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Variable temperature{55 to—150°C) studies of the infrared spectra (320000 cm'?) of cyclopropylmethyl
isothiocyanatec-CsHsCH,NCS, dissolved in liquefied rare gases (Xe and Kr), have been carried out. The
infrared spectra of the gas and solid, as well as the Raman spectrum of the liquid, have also been recorded
from 3200 to 100 cm. By analyzing six conformer pairs in xenon solutions, a standard enthalpy difference
of 228+ 23 cm! (2.73+ 0.27 kdmol 1) was obtained with thgauche-cis (the first designation indicates

the orientation of the CNCS group with respect to the three-membered ring, the second designation indicates
the relative orientation of the NCS group with respect to the bridging®ond) rotamer the more stable
form, and it is also the only form present in polycrystalline solid. Given statistical weights of 2:1 for the
gauche-cisandcis—transforms (the only stable conformers predicted); the abundancis-efransconformer
present at ambient temperature is#t42%. The potential surface describing the conformational interchange
has been analyzed, and the corresponding two-dimensional Fourier coefficients were obtained. From MP2 ab
initio calculations utilizing various basis sets with diffuse functions,ghache-cis conformer is predicted

to be more stable by 15802 cni?, which is consistent with the experimental results. However, without
diffuse functions, the conformational energy differences are nearly zero even with large basis sets. For
calculations with density functional theory by the B3LYP method, basis sets without diffuse functions also
predict smaller energy differences between the conformers, although not nearly as small as the MP2 results.
A complete vibrational assignment for tijauche-cis conformer is proposed, and several fundamentals for
the cis—trans conformer have been identified. The structural parameters, dipole moments, conformational
stability, vibrational frequencies, and infrared and Raman intensities have been predicted from ab initio
calculations and compared to the experimental values when applicablg;dtnactural parameters are also
estimated. The energies for the linear CNCS moiety were calculated. These experimental and theoretical
results are compared to the corresponding quantities of some similar molecules.

Introduction chloromethyl cyclopropane essentially the same where an

i 1 —1
With the utilization of temperature-dependent conformational enthalpy difference of 274 21 cnr™ (3.28+ 0.25 kimol™)

studies in rare gas solutions, the conformational stabilities of a "WaS reported However, the experimentally determined enthalpy
series of monosubstituted methyl cyclopropane molecules havedifference for the bromide with a value of 38329 cn* (4.58
been studied in the past decade. The&sHsCH,X molecules, + 0.35 kdmol~1)? is significantly larger than those for the two
where X= F} Cl2 Br,2 CH;,3 C=N,* and G=CH} have been smaller halogen substituents. When the substituent is a methyl
found to exist incis (X substituent over the three-membered group (ethyl cyclopropane),which has a group radius comparable
ring with Cs molecular symmetry) and two equivalegauche to that of the chlorine atom, few bands in the infrared spectrum
forms (X substituent rotated~+120° from the eclipsing were found for the less stabtis conformer, and the enthalpy
position) in the fluid phases. A comparison of the results for difference was estimated to be385 cnt! (~4.61 kimol™%).3
this series of molecules proves to be interesting where all Results from the halogen series seem to suggest that electrone-
halogen substituents yield the gauche conformation more stable gativity and the size of the substituent are the determining factors
The conformational enthalpy difference betwetsandgauche  in the conformational energy difference for monosubstituted
forms in fluoromethyl cyclopropane was determih&mbe 262 methyl cyclopropane molecules. However, when the substituent
£ 26 cmt (3.13 £ 0.31 kmol™!) with the value for s the cyano group, a pseudo halogen, gaeicheconformer
" . g hould be add 3 Phone. 01 816.035.V3S determinetito be more stable by only 54 4 cm ! (0.65
603; o 01 816.935.2960 Exmatl: diﬁgjéisrﬁicjezuf’”e' 1816-2354 4 05 kamol-1). Additionally, in the case of ethynylimethy!

T University of Missouri-Kansas City. cyclopropane, where the substituent is an ethynyl grous (C
o fhlaéi'égﬁﬂéﬂf;h'c% C:Tilsizter;}aﬂ?ﬂv?rgi fﬂf’ﬂ,ﬂgﬁﬁhﬂl‘i’e&@bn’"‘ed CH), the conformational stability order was reversed with the

' ' cis conformer determined to be more stable by #4714 cnt?!

§ College of Charleston.
Il University of Antwerp. (1.76 & 0.17 k3mol=1).5 Results from these two substituents
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gauche-cis

cis-trans
Figure 1. Stablegauche-cis andcis—trans conformers of cyclopropylmethyl isothiocyanate with atom numbering.

suggest that the orbital interaction between the three-memberediond), i.e., eisand {rans To the best of our knowledge, there

ring and the triple bond leads to increased stability of ¢fse is no previous spectroscopic study on cyclopropylmethyl
orientation, and this effect is dominant over the electronegativity isothiocyanate. Thus, we have recorded infrared and/or Raman
and steric factors. spectra of the sample in gas, liquid, and solid phases. The

In an effort to gain further understanding into the factors conformational stability, optimized geometry, force constants,
determining conformational stabilities of the monosubstituted vibrational frequencies, infrared intensities, Raman activities,
methylcyclopropane molecules, we have investigatedduehé and depolarization ratios have been obtained from ab initio
cis conformational equilibrium of cyclopropylmethyl isothio-  calculations to compare with the experimental quantities when
cyanate (Figure 1), where the substituent is an unsaturatedappropriate. The results of these vibrational, spectroscopic, and
isothiocyano group, by utilizing variable temperature infrared theoretical studies are reported herein.
spectra of rare gas solutions. In addition to the relative positions
(gauche-andcis-) of the CNCS group with respect to the three-
membered ring (along the-&C bond), the relative orientation The cyclopropylmethyl isothiocyanate sample was purchased
of the NCS group with respect to the bridging-C bond gives from Maybridge Chemical Co. (Cornwall, England) with a stated
rise to a second designation of conformations (along th&lC  purity of 97+%. The sample was further purified with a low-

Experimental Section
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Figure 2. Infrared spectrum of (A) gaseous and (B) polycrystalline solid cyclopropylmethyl isothiocyanate.

pressure, low-temperature fractionation column, and the purity "
of the sample was checked by mass spectrometry. The purified U \/\ It MWNWfﬁ“Mr\m ﬁvmfmn"f*“mmmwwmrﬂ
! &

sample was kept in the dark at low temperature until it was |

used. 4 «
The mid-infrared spectra (Figure 2) of the gas and the |

annealed solid from 3200 to 300 ciwere recorded on a

Perkin-Elmer model 2000 Fourier transform spectrometer P””fﬂﬂ mm(wfmmﬁ

equipped with a Nichrome wire source, a Ge/Csl beam splitter, ﬂ

and a DTGS detector. The spectrum of the gas was obtained

with the sample contained in a 10-cm cell equipped with Csl

windows. Atmospheric water vapor was removed from the

annealed solid, the spectrum was recorded by depositing a solid V
sample film onto a Csl substrate, which was cooled by boiling

liquid nitrogen and housed in a vacuum cell fitted with Csl
windows. The sample was annealed until no further change was

observed in the spectrum. Interferograms obtained after 128 Wq(—_j}(mﬂm( W

spectrometer chamber by purging with dry nitrogen. For the Y fW_ ’Wfrpqqﬂ[

scans for the gas sample and reference, as well as 64 scans for
the amorphous and annealed solid samples and references, were
transformed by using a boxcar truncation function with theoreti-
cal resolutions of 0.5 and 1.0 ¢ respectively, for the gaseous

; T 72 T O T O A Y A
and SO“d, sfamples. . o ) 3000 1500 1000 500 0
The mid-infrared spectra of the sample dissolved in liquefied WAVENUMBER (cm})

xenon (Figure 3A) were recorded on a Bruker model IFS-66 g e 3. Infrared spectra of cyclopropylmethyl isothiocyanate: (A)
Fourier interferometer equipped with a Globar source, a Ge/ xenon solution at-75 °C, (A") far-infrared spectrum of Kr solution at
KBr beam splitter, and a DTGS detector. The spectra were —120°C; (B) simulated spectrum of a mixture of the two conformers
recorded at variable temperatures ranging frefb to —100 with AH of 228 cm* with the gauche-cis form more stable; (C)

°C with 100 scans at a resolution of 1.0 chThe temperature simulated spectru_m for pus—trans form; (D) simulated spectrum
studies in liquefied xenon were carried out in a specially [0 Puregauche-cis form.

designed cryostat cell, which is composed of a copper cell with

a 4 cm path length and wedged silicon windows sealed to the immediately started condensing in the cell, allowing the
cell with indium gaskets. The temperature was monitored by compound to dissolve.

two Pt thermoresistors, and the cell was cooled by boiling liquid  The far-infrared spectra of the sample dissolved in liquid
nitrogen. The complete cell was connected to a pressurekrypton were recorded on a Bruker model IFS 66 v/S Fourier
manifold to allow for the filling and evacuation of the cell. After transform spectrophotometer equipped with a Globar source, a
the cell was cooled to the desired temperature, a small amount6.0 um Mylar beam splitter, and a liquid helium cooled Si
of sample was condensed into the cell. Next, the pressurebolometer. The sample was contained in a 7-cm cell fitted with
manifold and the cell were pressurized with xenon, which Si windows, and the sample was added as described for the
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1 and 2, respectively, along with the observed values. A number
‘ of basis sets starting from 6-31G(d), and increasing to 6+-&-1
R ﬂ ,\ ‘ ‘ (2df,2pd), were employed at the level of Hartréeock, Mgller-

] Plesset perturbation theory to the second order (MP2(full)) as
‘J U{\’ L N ‘ well as hybrid density functional theory by the B3LYP method,
WAL WO Mw ’KJ UuuUuJUd to obtain energy differences between the two stable conformers
as well as relative energies of first-order saddle points (Table

3). It is interesting to note that MP2(full)/6-311G(2d,2p) and
MP2(full)/6-311G(2df,2pd) calculations predict this—cis form
l more stable than thgauche-cis form. However, frequency
L J MJMMMU 5 calculatiqns gt the same .Ieve.Is resultlin.one imaginaw frequency
for the cis—cis form, indicating that it is a first-order saddle
point, not a stable conformer. Such discrepancy at certain levels

c of calculation in which the form with the lowest energy is
JL U predicted, at the same time, to be a first-order saddle point, can
JLJ o UJ UJUJJU J also be found in cyclopentyl germanghere MP2(full)/6-31G-
(d) and MP2(full)/6-31%#G(d,p) levels predict théwist form
having the lowest energy yet with one imaginary frequency.
These discrepancies are believed to arise from the mismatch of
} J Mm JJL 'MJ A the electron correlation and the basis set size, or more strictly,
— - UM o insufficient treatment of such. From all levels of calculation
SN N R conducted in the present investigation, tuche-cis con-
3000 2000 1500 1000 500 former is always predicted to be more stable tharcteetrans
WAVENUMBER (em) form. However, there are large variations in the predicted
Figure 4. Raman spectra of cyclopropylmethyl isothiocyanate: (A) = conformational energy difference depending on whether diffuse
liquid at room temperature; (B) simulated spectrum of a mixture of nctions are included. The MP2 calculations with diffuse
the two conformers_ witltAH of 228 cnt! with th_e gauche-cis form functions predict th he-ci f to b tabl
more stable; (C) simulated spectrum for pwis—trans form; (D) P @auche-cis coniormer 1o be more stable
simulated spectrum for purgauche-cis form. by a low value of 159 cm* [MP2(full)/6-311+G(2d,2p)] to a
high value of 302 cm! [MP2(full)/6-3114+G(d,p)]. Calculations
mid-infrared studies. For all Spectra, 250 interferograms were without diffuse functions prediCt much smaller conformational
collected at 0.5 cmi resolution, averaged, and transformed with energy differences, with thgauche-cis form having nearly
a Blackman-Harris three-term function, and a typical spectrum the same energy (energy difference only 9 ¢ras thecis—
is shown in Figure 3A trans form at the MP2(full)/6-311G(2d,2p) level. Similar
The Raman spectrum of liquid cyclopropylmethyl isothio- dependence on the inclusion of diffuse functions is also
cyanate from 3200 to 150 crh was recorded on a Holospec predicted, although to a lesser extent, from hybrid density
(Kaiser Optical Systems Inc., Ann Arbor, MI) spectrophotometer functional theory by the B3LYP method. The significant
equipped with a Coherent Ti:sapphire laser pumped by Coherentdiscrepancies with the predicted results indicate that the
argon ion laser and a streak camera system consisting of a liquidtheoretical calculations at the levels studied cannot be confi-
nitrogen-cooled CCD array for detection. The excitation wave- dently relied on to provide an accurate energy difference
length was 752 nm, and the average power incident on the between the two conformers.
sample was 600 mW. Two 752-nm holographic notch filters ~ To obtain a more complete description of the nuclear motions
were used to remove the excitation light. In the spectral range involved in the vibrational fundamentals of cyclopropylmethyl
from 150 to 1800 cm?, the camera exposure time was set to isothiocyanate, we have carried out normal coordinate analyses.
be 2 s and a total of 10 spectra were taken. After the grating The force fields in Cartesian coordinates were calculated by
change for the 18063200 cn7! range, the camera exposure the Gaussian-03 program at the MP2(full)/6-31G(d) level. The
time was set to®4 s and a total of seven spectra were taken; internal coordinates used to calculate G@ndB matrixes are
these spectra were then averaged to obtain the experimentalisted along with the structural parameters in Table 4, and the
spectrum shown in Figure 4A. The liquid sample was sealed in atom numbering is shown in Figure 1. By using Benatrix,
a glass capillary, and the spectrum was recorded at@5  the force field in Cartesian coordinates was converted to a force

Raman shifts are expected to be accurate-2ocm . field in internal coordinatésin which the pure ab initio
N _ vibrational frequencies were reproduced. Subsequently, scaling
Ab Initio Calculations factors of 0.88 for the CH stretches, 1.0 for heavy atom bends

The LCAO-MO—SCF calculations were performed with the @nd torsions, and 0.90 for all other modes were used, along
Gaussian-03 prograhby using Gaussian-type basis functions. With the geometric average of scaling factors for interaction
The energy minima with respect to nuclear coordinates were force constants, to obtain the fixed scaled force field (Table
obtained by simultaneous relaxation of all geometric parameters 1S, Supporting Information) and the resultant wavenumbers. A
consistent with symmetry restrictions using the gradient method S€t of symmetry coordinates was used (Table 2S, Supporting
of Pulay? Results from frequency calculations suggest that the Information) to determine the corresponding potential energy
gauche-cis and cis—trans are the only stable conformations distributions (PEDs), which are listed Tables 1 and 2.

(Figure 1) corresponding to local minima on the potential surface  To identify the fundamental vibrations for tlgauche-cis
whereas th@auche-trans andcis—cis forms gave one imagi-  andcis—transconformers of cyclopropylmethyl isothiocyanate,
nary frequency, indicating that they are first-order saddle points. the infrared spectra were predicted using fixed scaled frequen-
The predicted wavenumbers of the fundamentals of the stablecies. Infrared intensities determined from MP2(full)/6-31G(d)
gauche-cis and cis—trans conformers are listed in Tables 1 calculations were calculated on the basis of the dipole moment
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TABLE 1: Observed and Calculated Frequencies (cm?) for gauche-cis Cyclopropylmethyl Isothiocyanate

vib. ab fixed IR Raman dp IR IR Raman IR
no. fundamental initio® scaled int® actd ratio gas Xe® liquid solid PED! A9 BY CY
v rCH; antisymmetric stretch 3306 3101 8.6 35.2 0.58 3097 3086 3087 3084; 98S 10 24 66
v, ICH; antisymmetric stretch 3295 3091 0.3 73.2 0.74 3091 3073 3078 3070, 98S 16 0 84
vs  CH stretch 3230 3030 45 719 0.24 3034 3028 3031 3031;97S 1 7 92
vs  rCH; symmetric stretch 3210 3012 41 1215 0.05 3023 3012 3012 30114 97S 30 19 51
vs  ICH; symmetric stretch 3206 3008 8.3 28.4 055 3009 2992 3012 29945 98S 81 19 O
vs  CHyantisymmetric stretch 3162 2966 13.8 108.4 0.57 2945 2929 2935 29265 90S 8 67 25
vz  CHy symmetric stretch 3098 2906 33.6 1449 0.08 2884 2871 2873 2877; 91S 50 33 17
vg  C=N stretch 2154 2043 991.4 67.2 0.30 2062 2071 2093 21024 8BSy 82 18 O
vg  CH, deformation 1573 1493 2.9 7.3 0.74 1465 1465 1459 o7 5 28 6 66
v10 CH, deformation 1553 1474 11.9 20.7 0.58 1455 1450 1449 1437 1091S 84 1 15
v11 rCH, deformation 1527 1448 25 9.4 0.66 1429 1431 1421 .P9S 59 41 O
vi2 CHin-plane bend 1463 1388 12.7 3.4 0.73 1394 1386 1385 1391,,38%,13Ss 94 0 6
13Ss, 1253
vz CHywag 1391 1321 38.4 17.1 0.53 1329 1322 1324 1325 ,3/8%S. 98 0 2
v1i4  CHy twist 1317 1251 30.6 7.0 0.72 1273 1262 1267 1278 1§2A3S, 82 17 1
vis  ring breathing 1270 1205 1.4 22.8 0.22 1198 1202 1195 ;523%S, 8 90 2
v1ie  FCHa twist 1234 1171 0.9 6.8 0.73 1167 1171 1168 R986Ss5 1259 23 71 6
v17  rCHa twist 1218 1160 2.6 54 0.21 1161 1163 1163 #5FS,, 16Ss 67 14 19
13S,
vig  C—N stretch 1175 1117 10.6 43 0.35 1097 1102 1105 1109 15372855 22S9 90 10 O
19 CH out-of-plane bend 1173 1114 4.1 44 0.38 1093 1096 1105 110902856 15Ss 0 92 8
v rCHz;wag 1114 1057 3.2 0.4 0.34 1054 1051 1049 L6S 84 13 3
v1  rCH;wag 1104 1050 7.6 0.8 0.28 1028 1024 1026 1026 ,843S; 1 49 50
v CHyrock 1053 1012 15.7 147 040 994 991 992 991 ,18MS4, 14Ss, 2 95 3
11Ss3
Vo3 ring deformation 991 960 11.4 9.6 0.75 929 930 931 927 ,3B3S, 39 41 20
v24  ring deformation 941 897 6.9 3.2 049 892 896 898 892 ,1BBS, 26S; 93 0 7
vas  rCH,rock 882 848 27.9 51 0.62 835 833 837 837 482954 1333 78 20 2
129,
vs C—C stretch 842 806 2.8 7.3 074 798 796 800 794 4MRS3 17Ss 2 0 98
a7 rCHzrock 804 764 0.3 41 0.75 758 755 773 768 4584S, 70 2 28
vg C=S stretch 725 691 33.1 221 028 699 691 684 691 4285518 97 2 1
v29  CCN bend 534 529 43.6 3.0 020 526 517 476 RIS 44 56 O
vso  NCS out-of-plane bend 436 435 3.7 0.4 0.75 447 445 443 30/13S; 54 0 46
va1  NCS in-plane bend 420 416 1.7 0.5 0.37 408 (409) 407 408 312890, 153, 54 33 13
125
vz ring-C in-plane bend 353 346 1.9 1.3 0.19 (340) 345 338 373S 53 47 0
vz3  ring-C out-of-plane bend 248 247 4.3 1.8 0.72 (248) 255 254 3H23Sy 16 56 28
V34 ringtorsion 144 144 11.6 22 0.74 (142) 6222735 53 29 18
vzs  CNC bend 50 50 1.7 42 0.66 6&325S%, 91 7 2
vzs  C—N torsion 34 34 0.6 26 0.75 93S 3 0 97

aMP2/6-31G(d) predicted valuesMP2/6-31G(d) fixed scaled frequencies with factors of 0.88 for CH stretches, 1.0 for heavy atom bends, 1.0
for torsion, and 0.90 for all other mode&sScaled infrared intensities in km/mol from MP2/6-31G(@%caled Raman activities in4%amu from
MP2/6-31G(d).t Frequencies from mid-IR spectrum of Xe solution-at5 °C; numbers in parentheses are from far-IR spectrum of Kr solution at
—120 °C. f Calculated with MP2/6-31G(d), and contributions of less than 10% are omitfedB, and C values in the last three columns are
percentage infrared band contours.

derivatives with respect to Cartesian coordinates. The derivatives To further support the vibrational assignments, we have
were transformed with respect to normal coordinatesamy/ ( simulated the Raman spectra from thie initio MP2(full)/6-

Q) =2;(dud/9X;) Lj, where Qis theith normal coordinate, 31G(d) results. The evaluation of Raman activity by using the
X; is thejth Cartesian displacement coordinate, afdd_the analytical gradient methods has been develdpétlhe activity
transformation matrix between the Cartesian displacement§ can be expressed a§ = g; (4502 + 7%, whereg; is the
coordinates and the normal coordinates. The infrared intensitiesdegeneracy of the vibrational mofiey; is the derivative of the
were then calculated by @/(3¢?) [(9ux/0Qi)? + (9u,/0Q;)? + isotropic polarizability, angb; is that of the anisotropic polar-
(9u/9Q;)?). In Figure 3D,C, the simulated infrared spectra of izability. To obtain the polarized Raman scattering cross
the puregauche-cis and cis—trans conformers, respectively,  sections, the polarizabilities are incorporated i§tby multiply-

are shown. The simulated spectra, calculated-{@5 °C, of a ing § with (1—p;)/(1+pj), wherep; is the depolarization ratio

mixture of two conformers with &H of 228 cnt? (experi- of the jth normal mode. The Raman scattering cross sections
mental value), is shown in Figure 3B, and it should be compared and calculated wavenumbers obtained from the Gaussian 03
to the experimental spectrum of the xenon solutior-@b °C program were used together with a Lorentzian function to obtain

(Figure 3A). The predicted spectrum is in remarkably good the simulated Raman spectra.

agreement with the experimental spectrum, which indicates the The simulated Raman spectra of the pgeriche-cis and
utility of the scaled predicted data in distinguishing the cis—transconformers are shown in Figure 4D,C, respectively.
fundamentals for the two conformers. One exception isvihe The simulated Raman spectra, calculated for@of a mixture
(CH, twist) band of thegauche-cis conformer, the observed  of two conformers with a\H of 228 cnt?, is shown in Figure
intensity of which is significantly smaller than the predicted 4B. The experimental Raman spectrum of the liquid is shown
value. Also, thevyg (C=S stretch) band of thgauche-cis in Figure 4A for comparison, and the agreement is considered
conformer is significantly broader in the spectrum of xenon satisfactory, but not nearly as good as that of the infrared
solution compared to the one collected for the gas phase,spectrum, probably due, in part, to the significant extent of
probably due to the sample’s association with the xenon solvent.intermolecular association in the liquid phase. Additionally, the
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TABLE 2: Observed and Calculated Frequencies (cm?) for cis—trans Cyclopropylmethyl Isothiocyanate

vib. ab fixed IR Raman dp IR IR Raman
no. fundamental initio® scaled int.° actd ratio gas Xe® liquid PED! A9 By CU
A" v1  rCH;antisymmetric stretch 3309 3104 14.4 33.0 0.54 100S 100 0o -
A" v, rCH;antisymmetric stretch 3299 3095 0.6 75.3 0.75 100S - — 100
A" vz CH stretch 3220 3021 8.6 196.2 0.16 85B1S 72 28 —
A" vy rCHz symmetric stretch 3212 3013 53 107.2 0.14 £/638S 0 100 -—
A" wvs rCH; symmetric stretch 3210 3011 8.2 241 0.75 100S - — 100
A" wve CHantisymmetric stretch 3140 2945 14.1 81.7 0.75 100S - — 100
A" v; CHzsymmetric stretch 3085 2894 30.8 154.1 0.05 100S 10 90 -—
A" wvg C=Nstretch 2166 2055 1090.4 1019 0.30 8UIVSs 96 4 -
A"  wvg rCH,deformation 1574 1493 8.0 10.8 0.56 1S5 93 7 -
A" vy CH,deformation 1547 1468 26.7 16.2 0.62 29S 100 0o -
A" wvy1 rCH;deformation 1519 1441 3.6 7.7 0.75 1Q0S - — 100
A" v, CHin-plane bend 1457 1383 1.2 5.0 0.52 1370 1373 ,4@8S,13Ss, 23 77 —
13Ss
A" wvi3 CH,wag 1417 1346 148.6 29.8 0.42 1342 1343 1342 ,81S 99 1 -
A" v CHytwist 1302 1237 1.6 6.6 0.75 1254 1257 RS - — 100
A" w15 ring breathing 1279 1214 4.8 153 0.38 1207 A44238S,, 1157, 95 5 -
A" v rCH,twist 1238 1175 0.7 10.1 0.75 1180 45315Ss - — 100
A" w17 rCH;twist 1131 1075 1.0 13.5 0.08 1076 19R1Ss 19S5, 24 76 —
155, 13S$7
A" wvig C—N stretch 1189 1132 22.9 24 0.32 1125 1125 3285 1253 88 12 —
10S7
A" v CH out-of-plane bend 1174 1114 2.2 26 0.75 £329S6 - — 100
A" vy rCH,wag 1120 1063 2.6 0.3 0.75 94S - — 100
A" v; rCH;wag 1110 1057 9.5 1.6 0.26 TAS14Ss 27 73 -
A" vyp CHyrock 1091 1047 0.01 1.2 0.75 56330594, 11S; — — 100
A" vp3 ring deformation 1035 993 30.8 9.3 047 971 971 971 ,35%2S6 185, 42 58 —
A" vy, ring deformation 916 888 9.0 119 0.75 857 854 854 ,{58BS, — — 100
A" vy rCHzrock 844 801 2.7 29 0.75 43152454, 19S5, — — 100
1554
A" vy C—C stretch 848 810 16.3 54 066 819 811 818 J498S;, 16S; 72 28 —
12Ss
A" vy rCHzrock 804 768 4.1 6.3 0.70 3253357, 2095 58 42 -
12Ss
A" vy C=S stretch 760 732 3.0 21.3 0.19 728 1433, 16Ss, 57 43 -
11S;
A" vy CCN bend 503 491 0.2 7.2 040 474 473 1230S,, 295, 3 97 -
12S;s
A" w3 NCS out-of-plane bend 429 429 15 0.2 0.75 7S - — 100
A" vz NCSin-plane bend 472 468 47.5 3.1 053 458 453 364S 99 1 -
A" w3 ring-C in-plane bend 228 225 13.7 3.0 071 (216) A536S 100 0o -
A" w33 ring-C out-of-plane bend 346 343 1.8 0.3 0.75 (334) K6S - — 100
A" w34 ring torsion 150 150 2.2 0.9 0.75 (149) 98S - — 100
A" vz CNC bend 66 66 4.4 6.1 0.73 84S 96 4 -
A" vz C—N torsion 27 27 0.5 6.0 0.75 10@S - — 100

aMP2/6-31G(d) predicted valuesMP2/6-31G(d) fixed scaled frequencies with factors of 0.88 for CH stretches, 1.0 for heavy atom bends, 1.0
for torsion, and 0.90 for all other modesScaled infrared intensities in km/mol from MP2/6-31G@#$caled Raman activities in“&amu from
MP2/6-31G(d).c Frequencies from mid-IR spectrum of Xe solution-a&5 °C; numbers in parentheses are from far-IR spectrum of Kr solution at
—120 °C. f Calculated with MP2/6-31G(d), and contributions of less than 10% are omitfedB, and C values in the last three columns are
percentage infrared band contours.

ab initio predictions of Raman line intensities are not usually transform exhibiting more pronounced fine rotational structure
as good as the predictions of the corresponding infrared for B- and C- type envelopes as shown in Figure 5. Because

intensities. the cis—trans conformer ha<Cs symmetry, with the symmetry
o . plane coinciding with that oéb figure axes, the gas-phasé A
Vibrational Assignment vibrational modes are expected to exhibit A/B hybrid band

To determine the relative conformational stabilities of the two €nvelopes and all Amodes give rise to C-type envelopes,
conformers of cyclopropylmethyl isothiocyanate, it is necessary Whereas the fundamentals of thauche-cisform are expected
first to assign bands to each conformer. However, it is a daunting 1 9ive rise to A/B/C hybrid contours.
task to provide a complete vibrational assignment because most Group frequencies for the monosubstituted three-membered
fundamental vibrations of the two conformers have nearly the ring have been well characterized and similarly for those of the
same predicted force constants and consequently frequencies;NCS group. Therefore, by comparing these data along with
with the largest difference arising from skeletal bending modes. the ab initio predicted infrared and Raman intensities as well
Identification of the bands due to a second conformer in the as gas phase infrared band envelopes, a reasonably confident
spectra of the fluid phases, as compared with bands arising fromvibrational assignment has been provided for the fundamental
a single conformer in the polycrystalline phase, provides further modes for thejauche-cis form and many of those for thes—
support for correct assignments. Because of the relatively largetrans conformer (Tables 1 and 2). The low-frequency heavy
and nearly equal moments of inertia between the two conforma- atom bends and torsions are very sensitive to skeletal structural
tions of cyclopropylmethyl isothiocyanate, the predicted gas differences between the two conformers. The predicted frequen-
phase infrared band contours differ only slightly between those cies of some of these modes demonstrate significant differences
for the cis—trans andgauche-cis forms, with that of thecis— between thgauche-cis and thecis—transforms. For example,
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TABLE 3: Calculated Energies (Hartree) for the Most Stable gauche-cis Conformation and Energy Differences (cnr?) for the
Less Stablecis—trans Conformation as Well as thegauche-trans and cis—cis First-Order Saddle Points of Cyclopropylmethyl
Isothiocyanate

method/basis set gauche-cis AE cis—trans AE gauche-trans AE cis—cis AE
RHF/6-31G(d) —645.336283 0 —645.334677 353 —645.336283 0 —645.334677 353
RHF/6-31G(d) —645.340918 0 —645.339179 380 —645.340918 0 —645.339179 380
MP2/6-31G(d) —646.299120 0 —646.298605 113 —646.297886 271 —646.298222 197
MP2/6-31+G(d) —646.315440 0 —646.314326 245 - - —646.314191 274
MP2/6-311G(d,p) —646.660886 0 —646.660488 87 —646.659424 321 —646.660371 113
MP2/6-31H-G(d,p) —646.670532 0 —646.669157 302 - - —646.669428 242
MP2/6-311G(2d,2p) —646.757118 0 —646.757077 9 - - —646.757197 —-17
MP2/6-31HG(2d,2p) —646.764101 0 —646.763379 159 - - —646.763742 79
MP2/6-311G(2df,2pd) —646.882278 0 —646.882132 32 - - —646.882761 —106
MP2/6-31H-G(2df,2pd) —646.888164 0 —646.887267 197 - - —646.888114 11
B3LYP/6-31G(d) —647.648258 0 —647.647082 258 —647.647509 164 —647.646359 417
B3LYP/6-31+G(d) —647.657115 0 —647.655878 272 —647.656632 106 - -
B3LYP/6-311G(d,p) —647.739130 0 —647.738300 182 —647.738524 133 - -
B3LYP/6-31H-G(d,p) —647.743090 0 —647.742084 221 —647.742703 85 - -
B3LYP/6-311G(2d,2p) —647.750695 0 —647.750044 143 —647.750232 102 —647.748935 386
B3LYP/6-311-G(2d,2p) —647.754269 0 —647.753089 259 —647.753823 98 —647.752059 485
B3LYP/6-311G(2df,2pd) —647.763186 0 —647.762435 165 —647.762725 101 - -
B3LYP/6-31H-G(2df,2pd)  —647.766371 0 —647.765174 263 —647.765959 90 —647.764422 428

aEntries with bars cannot be optimizetRHF/6-31G(d) and RHF/6-38G(d) calculations result in linear CNCS structure.

the CCN bendifyo) is predicted at 529 cni for the gauche- conformers. For thgauche-cis form, four fundamental vibra-
cis form whereas theis—trans fundamental is predicted 38 tions have contributions from four or five different symmetry
cmt lower at 491 cm?. Two distinctive bands, the stronger coordinates with the maximum contribution from any one of
one at 517 cm! and the weaker one at 473 cinwere observed ~ them in the mid-thirty percent range (Table 1), whereas for the
in the spectra of the noble gas (Kr and Xe) solutions. The gas- cis—transform, seven fundamental modes involve four or five
phase band envelope predicted for theuche-cis form is a symmetry coordinates to a significant extent (Table 2). The
mixture of 56% B-type and 44% A-type, whereas the one for largest mixings can be attributed to three ring-CH bending
the cis—trans form is 97% B-type. Thus, the Q-branch at 526 modes, namely:vi,, CH in-plane bendy;7, (ring)CH, twist;
cm~1in the spectrum of the gas is assigned todheche-cis andvys, (ring)CH, rock.
conformer, and the much weaker B-type minimum at 473%tm The assignments for the carbehydrogen stretches are rather
is assigned to theis—trans form. Another example involving straightforward, where the €4 modes of the ring have
large differences in predicted frequencies is the NCS in-plane significantly higher frequencies than those for the methylene
bend ¢31). The fundamental for thgauche-cis conformer is —CH(NCS) group. There is little separation between the two
predicted at 416 cmt with an intensity of 1.7 knmol™, ring-CH, antisymmetric stretches, and the same is true for the
whereas the corresponding mode for the-trans conformer two corresponding symmetric modes; however, the two anti-
is predicted 52 cm* higher at 468 cm! with an intensity of ~ symmetric CH stretches of the three-membered ring are
47.5 kmmol~?, which is 28 times stronger than the predicted approximately 80 cm! higher than the symmetric stretches in
value for thegauche-cis form. These large differences in  both predicted and observed frequencies.
predicted frequencies and intensities arise from the significantly
different NCS orientations between tgauche-cis and thecis— Conformational Stability
transforms. Again, two pronounced bands at 409 and 453'cm
are observed in the spectra of noble gas (Kr and Xe) solutions, To determine the enthalpy difference between the two
whereas in the IR spectrum of the gas, a Q-branch is observedconformers, the mid-infrared spectra of cyclopropylmethyl
at 408 cmi! and a weaker band with a sharp Q-branch is isothiocyanate dissolved in liquefied xenon as a function of
observed at 458 cm. Because of the large difference in temperature from-55 to —100°C were recorded. Only small
predicted frequencies for these fundamentals between theinteractions are expected to occur between the dissolved sample
conformations, there is no question that the higher frequency and the surrounding xenon atoms, and consequently, only small
band must be assigned to this—trans form. On the basis of  frequency shifts are anticipated when passing from the gas phase
the predicted intensities with the experimental lower frequency to the liquefied noble gas solutiois.1® A significant advantage
band more intense, a relatively large enthalpy difference is of this study is that the conformer bands are better resolved in
expected between the two conformers withgheche-cis form comparison with those in the infrared spectrum of the gas. From
more stable. Only one of these bands is observed at 408 cm ab initio calculations, the dipole moments of the two conformers
in the IR spectrum of the annealed solid, which suggests the are predicted to have similar values and the molecular sizes of
gauche-cis form is the only conformation present in the the two rotamers are nearly the same, sahivalue obtained
polycrystalline solid state of cyclopropylmethyl isothiocyanate. from the temperature-dependent FT-IR study is expected to be
In the crowded “fingerprint” region, particularly for the close to that for the ga$-16
spectral region between 700 and 1400 émmany of the A careful comparison between the infrared spectrum of the
assignments were strongly dependent on the ab initio predictionsxenon solutions and that of the annealed solid revealed the
Also, the descriptions provided in some cases are more for disappearance of several bands in the polycrystalline solid, and
bookkeeping than for giving the exact atomic motions involved these bands can be identified as due tociketransconformer
because the potential energy distribution analysis showed thatin the fluid phases. Two pronounced bands in the spectra of
a number of vibrations have three or four significant symmetry the xenon solutions at 1343 ¢cm[CH, wag (/13)] and 1370
coordinate contributions. Thus, extensive mixing in the spectral cm~! [CH in-plane bend ;)] disappear in the spectrum of
regions is predicted for both thgauche-cis and cis—trans the solid (Figure 2). Both bands are well separated from the
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TABLE 4: Structural Parameters (A and Degrees), Rotational Constants (MHz), and Dipole Moments (Debye) fogauche-cis
and cis—trans Rotamers of Cyclopropylmethyl Isothiocyanate

internal MP2(full)/6-311+G(d,p) estimated,

coordinates gauche-cis cis—trans gauche-cis cis—trans
r(C1Cy) R1 1.505 1.504 1.507(5) 1.508(5)
r(C1Cs) Ro 1.508 1.504 1.512(5) 1.508(5)
r(C2Cs) Rs 1.511 1.513 1.513(5) 1.516(5)
r(CiCs) R4 1.505 1.510 1.507(5) 1.513(5)
r(CaNs) Rs 1.446 1.439 1.443(5) 1.437(5)
r(NsCs) Rs 1.210 1.208 1.202(5) 1.200(5)
1(CeS7) R; 1.577 1.576 1.578(5) 1.577(5)
r(CiHs) I's 1.086 1.086 1.086(2) 1.086(2)
r(CoHiy) r 1.085 1.084 1.085(2) 1.084(2)
1(CzH1o) r 1.083 1.083 1.083(2) 1.083(2)
1(CaHis) rs 1.085 1.084 1.085(2) 1.084(2)
r(CsHis) ra 1.083 1.083 1.083(2) 1.083(2)
r(CsHo) e 1.094 1.097 1.094(2) 1.097(2)
r(CsH10) r7 1.096 1.097 1.096(2) 1.097(2)
0C,CiCs 60.2 60.4 60.2(3) 60.3(3)
0C,CiCy € 118.4 120.2 117.2(5) 120.0(5)
0CsCiCs € 119.0 120.2 119.8(5) 120.0(5)
0C:CaNs 0 111.2 110.9 111.4(5) 111.1(5)
OC4NsCs @ 140.1 144.0 140.1(5) 144.0(5)
ONsCeSy 0 174.9 174.7 175.1(5) 174.9(5)
0CCoH1 o 117.2 117.2 117.2(5) 117.2(5)
0CCoH12 02 117.9 117.9 117.9(5) 117.9(5)
0CsCoH11 1 117.4 116.7 117.4(5) 116.7(5)
[0CsCoH1» B2 118.2 118.2 118.2(5) 118.2(5)
0C;CsHa3 a3 117.5 117.2 117.5(5) 117.2(5)
[0C1CsH14 o4 117.8 117.9 117.8(5) 117.9(5)
[0C,CsH13 B3 117.5 116.7 117.5(5) 116.7(5)
[C,CsH14 Ba 118.2 118.2 118.2(5) 118.2(5)
OH11CoH12 % 115.1 115.6 115.1(5) 115.6(5)
OH13CaH14 y' 115.0 115.6 115.0(5) 115.6(5)
0C,CiHs o1 116.7 116.6 116.7(5) 116.6(5)
[0C3CiHs o 117.0 116.6 117.0(5) 116.6(5)
OC4CiHs ¢ 114.8 113.1 114.8(5) 113.1(5)
OC1CsHg p1 1115 110.2 111.5(5) 110.2(5)
0C1CaHio 02 110.0 110.2 110.0(5) 110.2(5)
ONsCaHg 2! 108.0 108.6 108.0(5) 108.6(5)
ONsCaH10 T2 108.2 108.6 108.2(5) 108.6(5)
OHgCaH1o X 107.8 108.4 107.8(5) 108.4(5)
[\ Fenele 21 78.7 —35.6 80.2(10) —35.5(5)
™N5C4C1Cs 21 148.5 35.6 149.6(10) 35.5(5)
™N5C4CiHs 21 —65.6 180 —64.5(10) 180
7S$;CsNsCs 7 178.5 180 177.6(5) 180
TCeN5C4Cy 73 —18.4 180 —18.4(5) 180
TH9C4CiNs 120.6 120.2 120.6(5) 120.2(5)
TH10C4C1Ns —119.8 —120.2 —119.8(5) —120.2(5)
A 5207.9 7071.7 5226.9 7059.2
B 1087.8 889.2 1084.5 891.4
C 939.7 847.3 939.2 849.3
k —0.9306 —0.9865 —0.9322 —0.9864
|ttal 3.569 3.003
| 4ol 0.378 1.630
lucl 0.065 -
|l 3.589 3.417

correspondingjauche-cis bands at 1322 and 1386 ciy and for the determination of the enthalpy difference. The resulting
both are symmetrical and well-defined, which makes them ideal values with statistical uncertainties are listed in Table 5. The
for AH determinations. However, the twgauche-cis bands average of these six values by utilizing all the data as a single
could not be used as they appeared to have underlying bandsset is 228+ 6 cnm !, where the error limit is derived from the
Threegauche-cis bands, all of them well-resolved and well-  statistical standard deviation of the measured intensity data.
separated, were also used for the conformational stability These error limits do not take into account small associations
determination. Thegyauche-cis bands are assigned to (ring)- with the liquid xenon or the interference of overtones and
CHarock (v2s) at 833 cn?, ring deformation¥,3) at 930 cnt?, combination bands in near coincidence with the measured
and CH rock (v2) at 991 cmi™. The intensities of the infrared ~ fundamentals. To minimize the possibility for interference from
bands were measured as a function of temperature, and theiovertones and combination bands (only few possibilities below
ratios were determined. By application of the van't Hoff 400 cntl) in the determination of the enthalpy difference, we
equation—In K = AH/(RT) — ASR, AH was determined from  recorded the temperature-dependent far-infrared spectra-(100
a plot of —In K versus 1T, whereAH/R s the slope of the line 400 cnt?) of cyclopropylmethyl isothiocyanate in liquid
andK is substituted with the appropriate intensity ratios, i.e., krypton. However, no conformer pair was found from which
 gauche-cid/lcis—trans It Was assumed thatH is not a function of an enthalpy difference could be determined. A more reasonable
temperature in the temperature range studied. uncertainty is therefore estimated to be 10%, which corresponds
By combining the thregauche-cis and the twocis—trans to a final value of 228+ 23 cnT?! (2.73 &£ 0.27 kdmol™1)
conformer bands, six pairs of bands (Figure 6) were utilized reported for the enthalpy difference between the two conformers.
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Figure 5. Predicted puréd-, B- and C-type gas-phase infrared band
contours for thegauche-cis and cis—trans conformers of cyclopro-
pylmethyl isothiocyanate.

Thus, given statistical weights of 2:1, respectively, for the
gauche-cis and cis—trans forms, the abundance of the less
stablecis—trans conformer present at ambient temperature is
14 + 2%.

J. Phys. Chem. A, Vol. 110, No. 29, 2008065

functional theory calculations; for the B3LYP method, the
average predicted energy difference with diffuse functions is
254 cnrt and that without diffuse functions is 187 cfy the
former is only slightly (3 cm?) larger than the estimated upper
limit of experimental error, whereas the latter is 18 ¢rower
than the lower experimental limit. An average of all B3LYP-
predicted values studied yields an energy difference of 220
cm, which agrees very well with the experimental value.
Similarly, strong dependence on the inclusion of diffuse
functions for predicting the correct conformational energy
differences was found for some other monosubstituted meth-
ylcyclopropane compounds, e.g., fluoromethyl cyclopropane
and aminomethyl cyclopropadéThus, it seems that diffuse
functions are necessary for more accurate predictions on
conformational stabilities of certain monosubstituted methyl-
cyclopropane molecules.

Structural Parameters

To the best of our knowledge, no structural study has been
published for cyclopropylmethyl isothiocyanate. However,
microwave investigations have been carried out for isothio-
cyanic acid® (HNCS) and thers structural parameters deter-
mined. These parameters have been compdram those
predicted from ab initio MP2(full)/6-31£G(d,p) calculations
along with adjustments by utilizing the microwave reported
rotational constants, which required the=8 distance be
reduced by 0.008 A from the predicted value, thre%distance
slightly elongated by 0.001 A, and the NCS angle increased by

A comparison with the theoretical results shows that the MP2 0.2°. From this information, the structural parameters for the

calculations with diffuse functions provide much closer predic-

NCS substituent can be estimated. Similarly the two most stable

tions to the experimentally determined conformational enthalpy gauche-gauchel and gauchetrans conformations of ami-
difference than those without diffuse functions. The average of nomethylcyclopropane, which share the sam€z;HsC(H,)

the predicted energy difference from MP2 calculations with
diffuse functions is 226 cmi, which is only 2 cnt? from the

orientation with the tite compound, were obtaihedy the
adjustments of the predicted parameters from the MP2(full)/6-

experimental value. However, the average of the predicted 311+G(d,p) calculation with the report&microwave rotational

energy difference from MP2 calculations without diffuse
functions is only 60 cmt, about 1/4 of the experimental value.

constants. Thus, we have attempted to estimateptbieuctural
parameters of cyclopropylmethyl isothiocyanate by systemati-

The inclusion of diffuse functions has a smaller effect on density cally adjusting the predicted ab initio parameters in the same

\
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Figure 6. Temperature<{55 to —100°C) dependence of the 1343, 1370 drsis—transbands and the 833, 930, 991 chyauche-cis bands in
the mid-infrared spectra of cyclopropylmethyl isothiocyanate dissolved in liquid xenon.
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TABLE 5: Temperature-Dependent Intensity Ratios for the gauch
Isothiocyanate Dissolved in Liquid Xenon

Zheng et al.

e-cis and cis—trans Conformers of Cyclopropylmethyl

T(°C) 1000m (Kil) |83:go/ 1343t |3333(/ | 1370t |9309(/ l13431 |93<1;J I 1370t |991gJ l13431 |991gJ I 1370t
—55.0 4.5840 5.26856 7.01736 2.38626 3.17833 22.10506 29.44240
—60.0 4.6915 5.54704 7.47562 2.44572 3.29604 23.09919 31.13024
—65.0 4.8042 5.93113 7.51004 2.59402 3.28457 24.93430 31.57200
—70.0 4.9225 6.15385 7.92033 2.70278 3.47862 25.77151 33.16930
—75.0 5.0467 6.58068 8.20948 2.76782 3.45290 27.30769 34.06671
—80.0 5.1773 6.85009 8.52420 2.88520 3.59032 28.51518 35.48406
—85.0 5.3149 7.24735 9.41839 2.94033 3.82114 29.46583 38.29268
—90.0 5.4600 7.57813 9.68185 3.06982 3.92202 30.79590 39.34498
—95.0 5.6132 8.30343 10.40462 3.28601 4.11753 33.35725 41.79833
—100.0 5.7753 8.48640 10.48827 3.36583 4.15980 33.96614 41.97844
AH (cm™) individual pair 282+ 9 2484+ 12 201+ 8 166+ 9 2524+ 11 217+ 10
AH (cm™) statisticat average 22& 6
a All data as single set.

fashion as required for HNCS and theC3HsC(H,) moiety in Discussion

aminomethylcyclopropane such that the resulting predicged
parameters should closely reproduce the microwave rotational
constants.

In addition, wé! have recently shown for more than fifty
carbon-hydrogen distances that MP2(full)/6-3tG(d,p) pre-
dictedr distances match the ground-steg@listances to within
0.002 A of the experimentally determined values from “isolated”
CH stretching frequencied.Considering this level of accuracy
in the CH predictions as well as the small mass of the hydrogen
atom, the effect on the rotational constants from the very small
errors in MP2(full)/6-313%G(d,p) predicted CH bond distances
are orders of magnitude smaller than the similar errors from
the skeletal structure. Thus, it is possible to further reduce the

number of independent parameters by fixing CH parameters as

MP2(full)/6-311+G(d,p) optimized values. It has also been
showr?3 that MP2(full)/6-313#G(d,p) calculations predict the
C—C distances very well for cyclopropane and methylcyclo-
propane. Thus, it appears that a reasonable level of calculatio
upon which the structural adjustments can be made with
confidence for these ring compounds is MP2(full)/6-3Q-
(d.p).

By transferring the adjustments of the NCS moiety from
HNCS! and the adjustments of tleC3HsC(H,) moiety from
aminomethylcyclopropan€, the estimatedr, structure for
cyclopropylmethyl isothiocyanate is proposed for both the
gauche-cis and the cis—trans forms (Table 4). Ab initio
predictions of the €-C4, C—N, N=C, and G=S distances are
adjusted by +0.0024, —0.0024, —0.008, and+0.001 A,
respectively. The €C distances in the ring are elongated by
0.002 to 0.004 A. The ab initi CCN skeletal angle is increased
by 0.2, and theJXC,Cs angle (X is a dummy equidistant to
the three apexes of the ring) decreased by 0.2be estimated
uncertainties of the proposed structural parameters-8r602
A for C—H distances0.005 A for all other bond lengths,
+0.5° for all bond angles, ane:-1.0° all dihedral angles with
the exception of the torsional dihedral angles along theNg
bond in thegauche-cis form, which are closely associated with
the low-barrier large-amplitude torsion and are, thus, predicted
and adjusted with the largest uncertaint2(0°). Thus, the
accuracy of the adjusted A, B, and C rotational constants of
the gauche-cis form are strongly dependent on the quality of
the 7(C,CsNeCsg) dihedral prediction. The rotational constants
as functions oft(C,CsNgCg) are plotted in Figure 7. It is
expected that this information on the estimated structure will
facilitate possible future microwave investigation of cyclopro-
pylmethyl isothiocyanate.

Two scaling factors of 0.88 and 0.90 have been used with
the MP2(full)/6-31G(d) calculations to obtain the predicted
vibrational frequencies, which are in good agreement with the
observed values. The average error in the frequency predictions
for the normal modes of thgauche-cis conformers is 12 crt,
which represents an error of only 0.9% with the largest sources
from thevyz ring deformationys andv; methylene CHstretches
andv;; (ring)CH, wag. Thus, multiple scaling factors are not
necessary for predicting the frequencies of normal modes,
particularly, for distinguishing those for the two different
conformers.

Because the structural parameters for the two conformers
differ very little, most of the corresponding force constants are
nearly the same from scaled MP2(full)/6-31G(d) results (Table
1S, Supporting Information). The largest force constant differ-
ence between the two forms is the ring torsion wherectke
trans force constant is twice that for ttrgauche-cis form. In

naddition,DC1C4N5, [0C3C1C4, anddC,C1C4 bends also involve

large force constant differences with ttis—transvalues larger

by 23, 15, and 10%, respectively. On the other hand, the
OC4NsCs bend as well as the=EN torsion force constants of
the gauche-cis conformer are larger than those of this—
trans by 20 and 17%, respectively. These changes reflect
significant differences in skeletal angles and dihedrals between
conformations. The largest conformational difference in CH
bending force constants is the 7% differencef@;C4Hg with

the cis—trans conformer having the larger value. For all other
force constants, the differences are less than 4% between the
gauche-cis and cis—trans conformers with most of them
involving differences less than 1%.

Cyclopropylmethyl isothiocyanate has two major resonance
structuresc—CsHsCH,—N=C=S andc—C3HsCH;—N*=C—
S-, with the first resonance structure assuming anhsridi-
zation on the nitrogen atom with a bent-GI=C angle, and
the second one with sp hybridization on the nitrogen atom
assuming a charged linear-@l*=C—S" structure. The ground-
state structures calculated with MP2 and B3LYP methods for
the gauche-cis and thecis—trans forms are between the two
resonance structures. However, low-level restricted Hartree
Fock calculations predict an almost linear CNCS structure for
the molecular ground states, which is due to the method’s
inadequate treatment of electron correlation, especially along
the multiply bonded NCS moiety. Of the structural param-
eters listed in Table 4, it is interesting to note that the CNC
angles are calculated to be 140.1 and 12400 the gauche-
cis and cis—trans forms, respectively, whereas this angle is
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Figure 7. AdjustedA, B, andC rotational constants of thgauche-cis form as functions of the(C.CsNeCs) dihedral angle.

expected to be-12Q for the first resonance structure and 180 moiety are between those of the double and triple bonds. The
for the second. Additionally, the NC distances in the NCS NC distances are predicted to be 1.210 and 1.208 A and adjusted
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to 1.202 and 1.200 A, respectively, for thauche-cis andcis—
trans forms, whereas a typical C distance is 1.273 A
(methyleneimin&’) and that of a typical KeC distance is 1.156

A (hydrogen cyanid®). The CS distances are predicted to be
1.577 and 1.576 A and adjusted to 1.578 and 1.577 A,
respectively, for thgauche-cis andcis—transforms; the bond
distances are between the typicat§ distance of 1.814 A
(methanethid®) and the typical €)C=S distance of 1.554 A
(thiocarbonyl thioketer?d).

The conformational interchange of cyclopropylmethyl isothio-
cyanate involves the(XCCN) dihedral angle (where X is a
dummy atom at the center of the three-membered ring equi-
distant to the three apexes) and (€ CNC) dihedral angle.

In the context of our conformational energetics study, the
potential energy of the molecule is considered to be a function
of these two dihedral angles, and ¢. The resulting three-
dimensional potential surface is shown in Figure 8. The most
stablegauche-cis (r =117.7, ¢ =0.7°) conformer corresponds

to the global minimum whereas the less stable—trans
conformer corresponds to a local minimum. Ttie—cis and
gauche-transforms correspond to first-order saddle points. The
global maximum corresponds to thens—trans orientation.
The cross-section along th€XCCN) dihedral is agauche-
cis—gauchetype 3-fold potential, whereas the one along the
¢(CCNC) dihedral is acis—trans type monotonic 1-fold
potential. In addition, the function describing the potential
energy surface, E(p), must conform to the following symmetry
restrictionsE(zr,¢) = E(—1,—¢) = E(—71,0) = E(r,—¢). Thus,

by applying the common approach of fitting Fourier series to

represent two-dimensional potential curves, the three-dimen-

sional surface should take on the general form of:
E(r,9) = 1/22[\40 + 1/22vij(1 — cog¢)](1 — cosi 1) +
[ ]
1/4 Vi sinj ¢ sini 7+ 1/2'% V(1 — cosj ¢) + Voo
53 >
where the first term is the Fourier cosine series,afescribing

the potential curve along thgXCCN) dihedral. The Fourier
cosine coefficients, which are constants in the two-dimensional
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TABLE 6: Calculated (B3LYP/6-31G(d)) Fourier
Coefficients of the Potential Surface for the
Two-Dimensional Conformational Interchange of
Cyclopropylmethyl Isothiocyanate

Fourier Cosine Series Coefficients (ch

V1o —282.97 Vi1 274.69
V2o —342.93 Va1 188.35
V3o 1146.17 Va1 —26.88
Vao 35.95 Va1 —28.27
Vso 37.70 Vs —7.44
Vso —54.32 Vs1 7.83
Fourier Sine Series Coefficients (cfh
Vi1 —43.13
Vo1 —26.86
Vg 81.03
Va1 27.62
Energy Correction Coefficients (cth
Vo1 —153.82
Voo 416.78

curve, are now a function of thg(CCNC) dihedral, and they
are fitted by another Fourier cosine seriespofSimilarly, the
second term is the Fourier sine series of tt¢CCN) dihedral
where the sine coefficients are now fitted by another Fourier
sine series of the(CCNC) dihedral. The third term describes
the symmetric potential curve as a function of HECNC)
dihedral, along thee(XCCN) = 0 (ring cis to NCS) cross-
section. The last ternVgo, is a constant equal to the energy
difference between theis—cis (r = ¢ = 0, first-order saddle
point) structure and the most stalglauche-cis conformations.
Our analysis shows that for the 3-fold potential along the
7(XCCN) dihedral, only the first six Fourier cosine terms and
the first four Fourier sine terms are significant, whereas for the
1-fold potential along thep(CCNC) dihedral, only the first
cosine term is significant. Thus, the potential surfdeg,e),
can be reduced to the following form:

6
E(r,0) = 1/12°) [V, + 1/2V,(1 — cos¢)](1 — cosi 7) +

=
4
1/4% Vi, sing sini v +1/2Vy,(1 — cos¢) + Vy,

The cosine term¥10—Vgp are analogous to thé; —Vs terms of
the two-dimensional potential of the tyjigzr) = 1/2 Zi6=1 (1
—cosi 1)+ 1/2 Zf‘:IV'i sini T + Vo, except for the additional

¢ fluctuations in the form of 1A%;(1 — cos¢). Similarly, the
sine term products of 1X2;;-sin ¢—1/2V' 43°sin ¢ are analogous
to theV'1—V's terms, except for the dependence. The resulting
least-squares-fitted potential coefficients for this two-dimen-
sional conformational interchange of cyclopropylmethyl isothio-
cyanate are listed in Table 6.

To account for thecis stability of ethynylmethyl cyclopro-
pane, Dakkouri and TypK&recently proposed that the attractive
interaction between the acidic hydrogen of the ethynyl group
and the surface orbitals of the ring is a major factor. Such
argument cannot be applied to explain the relative stability of
the cis conformation (only 54+ 4 cnt! less stable than the
gaucheform,* compared with~300 cn1? for the halogens) in
cyanomethyl cyclopropane, where the terminal nitrogen atom
is negatively charged. In addition, due to the extremely large
distance between the acetylene hydrogen and the center of the
three-membered ring (4.447 A, calculated at MP2(full)/6-
311+G(d,p) level), the “hydrogen-bonding” proposed is too
weak to be the major factor contributing to this stability.
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TABLE 7: Comparisons of Factors Contributing to the Relative Conformational Stability of a Series of Monosubstituted
Methylcyclopropane Molecules

MP2/6-31#G(d,p) van der Waals
AHcis — AHgauche  €lectronegativity  rf(H2)C-terminal  radii® of terminal natural charge on substituem (

substituent ref (cm™) of substituents atom)] (A) atoms (A) g, gauchec, cis
—C=C'H [5] —147+ 14 3.074 3.748¢g H1.20 C-0.00691 g,—0.00970 ¢
3.746 ¢ C*—0.24683 g—0.24920 c

H +0.22307 g;+0.22500 ¢
total —0.03067 g,—0.03390c

—C=N [4] 54+ 4 3.208 2.640¢ N 1.55 C+0.32966 g;+0.32962 ¢
2.638¢c N—0.38443 g,—0.38690 c

total —0.05477 g,—0.05728 ¢
—NCS this study 22& 23 3.503 4.033g S1.80 N—0.57906 g;—0.59146 ¢
4.065¢ C+0.38509 g;+0.39677 c

S—0.09659 g;—0.09574 ¢
total —0.29056 g,—0.29043 ¢

—F [1] 262+ 26 3.98 1.399 g F1.47 F-0.44666 g-0.44602 ¢
—Cl 2] 274+ 21 3.16 iggi S cl1.75 Cl0.10686 g~0.10083 ¢
—Br 2] 383+ 29 2.96 1:523 S Br1.85 Br-0.05054 g~0.04022 ¢
—CHs 3] ~385 2.472 %1?‘7“35 H 1.20 C—0.48763 g,~0.49629 ¢
2.325g H --0.17003+0.16580,+0.16919 g;

+0.17505,+0.16691,+0.16691 c
total +0.01739 g;+0.01258¢c

a Calculated group electronegativities from ref 2®auling scale electronegativityNonlinear CNCS connectivity!. Nonlinear CCH connectivity,
average of three nonbonding CH distanca&Reference 30.

Dakkouri and Typke® also proposed that the electronegativity ~fluorine to bromine, thggaucheconformer is gaining increased
of the substitutent is the dominating factor determining con- stability over thecis form. However, the steric argument cannot
formational stability, i.e., the amount ofs conformer present  be used to explain the smaller conformational enthalpy differ-
at ambient temperature increases with increasing electronegaences associated with bulkierC=CH, —C=N, and —NCS
tivity of the substituent. Although the argument agrees with the substituents, compared with the halogens.
experimental results for halomethyl cyclopropanes, clear dis- Another important factor to be considered is the electrostatic
crepancies from such an argument arise from a comparison ofinteraction between the ring and the substituent in ¢ie
the experimental conformational enthalpy differences and previ- conformer versus the methylene hydrogen inghecheform.
ously reported “group electronegativiti@%®0 listed in Table The Walsh-type orbitals of the three-membered ring give rise
7. For example, the electronegativity of fluorine (3.98, Pauling to the relatively large negative charge on the ring. The sign
scale) is significantly larger than those of cyano (3.208) and and the magnitude of the charge on the substituent determine
ethynyl (3.074) groups, and the sizes of cyano and ethynyl the direction and strength of the electrostatic interaction between
groups are significantly larger than the fluorine atom; thus, it itself and the ring, i.e., the conformational stability. In going
follows from the argument of Dakkouri and TypRethat from thecis to thegaucheform, the ring-to-(C-X) orientation
fluoromethyl cyclopropane should have significantly largesr goes froncisto gauche whereas the ring-to-(€H) orientation
population than the two triply bonded molecules. However, goes fromgaucheto cis. A more negatively charged substituent
contrary to such prediction, experimental results showed that results in a greater preference for tieucheconformer because
the gaucheconformer of fluoromethyl cyclopropahé more it introduces less electrostatic repulsion with the ring as well
stable than theis form by 262+ 26 cnt!, whereas theis as greater electrostatic attraction between the hydrogen atom
form is more stable in ethynylmethyl cyclopropary 147 & and the ring. A positively charged substituent, on the other hand,
14 cntl, and thegaucheform is more stable in cyanomethyl  gives preference to theis conformer.

cyclopropant by only 54 + 4 cml. A number of other In the treatment of polyatomic groups, atomic charges of each
discrepancies between Dakkouri and Typkgjsoposed stabil- individual atom should be considered; however, the first
ity and experimental values regarding several substituents, e.g.connecting atom on the substituent has a more pronounced effect
between—-F and—NCS,—NCS and—C=CH, —NCS and-C= than the remaining atoms of the substituent, due to its closer

N, —C=CH and—C=N, and—Cl and—C=CH, can be found distance to the three-membered ring. In cyanomethyl cyclopro-
in Table 7. Therefore, electronegativity alone clearly cannot pane, the carbon atom on the cyano group takes on a relatively
account for the observed conformational stabilities. large positive charge (Table 7) which stabilizes tig con-

One factor contributing to almost all conformational stability former. Although the total group charge remains negative, the
considerations is the steric factor. The sizes of the monatomic positively charged carbon atom in tlees conformer is almost

halogen substituents can be evaluated by thqHX distances level with the top of the ring, and the short distance makes the
plus van der Waals radius of the corresponding halogen atomelectrostatic attraction stronger than the repulsion between the
(Table 7). The sizes of polyatomic substituents, includit€= more distant negatively charged nitrogen and the ring. In the

CH and —C=N with linear structure as well asNCS and case of ethynylmethyl cyclopropane, the negative charge on the
—CHs; with nonlinear structures, can be estimated by the inside carbon of the substituent is one or two magnitudes smaller
distances between the methylene carbon and the terminal atonthan the halogen series, making the electrostatic repulsion
of the substituent plus the van der Waals radius of the terminal between the inside carbon and the ring at least an order of
atom (Table 7). The steric factor argument seems to agree withmagnitude smaller. Meanwhile, the total ethynyl group charge
the halogen series results, because with the increase of size fronis the least negative of the entire series; thus, the significantly
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smaller electrostatic repulsion between the ethynyl group and  (2) Durig, J. R.; Shen, S.; Zhu, X.; Wurrey, C.JJ.Mol. Struct.1999

the ring in thecis position contributes to theis stability of 485(35)’)0%/-\/”@ 1 Shen S Gouner. T K.- Duria. JJRMol. Struct
ethynylmethyl cyclopropane. 1007 405 207, oo 1 e PUng, RO :

For the halogen series from fluorine to bromine, the_natura! (4) Wurrey, C. J.; Shen, S.; Zhu, X.: Zhen, H.: Durig, J.JRMol.
charges on the halogen substituents become less negative, whicBtruct. 1998 449, 203.
in turn would be expected to give rise to increased stability of o (5) Guirgis, G. A;; Wurrey, C. J.; Yu, Z.; Zhu, X.; Durig, J. R.Phys.
thecis conformer. However, with the electronegativity and steric c e('g)' ﬁ;‘;gﬁ Il\/IO??] }??Séks G.W.- Schlegel. H. B.- Scuseria. G. E.- Robb
factor being more dominant, the contribution from electrostatic ;A : cheeseman, J. R.; Montgomery, 3’_ A.. Jr. Vreven, T.. Kudin, K.
interaction is not large enough to change the order of confor- N.; Burant, J. C.; Millam, J. M.; lyengar, S. S.; Tomasi, J.; Barone, V.;
mational stability. Nevertheless, electrostatic effects can be used%‘:@éﬁ;h HB.- ngS:S,'\vA 'V'Eh ;ga"\’}l‘?%y%t-; i?ggakﬁaapst?ﬁsggg'aaé /’5 :
to explain the very close e”,tha'pY dlﬁeren(‘feslf,or fluoro- and Ishida, M.’; I\.I’akajim’a, T Hond,a, Y Kitao,’O:; Nakai, I’-|.;.I’<Iene, M,; L| ’
chloromethylcyclopropane, in which the significantly larger x.: Knox, J. E.; Hratchian, H. P.; Cross, J. B.; Bakken, V.; Adamo, C.;
negative charge on the fluorine almost offsets the decrease ofJCaramI_llohJ-;P GomlrlJ_erés, g.;h?traim%nan.AE.; IYaéye¥, ('3/.'; ALIJ(stIn, AkJ.;

H H H H H : ammi, R.; Pomelll, C.; Ochterski, J. ., Ayala, P. Y., Morokuma, K.;

steric hindrance in going from ghlor[ne to fluorine. Voth, G. A.; Salvador, P.; Dannenberg, J. J.; Zakrzewski, V. G.; Dapprich,

Becal_lse CyClOprOPWmethyl 'SOth|OCyanate_ has the largests.; paniels, A. D.; Strain, M. C.; Farkas, O.; Malick, D. K.; Rabuck, A.
group size of the series plus the most negative charge on theD.; Raghavachari, K.; Foresman, J. B.; Ortiz, J. V.; Cui, Q.; Baboul, A.

; i it _G.; Clifford, S.; Cioslowski, J.; Stefanov, B. B.; Liu, G.; Liashenko, A.;
neighboring atom, it is expected to have the largest conforma Piskorz, P.. Komaromi ©L: Martin, R. L.. Fox. D. 3. Keith, T : Al.Laham.

tional enthalpy difference (larger than 385 ¢y On the other \;"A'peng, C. Y.; Nanayakkara, A.; Challacombe, M.; Gill, P. M. W.;
hand, the—=NCS group’s second largest electronegativity (next Johnson, B.; Chen, W.; Wong, M. W.; Gonzalez, C.; Pople, Haussian
only to fluorine) of the series should lead to a relatively small 03, revision B.04; Gaussian, Inc.: Pittsburgh, PA, 2003.
conformational enthalpy difference (comparable to those of the gg g;ﬁ;’&vr-mokﬁpgf ;i?ngeizgfl(?;émistr King Fahd Universi
ﬂulor'.de,s 262+ ?G.le and the chloride’s 274 21 le)' of Petroleum aHd l\/'Iine'raIs,pDhahran, Saudi Arabig.’ Persgonal communica?ilon,
Within the error limits, the three values are the same. Neverthe- 2004.
less, the conflicting influences from different factors make the (9) Gurigis, G. A.; Zhu, X.; Yu, Z.; Durig, J. RJ. Phys. Chem. A
explanation of the conformational stability rather difficult since 2000 104 4383. . _ .
the weight of each factor cannot be universally set. N Bin(l:<L|g)y,FJr.IS§.rj]’. “cﬂhirﬁ,faahrgif’é’gg'ézf '53%‘?"\” J. F.i Schaefer, H. F., It
As aresult, a combination of electrostatic, electronegativity,  (11) Amos, R. D.Chem. Phys. Lett.986 124, 376.

steric, and orbital delocalization factors should be considered (12) Polavarapu, P. L1. Phys. Chem199Q 94, 8106.
in the explanation of the relative conformational stabilities of  (13) Chantry, G. W. InThe Raman EffectVol. 1; Anderson, A, Ed.;
monosubstituted methylcyclopropanes. However, a reliable Marcel Dekker Inc.. New York, 1971; Chapter 2.
prediction of the conformational stabiliies based on the g{3# Hermebout, W. A;van derVeken, B.d.Phys. Chentl996 100
quantitative analysis of the contribution of these factors is still ~(15) Herrebout, W. A.: van der Veken, B. J.; Wang, A.; Durig, JJR.
to be achieved. Phys. Chem1995 99, 578.

(16) van der Veken, B. J.; DeMunck, F. BR. Chem. Phys1992 97,
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