstellar species vinyl cyanide (H,C=CHCN;
acrylonitrile),”* cyanoallene (H,C=C=CHCN),** and meth-
ylcyano-acetylene (CH;C=CCN).”®> The role of
(cyanomethylene)cyclopropane (5) in the chemical mecha-
nisms of formation or destruction of pyridine (6) remains a
matter of conjecture, but we are continuing our investigations
of the reaction chemistry of 5 under a variety of harsh
conditions.

(Cyanomethylene)cyclopropane (S) is an attractive candi-
date for astronomical search, being a nitrile-containing
structural isomer of pyridine (C, CsH;N) and a highly prolate,
asymmetric top (k = —0.96) with a strong dipole [y, = 4.4 D,
Uy, = 1.2 D, MP2/6-311+G(2d,p)]. This molecule has been
generated only twice previously, ”** and the characterization
data are quite limited compared to other simple organic
nitriles. As shown in Scheme 1a, Wilson first generated § in

Scheme 1. Previous Syntheses of
(Cyanomethylene)cyclopropane (5)“

0 . CN o 0
sio
0D e < D
500 - 600 °C
7 5
PhsP” “CN
HO, OFt 0 JCN
() A 30-40%
PhCOOH (10 mol%)
8 CgHe, reflux, 17 h 5

“Yield estimated by NMR.
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1945 by pyrolysis of 2-cyanotetrahydrofuran (7) at S00—600
°C on silica with coproduction of tetrahydrofuran and
dihydrofuran.”® While effective at generating the desired
compound, it is not an ideal synthetic approach for studying
its rotational spectrum due to the generation of volatile
byproducts with permanent dipole moments as sample
contaminants. More recently, Mauduit et al. reported a facile,
gram-scale synthesis of 5 via a Wittig reaction of 1-
ethoxycyclopropanol (8) with (cyanomethylene)-
triphenylphosphorane (9) (Scheme 1b).”” This synthesis is
ideal for analysis by rotational spectroscopy as it produces the
desired product in significant quantity without volatile, polar
solvents or byproducts. A slightly modified version of this
synthetic procedure, along with improved procedures for
isolation of S, provided the foundation of this spectroscopic
investigation.

B EXPERIMENTAL AND THEORETICAL METHODS

Synthesis. Our synthetic approach to (cyanomethylene)-
cyclopropane (5) is based upon previous work of Mauduit et
al?’ as shown in Scheme 1b. The desired compound was
obtained in three relatively simple steps with sufficient quantity
and purity to enable the spectroscopic investigation (Scheme
2). A commercial sample of (l-ethoxycyclopropoxy)-

Scheme 2. Modified Synthesis of
(Cyanomethylene)cyclopropane (5)“

TMSO, OEt MeOH HO, OFt
(a) X X 85 %
25°C, 24 h
10 8
P
® NaOH ~
()  PhsP” T CN PhsPZ CN 93 %
H,0, 25 °C, 35 m
11 9
CAS
HO, OEt PhsP? "CN (1.0 eq.) CN
(©) <(/_ 52%
PhCOOH (10 mol%)
8 CgHe, reflux, 24 h 5

“Isolated yields.

trimethylsilane (10) was deprotected by stirring in methanol
for 24 h to reveal the required hemiketal 8 in 85% yield.”®
Ylide 9 was prepared in 93% yield from a commercial sample
of (cyanomethyl)triphenylphosphonium chloride (11) by
stirring in basic solution for 35 min. Subsequently, 8 and 9
were allowed to react in refluxing benzene with catalytic
benzoic acid to generate (cyanomethylene)cyclopropane (5),
which was isolated as a pure substance, for the first time, in
52% yield. As previously reported,”” this reaction could be
carried out in a variety of nonpolar organic solvents. Benzene
was selected, in this case, because it does not possess a
permanent dipole moment, and any residual benzene would
not be observed in the rotational spectrum. After distillation,
this sample was used to measure the rotational spectrum of
(cyanomethylene)cyclopropane (5). Detailed experimental
procedures and characterization data are provided below for
each compound.

Spectroscopy. Using a millimeter-wave spectrometer that
has been previously described,””*° the rotational spectrum of
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Figure 3. Predicted (top) and experimental (bottom) rotational spectrum of (cyanomethylene)cyclopropane (5) from 184.35 to 185.05 GHz.
Ground-state transitions for the J” + 1 = 48 band in dark blue, v}, in purple, and v, in green.

(cyanomethylene)cyclopropane (S) was collected from 130 to
230 and from 235 to 360 GHz in a continuous flow at room
temperature with a sample pressure of 4 mTorr. The separate
spectral segments were combined into a single broadband
spectrum using Kisiel’s Assignment and Analysis of Broadband
Spectra software.*’”** Pickett’s SPFIT/SPCAT™ and Kisiel’s
ASFIT/ASROT?"** were used for least-squares fits and
spectral predictions, along with the PIFORM, PMIXC,
PLANM, and AC programs for analysis.”* A uniform frequency
measurement uncertainty of 0.050 MHz was assumed for all
measurements.

Computation. Electronic structure calculations were
carried out with Gaussian 16*° using the WebMO interface™
to obtain theoretical spectroscopic constants. Optimized
geometries at the B3LYP/6-311+(2d,p) and MP2/6-
311+(2d,p) levels were obtained using “verytight” convergence
criteria and an “ultrafine” integration grid, and subsequent
anharmonic vibrational frequency calculations were carried
out. The B3LYP predictions of the spectroscopic constants,
which were sufficient to begin the analysis, did not have the
expected agreement with the experimental spectroscopic
constants. Thus, MP2 calculations were performed which
had slightly closer agreement with the experimental constants.
All computational output files can be found in the Supporting
Information.

B RESULTS AND DISCUSSION

Ground Vibrational State. (Cyanomethylene)-
cyclopropane (5) is a highly prolate, asymmetric top molecule
(k = —0.96) with strong dipole moments along its a- and b-
principal axes (y, = 4.4 D, u, = 1.2 D, MP2). As shown in
Figure 3, its rotational spectrum in the 130 to 360 GHz region
is dominated by intense “Ry; transitions that appear in clearly
observable bands of transitions sharing a single J value. At low
values of K,, the plus- and minus-symmetry ‘R, transitions are
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nondegenerate and located far from these obvious bands. As
the K, value increases, the plus- and minus-symmetry
transitions become degenerate and progress to lower frequency
before experiencing a turnaround and forming the recognizable
bandhead. As expected for the spectrum of a highly prolate
molecule, these bands are separated by approximately B + C
(~3.8 GHz). The transitions progress to higher frequency
away from the bandhead with further increasing K, until the
transitions are lost in the spectral confusion limit. Much lower
intensity b-type (bRLl and bKl‘l) transitions are observable
with low values of K, some of which become degenerate with
the much more intense “R,; transitions in this frequency range.
Transitions from 11 bQ.l,—l branch series with constant K, are
also visible across our observed frequency range. They increase
in J and intensity as they progress to higher frequency, forming
an identifiable band structure, turn around, and progress to
lower frequency with further increasing J. Eventually, the
degenerate transitions separate to form pairs of plus- and
minus-symmetry bQJ,—l transitions. Finally, a limited number
of low-intensity, degenerate bPL_l and bP11_3 transitions are
also included in the data set. Due to the relatively high values
of J and K for the transitions observed in this work, nuclear
quadrupole splitting was not resolved and thus not treated in
the data analysis.

Due to the high spectral density shown in Figure 3, the
detection limit for transitions of all species in the observed
spectrum is due to spectral confusion, rather than the signal-to-
noise ratio. Because this sample was prepared by an intentional
synthesis, purified by vacuum distillation, and characterized by
other spectroscopic techniques (MS and NMR), we are
confident that the vast majority of the spectral features are
from § and not an impurity. The ground and vibrationally
excited states of § each contribute a few thousand transitions
to the rotational spectrum from 130 to 360 GHz. This spectral
density makes accurate measurement of low-intensity tran-
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Table 1. Spectroscopic Constants for the Ground Vibrational State of (Cyanomethylene)cyclopropane (5) (S- and A-Reduced
Hamiltonian, I' Representation)®

S Reduction, I representation A Reduction, I* representation
Experimental MP2 ¢ Experimental MP2 ¢
A, (MHz) 12644.00265 (20) 12527 4, (MHz) 12644.00216 (20) 12527
By (MHz) 2038.861622 (59) 2014 B, (MHz) 2038.866459 (58) 2014
C, (MHz) 1797.034263 (54) 1776 Co (MHz) 1797.029487 (53) 1776
D, (kHz) 0.561813 (18) 0.540 A, (kHz) 0.575343 (17) 0.552
Dk (kHz) —7.547487 (70) —7.43 A (kHz) —7.629007 (69) -7.51
Dy (kHz) 63.1448 (11) 63.1 A (kHz) 63.2116 (10) 63.2
d, (kHz) —0.1207251 (70) -0.115 5, (kHz) 0.1207298 (69) 0.115
d, (kHz) —0.00676037 (56) —0.00618 ¢ (kHz) 2.40341 (20) 2.25
H, (Hz) 0.0009849 (25) 0.000857 @, (Hz) 0.0010541 (25) 0.000913
Hx (Hz) —0.020207 (12) —0.0184 Dy (H2) —0.012678 (39) -0.0117
Hyy (Hz) 0.052221 (75) 0.0364 @, (Hz) 0.02518 (15) 0.0130
Hy (Hz) 0.6080 (19) 0.686 @ (Hz) 0.6261 (18) 0.702
hy (Hz) 0.0003513 (12) 0.000304 # (Hz) 0.0003565 (11) 0.000309
hy (Hz) 0.000033184 (83) 0.0000279 b (Hz) 0.005722 (30) 0.00418
s (Hz) 0.000005436 (25) 0.00000487 de (Hz) 0.4541 (22) 0.413
L, (uHz) —0.00200 (12) L, (uHz) —0.00220 (11)
Ly (WHz) 0.07038 (76) Lok (uHz) 0.05070 (75)
Ly (uHz) —1.1331 (47) Ly (uHz) 1.2714 (46)
Lig (HHz) —2.134(3D) Lier (WHz) -1.169 (32)
Ly (uHz) [0.0] Ly (uHz) [0.0]
I, (nHz) —0.000984 (64) Iy (uHz) —0.000978 (63)
L (uHz) [0.0] I (nHz) [0.0]
Iy (uH2) [0.0] Iy (wHz) [0.0]
13 (uHz) [0.0] I (uHz) [0.0]
A4; (uA2) be —6.613509 (11) -6.716 A (uA2)be —6.612175 (11) —6.716
Niines ¢ 3933 MNiines ¢ 3933
o (MHz) 0.031 6 (MHz) 0.031

“Evaluated with the 6-311+G(2d,p) basis set. YInertial defect, A; =1, — I, — L. “Calculated using PLANM from the B, constants. “Number of fitted
transition frequencies. “Values in square brackets held fixed in least-squares fit.
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Figure 4. Data distribution plots for the least-squares fit of spectroscopic data for the vibrational ground state of (cyanomethylene)cyclopropane
(5). R-branch and Q-branch transitions are represented by black circles. P-branch transitions are represented as pink triangles. The size of the
symbol is proportional to the value of I(f,,, — feac)/8fl, where &f is the frequency measurement uncertainty.
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sitions challenging due to coincidental overlapping transitions
from other vibrational states. It also makes observation of the
[C]- or ["Nl-isotopologues at their natural abundances
particularly difficult, as there are a few dozen vibrationally
excited states with transitions of higher intensity. Using
standard methods of predicting the spectra of these
isotopologues from the spectroscopic constants of the main
isotopologue and computed constants for the main and heavy
atom isotopologues, none of these species were observable in
the experimental spectrum. Thus, the spectral analysis
presented in this work is limited to the ground and two
lowest-energy vibrationally excited states.

A total of over 3900 ground-state transitions were observed,
measured, and least-squares fit to partial octic, distorted rotor
A- and S-reduced Hamiltonians in the I representation (o,
0.031 MHz). The resulting values of the spectroscopic
constants and their theoretical counterparts are provided in
Table 1. The MP2 predictions of the rotational constants are
within about 1% of their experimentally determined values.
The B3LYP values provided in Table S1 are in slightly worse
agreement, with errors in By and C, of 1.9 and 1.6%,
respectively. While these predictions are quite reasonable and
of the expected quality, the absolute error in the predicted
spectrum resulting from them is substantial. As mentioned, the
most recognizable features of the rotational spectrum are the
“Ry,; bands ranging from ] = 35 to 93 across the observed
frequency range. With these bands separated by approximately
B + C and the sum of these constants predicted to be too small
(66 MHz with B3LYP and 46 MHz with MP2), the initial
predictions of each band’s location were off by 2.3—6.1 GHz
(B3LYP) and 1.6—4.3 GHz (MP2). The large relative errors of
the computed B + C compared to the experimental value of
3835.895885 (80) MHz, however, did not substantially hinder
the assignment of transitions.

The large number of measured transition and the diversity of
J (5 to 102) and K, (0 to 46) values in the data set (Figure 4)
enabled the quartic and sextic centrifugal distortion constants
to be very well determined. The experimental quartic
centrifugal distortion constants should be very reliable, given
the inclusion of a full set of sextic centrifugal distortion
constants. For both reductions, the MP2 quartic centrifugal
distortion constants are within 9% of their experimental values.
In particular, there is remarkable agreement for the Dy and Ay
constants, where the predicted values are nearly identical to the
experimental values. Both values are quite large (>60 kHz) due
to the very prolate (k = —0.96) nature of S, which is consistent
with other highly prolate species.”””” Due, in part, to the
incomplete set of octic centrifugal distortion terms included in
the Hamiltonian, the determination of the sextic centrifugal
distortion terms is less reliable. All MP2 values of the constants
are of the correct sign and magnitude, though some differ by as
much as 50% from their experimental values. No method is
currently implemented in Gaussian (or other commonly
available computational software) for estimating the octic
centrifugal distortion constants, so no comparison can be made
between experiment and theory. This absence of a prediction
also reduces the physical meaningfulness of those parameters
that are varied in the least-squares fit, as remaining constants
that cannot be satisfactorily determined cannot be held
constant at a theoretical value and must instead be held
constant at zero. Nevertheless, it appears that the centrifugal
distortion constants for the ground state are sufficiently well
determined (particularly the octic and sextic ones) that they
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can be used with confidence for any distortion constants of the
vibrationally excited states that cannot be determined in their
least-squares fits.

Fundamental Vibrational States v,; and v,;. The
vibrationally excited states of (cyanomethylene)cyclopropane
(5) below 500 cm™ consist of a Coriolis-coupled dyad of its
two lowest-energy fundamentals and a complex polyad of
several higher-energy vibrationally excited states (Figure S).

500
VitV Vas
V7tli6
400 F Y26t _
3u17
V16
=300 2 1
g V26 Vit
Q 2vy7
~
&y 200 - 1
Vy7 1
v AE,; 2 =29.8975453 (33) cm
100 1
oL g.s. i

Figure S. Vibrational energy levels of (cyanomethylene)cyclopropane
(5) below 500 cm™ from the computed fundamental frequencies
(MP2/6-311+G(2d,p)). The value of AE,;,, results from the
experimental perturbation analysis of v, and v, in this work.

The lowest-energy fundamental, v, (A, 125 cm™"), is an in-
plane bend of the nitrile and cyclopropyl groups with respect
to C2 and C3. The second-lowest energy fundamental, v,, (A”,
155 cm™"), is a symmetric, out-of-plane bend of the nitrile and
a CH, of the cyclopropyl with respect to the ethylene. The two
lowest-energy fundamentals are expected to show strong
interactions between their energy levels due to the large values
of A,, their moderate predicted energy difference of 30 cm™
(MP2), the large predicted Coriolis { values, and the range of |
values observed in this work. As expected, the transitions of
these vibrationally excited states are not adequately treated by
single-state, distorted-rotor Hamiltonians. A two-state partial
octic, A-reduced Hamiltonian with nine terms treating the
coupling between states was used to successfully least-squares
fit the transitions for the vy, and v,, dyad. The final data set
includes over 2600 transitions for each fundamental state and
is least-squares fit to a low statistical error (o3 < 0.039 MHz).
As shown in Figure 6, the range of J (6 to 99) and K, (0 to 37)
values represented is still quite extensive, albeit reduced from
the ground-state data set. Due to the lower intensity of these
two vibrationally excited states, substantially fewer Q-branch
transitions could be measured and included in the least-squares
fit. No P-branch transitions could be measured or included for
these lower-intensity states.

The resulting spectroscopic constants for vy, and v,, (Table
2) include a complete set of well-determined rotational and
quartic centrifugal distortion constants. The least well-
determined rotational constants, A, and A,,, have statistical
uncertainties of about 0.01% the magnitude of their values.
The A, constants are hardest to determine for a molecule such
as (cyanomethylene)cyclopropane ($), given that the majority
of observed transitions are a-type and relatively few are b-type.
This is true for the ground state as well as the excited

https://doi.org/10.1021/acs.jpca.1c03246
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Figure 6. Data distribution plots for the coupled fit of measured transitions in the two lowest-energy excited vibrational states in
(cyanomethylene)cyclopropane (5). The size of the plotted symbol is proportional to the value of (£, — fic)/5fl, where Jf is the frequency
measurement uncertainty (50 kHz). Values for which this relative error is >3 shown in red.

vibrational states. Even more problematic, the Av constants are
also the most correlated with the large a-type Coriolis-coupling
constants and are therefore generally more poorly determined
in the fit of a coupled dyad. Only a few J-dependent sextic
constants (®; @, and ¢)) could be determined, and all other
centrifugal distortion constants were held constant at their
ground-state values. With no method currently implemented to
obtain theoretical values for the quartic distortion constants of
these fundamentals, only a comparison to their ground-state
counterparts is possible. With a complete set of quartic
distortion constants, but only an incomplete set of sextic
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distortion constants, the quartic distortion constants provide
the more reliable estimation of how well the least-squares fit is
treating the perturbations between v, and v,,. The relatively
small deviations (<10%) of all quartic constants from their
ground-state counterparts suggest that the coupling is being
sufficiently treated and that these values are physically
meaningful. None of these constants bears a clear sign of
absorbing untreated coupling between the states, which would
typically cause large deviations in some spectroscopic constants

in opposite directions relative to the ground-state constants.
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Table 2. Spectroscopic Constants for Vibrationally Excited States v, and V5, of (Cyanomethylene)cyclopropane (5) (A-
Reduced Hamiltonian, I' Representation)®

Ground state vi7 (4,125 cm ™) ¢ Va7 (4,155 ecm™) @
4, (MHz) 12644.00216 (20) 12725.8 (12) 12570.5 (12)
B, (MHz) 2038.866459 (58) 2044.336 (18) 2041.600 (18)
C, (MHz) 1797.029487 (53) 1799.526614 (64) 1800.078788 (50)
A, (kHz) 0.575343 (17) 0.577820 (28) 0.578479 (28)
A (kHz) —7.629007 (69) —7.6499 (17) —7.5923 (17)
A (kHz) 63.2116 (10) 63.021 (32) 63.649 (32)
& (kHz) 0.1207298 (69) 0.122045 (15) 0.121117 (15)
S (kHz) 2.40341 (20) 2.6318 (11) 2.3490 (10)
@ (Hz) 0.0010541 (25) 0.00103342 (48) 0.00107110 (49)
@ (H2) -0.012678 (39) —0.013792 (83) —0.010726 (84)
& (Hz) 0.02518 (15) [0.02518] [0.02518]
@ (H) 0.6261 (18) [0.6261] [0.6261]
& (Hz) 0.0003565 (11) 0.00034856 (48) 0.00036235 (42)
i (H2) 0.005722 (30) [0.005722] [0.005722]
d (Hz) 0.4541 (22) [0.4541] [0.4541]
AE 896305.858 (98) MHz / 29.8975453 (33) cm™!
G, (MHz) 16023. (32)
G,/ (MHz) 0.012739 (88)
G./X (MHz) —0.3961 (60)
G,” (MHz) —0.0000000919 (20)
Fye (MHz) 0.6737 (19)
Fy’ (MHz) —0.000000374 (19)
Fy X (MHz) 0.00034376 (81)
Gy (MHz) 1371.4 (59)
Gy’ (MHz) —0.002270 (25)
A; (uA?)be —6.613509 (11) —6.06823 (43) —6.9904 (44)
Niines 4 3933 2789 2666
o (MHz) 0.031 0.038 0.039

“Fundamental frequencies calculated using MP2/6-311+G(2d,p). “Inertial defect, A, = I, — I, — I, “Calculated using PLANM from the B,
constants. “Number of fitted transition frequencies. “Values in square brackets held fixed in least-squares fit.
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Figure 7. Superimposed resonance plots of v,; for ‘R, K,* series with even values of K," between 0 and 30 for (cyanomethylene)cyclopropane
(5). Measured transitions are omitted for clarity, but they are indistinguishable from the plotted values on this scale. The plotted values are
frequency differences between excited-state transitions and their ground-state counterparts, scaled by (J” + 1).
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Figure 8. Resonance plots for (cyanomethylene)cyclopropane (5) showing the K, = 4~ series for ,; and K, = 97, 10%, and 8" series for v,.
Examples of resonances conforming to the AK, = 5 and AK, = 6, 4 selection rules for b- and a-type resonances, respectively. The plotted values are
frequency differences between excited-state transitions and their ground-state counterparts, scaled by (J” + 1) in order to make the plots more
horizontal. Measured transitions are represented by circles: v, (purple); vy, (green). There are no measured transitions with |(fyu, — feac)/8f1 > 3.
Predictions from the final coupled fit are represented by a solid, colored line.

Coriolis-Coupling Analysis. The satisfactory treatment
and least-squares fitting of the coupled dyad between v, and
V,; provide a highly precise and accurate energy difference
[AE,;,; = 896305.858 (98) MHz or 29.8975453 (33) cm™']
between these fundamentals. Both the MP2 (30.4 cm™) and
B3LYP (29.5 cm™') energy differences are in unexpectedly
close agreement with the experimentally determined value.
The precision of the experimentally determined energy
difference is dependent upon the inclusion of many transitions
involved in global interactions between the fundamentals,
transitions whose energy levels are impacted by energy level
crossings (causing sharp local resonances), and related
formally forbidden interstate transitions. The energy difference
is very sensitive to, and well-determined by, the last two kinds
of frequency data.

In the initial fitting process, the global perturbations between
states can be seen as the undulations or curvature of the
resonance plots for the K, series of R-branch transitions.
Several example series are shown in Figures 7 and 8 for v, and
Vy;. As the quantum number value of K, increases, the peak
and trough of the undulation progress rapidly toward higher J
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values. By K, = 12 for v, the undulations of the series have
largely passed out of the observed range of ], and the K|, series
appear to be much flatter. These curving series of v,
combined with the mirrored undulations in the resonance plots
of the low-K, series of v,; allow for an initial fitting and
refinement of the Coriolis-coupling terms and AE;,,,. Once
there is a preliminary treatment of the global interaction, the
local resonances (Figures 7 and 8) can be assigned and
included in the least-squares fit data set. These intense
interactions become visibly noticeable at K, ~ 6 for v, (lower
K, for vy;) and provide critical refinement of the energy and
coupling coeflicients. Eventually, these global undulations and
local resonances allow for a precise determination of the
Coriolis-coupling coeflicients and AE,;,; and should result in
rotational and centrifugal distortion constants that are
relatively free of the impact of untreated coupling between
states.

The different symmetries of fundamentals v, (A’, 12§
em™) and v, (A”, 155 cm™") permit Coriolis couplings along
both their a- and b-principal axes. Both of the resulting types of
a- and b-type resonances (AK, = even and AK, = odd,

https://doi.org/10.1021/acs.jpca.1c03246
J. Phys. Chem. A 2021, 125, 5601-5614
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Figure 9. Resonance plots for (cyanomethylene)cyclopropane (5) showing the K, = 47, 3*, and 3~ series for v,; and the K, = 9™ and 7" series for
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=9 atJ’ +1=8L

respectively) are observed between v, and v,;. An informative of resonances, with either a single highly displaced transition or
example is shown in Figure 7, involving resonances between with two highly displaced transitions in opposite directions.
the K, = 4~ series of 15, and the K, = 97, 10%, and 8" series of The former occurs when the energy crossing of the vibrational
V1. These resonances showcase the two possible appearances states occurs at or very near to a single ] quantum number. The
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latter occurs when the exact energy level crossing of the
vibrational states occurs midway between two different |
quantum numbers. The first of the three small resonances (J”
+1=158,59) in the K, = 4~ series of 1,, is the result of an a-
type interaction with the K, = 10" series of v,, (AK, = 6). Due
to both of these resonances occurring at relatively flat regions
of the curving series, the mirroring of these resonances is
visually apparent with both plots using the same y-axis scale.
The absent resonant transition of the v, series is excluded due
to its near-degeneracy with a K, = 2 transition from the ground
state, preventing an accurate measurement of either transition.
The second of the three small resonances (J” + 1 = 81) is the
result of a complicated interaction with the K, = 97 series of
vy; (AK, = S) (vide infra). The v, transition of this resonance
is not included in the data set due to a significant loss of
intensity to its related nominal interstate transition, combined
with an incidental overlap with two significantly more intense
transitions. The final resonance (J” = 88) is due to a
second a-type interaction with the K, = 8" series of v, (AK, =
4). The K, = 8" series of v/, has a second small resonance (J” +
1 =62, 63) with the K, = 27 series (resonance plot not shown)
of vy, (AK, = 6).

It is not readily apparent from Figure 8 that the v,,
transition at J” = 81 is involved in a b-type, AK, =
interaction with a transition in the K, = 97 series of v, because
these two features appear quite unsymmetrical. It so happens
that five different K, series (two of 11, and three of v,,) contain
transitions affected by resonances at J” + 1 = 81; these series
are depicted in Figure 9. Upon first inspection, the magnitudes
of transition displacement match between the v,, K, = 3* and

V17 K, = 97 series, and it visually appears that the shape of
dlsplacement in the v}, K, = 7* plot resembles that of the v,,
K. =4,] +1=281 dlsplacement, perhaps affected by the

steep slope on which the former is found. Such an interaction,
however, is symmetry disallowed for this Coriolis-coupled
system as a AK, = 3 (odd), AK, = 4 (even) interaction should
only occur with a c-type Coriolis interaction.

To elucidate the appearance of local perturbations in the
resonance plots, we modeled the baseline curvature of each
resonance plot with a polynomial of appropriate order,
excluding the highly perturbed transitions. This baseline
model was subtracted from the corresponding resonance
plots in Figure 9, and the resultant, baseline-flattened
resonance plots are provided in Figure 10 with all x- and y-
axes set at the same scale. Once the baseline is flattened, it
becomes apparent that the displacements in the v,; K, = 37
and v, K, = 7% series at J” + 1 = 81 are involved in an a- type
interaction with AK, = 4. The expected a-type interaction
between the v,, K, = 3* and v, K, = 97 series (AK, = 6) is
also confirmed. Upon closer inspection, however, the displace-
ments of transitions in these two series near ] + 1 = 81 do not
perfectly mirror one another. The red arrows in Figure 10
show the magnitude of displacement at J” + 1 = 81 due to the
a-type interaction between v,, K, = 3" and v}; K, = 9. This
perturbation coincides with the b-type interaction at J” +
81 between v,; K, = 4™ and vy, K, = 97 (represented by the
orange arrows). The confirmation of this interaction is
provided in the “Composite,” bottom-left panel in Figure 10,
which shows the sum of the three resonance plots (v, K, = 47,
Uy; K, = 3% and v, K, = 97). In this plot, the displacements of
all transitions mvolved in interactions near J” + 1 = 81 have
cancelled out, and the only remaining feature is the unrelated
set of resonant transitions at J* + 1 = 87—89.
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If the experimental least-squares fit or the computational
deperturbation treatment is not adequately addressing the
coupling between states, the values of the vibration—rotation
interaction constants (;) typically show characteristic large,
equal, and opposite deviations for v}, and v,, relative to their
corresponding ground-state values. Whether or not the
experimental A, — A, values are displaying such behavior is
ambiguous in the present dyad (Table 3). The A, — A, values

Table 3. Vibration—Rotation Interaction and Coriolis-
Coupling Constants of (Cyanomethylene)cyclopropane (5)

Experimental B3LYP MP2
o— A7 (MHz) —81.8 (12) 203 186
Bo— By; (MHz) ~5.470 (18) -2.06 234
Co— Ci7 (MHz) ~2.497127 (83) ~1.69 -1.77
Ay — Ay, (MHz) 73.5(12) 230 212
By~ By (MHz) ~2.734 (0.018) -3.51 -3.51
Co— Cyy (MHz) ~3.049301 (73) 224 233
WA T =D 1y 41 (17) ~13.28 ~13.17
QomP BB () 410225 279 293
Qo @) gy 277321 (1) 197 -2.05
17,27 (MHz) 0.633 0.584 0.578
{8727 (MHz) 0.054 0.035 0.035

are large and of opposite sign, making it unclear whether this is
a physically meaningful set of vibration—rotation interaction
constants or if there is some residual, unaddressed a-axis
coupling. It is much more apparent that the theoretical values
for Ay — A, have equal and opposite discrepancies of
approximately 300 MHz, relative to their experimental
counterparts using either level of theory. This indicates that
whatever deperturbation treatment may have been included in
the computational prediction is not sufficient for these two
states. As can be seen for the B, — B, and C, — C, values as
well as the average of the v, and v,, vibration—rotation
interaction constants, these two states are also more poorly
modeled than is typically expected for both theoretical
treatments.

The Coriolis coupling along the a- and b-axes cannot be
modeled by simply using the first-order G, and G, constants.
The Coriolis-coupling spectroscopic constants G, and G, are
related to the Coriolis-coupling constant { values by eq 1.

Wy + 0y

_ x x x x
G, = G707 = 245 7B,

W, X

(1)

This relation between G and { is approximate in its
dependence upon the harmonic frequencies of each state, in
the estimate of the equilibrium rotational constants, and in the
neglect of higher-order coupling terms. The experimentally
estimated { values and their computed counterparts are
presented in Table 3. Both of the theoretical values of {f;,,
and C1727 are somewhat smaller than the corresponding
experimental estimates. It cannot be determined from this
work whether the discrepancies in the computed and
experimental values are due to incomplete theoretical treat-
ment or an incomplete resolution of the G, and G,
contributions to the resonances and global perturbations.

When the state mixing is sufficient to create these
resonances, formally forbidden simultaneous transitions involv-
ing changes in both rotational and vibrational quantum
numbers become allowed. Due to the relatively weak
resonances of vy, (A’, 125 cm™) and v,, (A", 155 cm™),
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Figure 11. Energy diagram (left) depicting a representative matched pair of nominal rotation—vibration transitions between the v,, (purple) and
vy, (green) vibrational states of (cyanomethylene)cyclopropane (S). Standard “R,, transitions within vibrational states are denoted by vertical
arrows. The diagonal, dashed arrows indicate nominal interstate transitions that are formally forbidden but become allowed as a result of rotational
energy level mixing. Values printed on each of the arrows are the corresponding transition frequency (in MHz) with its obs. — calc. value in
parentheses. The marked energy separation is the energy separation between the two strongly interacting rotational energy levels. Resonance plots
(right) of the K, series of v, and v, contain the corresponding resonant transitions labeled with their quantum numbers and marked by colored

arrows.

only a small number of these forbidden nominal interstate
transitions were visible. Interstate transitions were included in
the data set when they could be confidently assigned due to
their intensity or in comparison to their corresponding
intravibrational state transitions. In total, only nine nominal
interstate transitions were included in the data set. One set of
nominal interstate transitions and their intrastate counterparts
are shown in Figure 11. The measured frequency of each
transition and its obs. — calc. value are provided for all four
transitions. All four transitions were close to their predicted
intensities, and the sum of the intrastate and interstate
transition frequencies differ by only 28 kHz. The low error
in each individual transition and their energetic consistency
provides confidence that all four transitions are properly
assigned and accurately measured. The two corresponding
resonant transitions are the (J” + 1 = 58) transitions from the
K, =4 series of 15, and K, = 10" series of v;, shown in Figure
8, and their resonance plots are redisplayed in Figure 11 to
highlight the relation between the resonant transitions and the
nominal interstate transitions. The mixing occurs with AK, = 6
due to the large vibrational energy difference of 30 cm™" and
the requirement for the rotational energy levels of the lower-
energy vibrational state (vy;) to catch up with the rotational
energy levels of the higher-energy vibrational state (1,,). For
example, the 58,45 energy level of v,; and the 58,5 energy
level of v,, are sufficiently close to one another (0.006720
cm™ or 201.4 MHz) that strong state-mixing becomes
possible. The result of the least-squares fitting of transitions
involving strongly interacting energy levels results in the very
accurate value determination of the energy separation between
these two vibrationally excited states.

Bl CONCLUSIONS

The first isolation of (cyanomethylene)cyclopropane () as a
pure compound allowed an investigation of its gas-phase, pure
rotational spectrum. The rotational constants of the ground
vibrational state are very well determined and should
accurately predict the rotational transitions at frequencies
lower than in this work. Transitions at slightly higher
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frequencies than 360 GHz should also be reasonably well
predicted, though with reduced accuracy as the frequency
increases. These transitions provide the foundational work
needed for further investigation of this molecule via rotational
spectroscopy or radioastronomy.

The analysis of the experimentally determined spectroscopic
constants in this work and many others is incomplete due to
the lack of theoretical values available for comparison. The
ground-state spectroscopic constants require an octic treat-
ment of the centrifugal distortion, but there is insufficient data
in the transitions measured to determine a complete set of
these constants. A broader frequency range that includes
transitions of higher J and K values would be necessary to
reliably determine all of the octic terms. Given the present
inability of theoretical methods to predict octic centrifugal
distortion constants, their values in this work cannot be
evaluated for their physical meaningfulness. The tactic of
setting some of the octic constants to a value of 0 inherently
distorts the remaining octic constants and, to a lesser extent,
the sextic centrifugal distortion constants.

The impact of a lack of theoretical spectroscopic constants is
more profound for the vibrationally excited states. With no
method currently available to address the vibration—rotation
interaction for the centrifugal distortion constants, values for
these constants that cannot be sufficiently determined must be
held constant at their corresponding ground-state values. In
this work, computational quartic constants for v, and v,;
would have assisted in the initial stages of least-squares fitting
by using values closer to their true values than the ground-state
constants. Given the complexity of modeling the centrifugal
distortion and Coriolis coupling in the same least-squares fit,
computational centrifugal distortion values would allow the
coupling to be addressed more efficiently early in the fitting
process. To further complicate matters, the majority of the
Coriolis-coupling terms cannot be predicted in a straightfor-
ward manner. In the final analysis of the spectroscopic
constants, computational values of either the centrifugal
distortion or Coriolis-coupling beyond those currently
available would greatly expedite the fitting process and
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improve the confidence in the experimental values obtained by
least-squares fitting transitions of coupled dyads and polyads.

Independent of the ambiguities with the higher-order
centrifugal distortion constants and Coriolis-coupling terms,
this work provides a highly accurate and precise energy
difference between these two vibrationally excited states, v,
and v,,. Pure rotational spectroscopy, however, cannot directly
determine the individual energy values of these states. Due to
their isolation from the ground vibrational state, high-
resolution IR spectroscopy would be necessary for accurate
measurement of the energy of these fundamentals. The
experimental measurement of AE,,,; serves as a benchmark
for future computational estimations and, combined with the
spectroscopic constants determined for (cyanomethylene)-
cyclopropane (S) in this work, makes the fitting of the high-
resolution IR spectra of v, and v,; a one-variable problem.

General Experimental Methods. All commercial re-
agents were purchased from Sigma-Aldrich or Oakwood
Chemical and used as received, unless otherwise noted. 'H
NMR spectra (400 or SO0 MHz) and BC{'H}-NMR spectra
(100 or 125 MHz) were obtained in CDCl; on a Bruker 400
MHz AVANCE 1II or Bruker 500 MHz DCH AVANCE III
spectrometer; chemical shifts () are reported as ppm
downfield from internal standard SiMe, or referenced to
residual solvent signals. Mass spectra were acquired using
electrospray ionization (ESI) or the atmospheric solids analysis
probe (ASAP) on a Thermo Scientific Q-Exactive Plus mass
spectrometer. IR spectra were obtained on a Bruker TENSOR
Fourier transform IR instrument as neat samples using an
attenuated total reflectance accessory (Bruker PLATINUM
ATR).

1-Ethoxycyclopropanol (8).?® A solution of (1-
ethoxycyclopropoxy)trimethylsilane (10, 9.98 g, $7 mmol) in
methanol (25 mL) was stirred at room temperature for 24 h.
The reaction was monitored via 'H NMR and TLC, which
confirmed complete deprotection of the trimethylsilane group
at 24 h. The methanol solvent was subsequently removed in
vacuo to afford a clear, colorless oil. The crude oil was purified
via short-path distillation to yield 1-ethoxycyclopropanol (8,
bp = 88—90 °C at 100 Torr) as a colorless oil (5.0 g, 48.5
mmol, 85%). TLC: R, = 0.3 (hexane/EtOAc, 4:1; KMnO,). 'H
NMR (CDCly, 500 MHz): 8 (ppm) 4.37 (br's, 1H), 3.77 (q, ]
= 7.2 Hz, 2H), 121 (t, ] = 7.1 Hz, 3H), 0.98—0.87 (m, 4H).
BC{'H}-NMR (CDCl,, 125 MHz): § (ppm) 85.5, 62.0, 15.4,
14.2. IR (neat): (cm™') 3386 (m), 2978 (w), 1734 (m), 1460
(w), 1298 (m), 1225 (m), 1052 (m), 943 (m), 487 (w).
HRMS (ESI) m/z: [M + H]" caled for C;H;,0,, 103.0754;
found, 103.0753.

(Cyanomethylene)triphenylphosphorane (9).”” To a
stirred solution of (cyanomethyl)triphenylphosphonium chlor-
ide (11, 120.4 g, 60.5S mmol) in 200 mL of deionized water was
added, dropwise, an aqueous solution of sodium hydroxide
(50% w/w, 10.0 mL) over 5 min at room temperature. The
addition resulted in the formation of a white precipitate, and
the mixture was stirred for an additional 30 min. The resulting
white solid was isolated by filtration via a coarse glass fritted
filter and dried in vacuo for 24 h to yield (cyanomethylene)-
triphenylphosphorane (9, 17.0 g, 56.5 mmol, 93%). '"H NMR
(CDCl,, 500 MHz): & (ppm) 7.43=7.71 (m, 15H), 1.60 (s,
1H). BC{'H}-NMR (125 MHz, CDCl,): § (ppm) 132.80 (d, J
= 10.1 Hz), 132.57 (d, J = 3.0 Hz), 132.11 (d, ] = 9.8 Hz),
129.08 (d, J = 12.4 Hz), 128.50 (d, J = 12.1 Hz), 12743 (d, ] =

91.8 Hz). Chemical shifts are consistent with previous
reports.38

(Cyanomethylene)cyclopropane (5). To a flame-dried 250
mL single-neck round-bottom flask (cooled under a stream of
N,) was added 1-ethoxycyclopropanol (8, 2.07 g, 20.3 mmol),
(cyanomethylene)triphenylphosphorane (9, 6.01 g, 20 mmol),
benzoic acid (243 mg, 2 mmol, 10 mol %), and 115 mL of
benzene. The reaction vessel was fitted with a water-cooled
reflux condenser (with N, vent) and heated to reflux for 24 h.
After cooling to room temperature, the flask was fitted with a
fractionating column (23 cm, glass bead-packed) and a short-
path distillation apparatus. Most of the benzene was removed
by distillation at atmospheric pressure. To the remaining liquid
(~40 mL) in the boiling flask, 100 mL of pentane was added,
and the solution was cooled on ice to precipitate
triphenylphosphine oxide. The resulting mixture was filtered
through a fine glass frit into a separate boiling flask, and
pentane was removed by short-path distillation with a
fractionating column at atmospheric pressure, leaving the
crude product as a bright yellow liquid. The crude product was
purified via short-path vacuum distillation to yield
(cyanomethylene)cyclopropane (5) (bp = 88 °C at 100
Torr) as a colorless oil (820 mg, 52%). TLC: Ry =05
(pentane/diethyl ether, 6:1; KMnO,). '"H NMR (CDCl,, 400
MHz): 5 (ppm) 5.76 (p, ] = 2 Hz, 1H), 1.40 (d, J = 2 Hz, 4H).
BC{'H}-NMR (CDCl;, 100 MHz): § (ppm) 151.9, 116.8,
90.4, 5.2, 4.1 IR (neat): (cm™) 3072 (w), 3020 (w), 2987 (w),
2221 (m), 1744 (w), 1403 (w), 1230 (w), 1058 (m), 1003
(m), 939 (m), 913 (m), 760 (s), 732 (m), 682 (m). HRMS
(ESI) m/z: [M + H]" caled for C;H¢N, 80.0495; found,
80.0494.
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