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The infrared spectra (3560 cnt?) of gas and solid and the Raman spectra (3500 cnt?) of liquid and

solid 1-penten-4-yne, C4H+CHCH,C=CH, have been recorded. Variable-temperature studies over the range
—105 to—150 °C of the infrared spectra (356@100 cn1?) of the sample dissolved in liquid krypton have

also been recorded. By utilizing the relative intensities of five syn/gauche conformer pairs, the syn conformer
is found to be the lower energy form with an enthalpy difference of 2485 cn! (2.97 + 0.30 kJ/mol).

At ambient temperature it is estimated that there is 3% of the gauche conformer present. Equilibrium
geometries and total energies of the two conformers have been determined from ab initio calculations with
full electron correlation by the perturbation method to second order as well as by hybrid density functional
theory (DFT) calculation with the B3LYP method using a number of basis sets. The smaller basis sets with
diffuse functions predict the gauche conformer to be the more stable form, whereas other calculations predict
the syn conformer to be the lower energy rotamer. The B3LYP calculations predict a much lower energy
difference between the conformers than found experimentally. A complete vibrational assignment is proposed
for the syn conformer and many of the fundamentals have been identified for the gauche form on the basis
of the force constants, relative intensities, and depolarization ratios obtained from MP2/6-31(d) ab initio
calculations as well as on rotatioralibrational band contours obtained from the predicted equilibrium
geometric parameters. The structural parameters are estimated for 1-penten-4-yne from ab initio MP2/6-
311+G(d,p) calculations, and comparisons are made with those of allyl fluoride and cyanide. The spectroscopic
and theoretical results are compared to the corresponding properties for some similar molecules.

Introduction gas, krypton solutions with variable temperatures, and the solid.
We have also carried out ab initio calculations employing the
6-31G(d) basis set at the level of restricted Hartrieeck (RHF)

and with the Mgller-Plesset perturbation method to the second
order (MP2) to obtain equilibrium geometries, force constants,
vibrational frequencies, infrared and Raman intensities, and
conformational stabilities. Structural parameters and conforma-
tional stabilities have also been obtained from the larger basis
sets of 6-311+G(d,p) and 6-311+G(2d,2p) as well as without
diffuse functions at the MP2 level with full electron correlation.
Density functional theory (DFT) calculations by the B3LYP
method with a variety of basis sets have also been carried out.
The results of this spectroscopic and theoretical study are
reported herein.

The structural parameters, conformational stability, and
vibrational spectra of the 3-monosubstituted propenes;=€H
CHCHoX, where X = F,%2 CI2 Br,*> 1,6 CN,” CH3,8 SiH3,°
NH,,10-13 OH,*15etc., have been of interest for several years.
For the 3-halopropenes (allyl halides) only the fluoride has the
syn conformer as the more stable rotamer, but many of the ab
initio calculationd® at the MP2 level with full electron correla-
tion utilizing relatively large basis sets with diffuse functions
predict the gauche conformer as the more stable form. Similar
problems also exist for the prediction of the conformational
stability of 1-buten& (X = CHa) but not for 3-cyanopropene,
CH,=CHCH,CN, where the experimental enthalpy difference
is 336 cml. Since the ethynyl group, £C—H, has an
electronegativity similar to that of the cyano grodpye initiated
a vibrational spectroscopic and theoretical investigation of the
conformational stability of 1-penten-4-yne, GHCHCH,C= The 1-penten-4-yne sample was prepared by modification of
CH. a Grignard coupling procedut& A multiple-neck, 2-L, round-

There have been no previous vibrational studies reported for bottom flask fit with a condenser, septum, and magnetic stir
1-penten-4-yne, and we therefore recorded the Raman spectrdar was flame-dried under positive Ar. To the flask was added
of the liquid and solid along with the infrared spectra of the 1.2 L (0.60 mol) of commercially available ethynylmagnesium
bromide [0.5 M in tetrahydrofuran (THF)] and 4.55 g (0.02 mol)

Part of the special issue “A. C. Albrecht Memorial Issue”. of CuBr-dimethyl sulfide. The suspension was stirred at room
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time the solution was maintained at reflux for an additional 2
h and then allowed to stir overnight at room temperature under
positive Ar pressure. The resulting thick slurry was treated with
1L of pH 5 buffer solution ad 1 L of water and then split into
two portions of equal volume. Each portion was treated equally A
by extraction with Decalin in four 200 mL portions. The Decalin
extracts were then washed with water & 300 mL). An
emulsion layer, formed during the extractions, was set aside
and treated separately. To the combined emulsions (800 mL)
were added brine (500 mL) and water (1.5 L). The organic layer B
that separated was isolated and then washed with additional
water (1 L). The combined organics were then washed with
water (15x 500 mL), followed with brine (2x 300 mL), and \ I \
then dried over anhydrous BBO,, filtered, and fractionally 3000 2000 1000
distilled through a 10-cm column of glass Raschig rings. The
distillate, with boiling point up to 65C, was collected. Gas
chromatography (GC) analysis indicated a distillate composition
of approximately 1:1 product and THF. The distillate mixture
was washed with water (12 40 mL), at which point GC

indicated that no THF remained. This material was dried neat
with Na,SOy, filtered, and subjected to a simple distillation to ,M
uncorrected, 8.58 g, 0.13 mol, 24.5%).

WAVENUMBER (cm'l)

Figure 1. Mid-infrared spectra of 1-penten-4-yne: (A) gas; (B)
annealed solid.

yield 8.58 g (0.13 mol) of the product (bp 447 °C,
Routine characterization by IR, MS, and NMR confirmed the
product’s structure and were obtained by a Mattson-Genesis |l
Fourier transform infrared (FT-IR) instrument with the Golden
Gate accessory (diamond cell for liquid solutions, or solids). T

(’;W
Routine MS data were recorded on a Hewlett-Packard 5971 (

MSD; nve (relative intensity) 67 (4.9%), 66 (100%), 39 (42.6%). F ﬂm(ﬂ

Routine'H NMR?® spectra were recorded in CDGit 300 MHz B
on a Varian Mercury system; ppm (i, no. of H) 5.83 (d of
d of t, Jyans= 17 Hz,Jsyn= 10 Hz,J,-3 = 5.3 Hz, 1HH), 5.36
(d of g, Jrans= 17 Hz, Igemina= 1.7 Hz, 1HFH), 5.15 (d of q, T

Jsyn = 10 HZz, Jgeminai= 1.7 Hz, 1HFH), 2.98 (m, 21FH), 2.13 | ' I{ [{h
(t, J = 2.8 Hz, 1 HH). Routine*C NMR spectra were also

recorded in CDG at 75 MHz on a Varian Mercury system;
ppm 132.1 (@), 116.7 (G), 81.2 (G), 70.8 (G), 22.9 (G).
Proton coupling observed in the 1D spectra was fully supported

in the cCOSY, where extensive coupling was observed between T W
|

all expected vicinal positions, as well as long-range coupling
between methylene protons og ©© both alkene protons omC
and proton Hh.

Further purification for the spectroscopic studies was per-
formed with a low-temperature, low-pressure fractionating
column and the purity was checked by NMR and infrared
spectroscopy. The sample was stored under vacuum at low 1 l ' '
temperature. 3000 2000 1000

The mid-infrared spectrum of the gas (Figure 1A) was WAVENUMBER (cm™)
recorded on a Perkin-Elmer model 2000 Fourier transform rigure 2. Mid-infrared spectra of 1-penten-4-yne: (A) krypton solution
spectrometer equipped a Ge/Csl beam splitter and DTGSat —125 °C; (B) simulated infrared spectrum of the syn and gauche
detector. Atmospheric water vapor was removed from the conformer mixture withAH = 243 cnt?®; (C) calculated infrared
spectrometer housing by purging with dry nitrogen. The spectrum for the pure gauche conformer; (D) calculated infrared
spectrum of the gas was obtained by use of a 10-cm cell fitted SPectrum for the pure syn conformer

with Csl windows. The infrared spectrum of the solid (Figure optain the spectral data. It consisted of a copper cell with a
1B) was obtained by condensing the samples on a Csl substratgath length of 4 cm with a wedged silicon window sealed to
held at the temperature of boiling liquid nitrogen, housed in a the cell with indium gaskets. This cell was cooled by boiling
vacuum cell fitted with a Csl window. The sample was |iquid nitrogen, and the temperature was monitored with two
condensed as an amorphous or glassy solid and repeatedlyt thermoresistors. The complete cell was connected to a
annealed until no further changes were observed in the spectrumpressure manifold that allows the filling and evacuation of the
The mid-infrared spectra (Figure 2A) of the sample dissolved cell. After the cell had cooled to the designated temperature, a
in liquid krypton as a function of temperature were recorded small amount of the compound was condensed into the cell.
on a Bruker model IFS 66 Fourier transform spectrometer Next, the pressure manifold and the cell were pressurized with
equipped with a Globar source, a Ge/KBr beam splitter, and a the noble gas, which immediately started to condense in the
TGS detector. A specially designed cryostat cell was used to cell, allowing the compound to dissolve. For all cases 100

—
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Figure 3. Far-infrared spectra of 1-penten-4-yne: (A) gas with the Iz B2
first part recorded by Perkin-Elmer and the second part recorded by /\'

Bomem; (B) annealed solid.
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Figure 5. Internal coordinates for 1-penten-4-yne.

measurements were made on the liquid samples. The Raman
frequencies are expected to be accuraté2anT?, and typical

A
spectra are shown in Figure 4. The wavenumbers for all of the
observed bands by the different techniques in the various
physical states are listed in Table 1S (Supporting Information).

Ab Initio Calculations
B The electronic structure calculations were performed by the
u Gaussian-98 progratfwith Gaussian-type basis functions. The
) energies of 1-penten-4-yne were obtained from restricted
| |

| | | Hartree-Fock (RHF) and MglletPlesset perturbation thedty
at the second order (MP2) calculation with the 6-31G(d),

3000 2000 1000 6-311G(d,p), and 6-311G(2d,2p) basis sets with full electron
WAVENUMBER (cml) correlation along with diffuse functions, and the results are listed
in Table 1. The gauche conformer is predicted to be the lower
energy rotamer from RHF/6-31G(d), RHF/6-311G(d,p), MP2/
6-31+G(d), and MP2/6-31+G(d,p) calculations. However, the
interferograms were collected at 1.0 chnesolution, averaged,  syn conformer is predicted to be the more stable form from the
and transformed with a boxcar truncation function. calculations with the other basis sets. Density function theory

The far-infrared spectrum of the gas (Figure 3A) was recorded (DFT) calculations were also carried out for the same basis sets
on a Bomem model DA3.002 Fourier transform spectrometer by the B3LYP method, and all of these calculations predicted
equipped with a vacuum bench, 6.25 and@2B Mylar beam the syn conformer to be the more stable form (Table 1) but
splitters, and a liquid helium-cooled Si bolometer. The spectrum with a relatively small energy difference. Therefore, it was
was obtained from the sample contained in a 1-m folded path necessary to utilize the experimental data to confidently
cell equipped with mirrors coated with gold and fitted with determine the conformational stability.
polyethylene windows with an effective resolution of 0.1¢ém The optimized values of the structural parameters obtained
The far-infrared spectra of the amorphous and crystalline solids by several of the ab initio computations are given in Table 2S
(Figure 3B) were obtained with the previously described Perkin- (Supporting Information) for the syn and the gauche forms. The
Elmer model 2000 equipped with a metal grid beam splitter symbols of the internal coordinate adopted in the present study
and a DTGS detector. are also given in this table and shown in Figure 5. The Gaussian

The Raman spectra were recorded on a Spex model 140398 program was also employed in calculating the force field in
spectrophotometer equipped with a Spectra-Physics model 164Cartesian coordinates from MP2/6-31G(d) and B3LYP/6-31G-
argon ion laser operating on the 514.5 nm line. The laser power (d) calculations. To obtain a complete assignment of vibrational
used was 0.5 W with a spectral band-pass of 3tnThe modes for 1-penten-4-yne, the internal coordinates defined in
spectrum of the liquid was recorded with the sample sealed in Table 2S (Supporting Information) and shown in Figure 5 were
a Pyrex glass capillary. Depolarization ratio measurements wereused to form the symmetry coordinates listed in Table 3S
obtained for the liquid sample by use of a standard Ednalite (Supporting Information). ThB-matrix elements were used to
35-mm camera polarizer with 38 mm of free aperture affixed convert the ab initio force field from Cartesian coordinates into
to the Spex instrument. Depolarization ratio measurements werethe force field in internal coordinaté3.These force constants
checked by measuring depolarization values of the Raman bandsvere used in a mass-weighted Cartesian coordinate calculation
of carbon tetrachloride immediately before depolarization to reproduce the ab initio vibrational frequencies and to

Figure 4. Raman spectra of 1-penten-4-yne: (A) liquid; (B) annealed
solid.
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TABLE 1: Calculated Energies and Energy Differences for Syn and Gauche Conformers of 1-Penten-4-yne by ab Initio and
Hybrid DFT Methods

method/basis energ¥z() for syn conformer energy difference (ct) for gauche conformér

HF/6-31G(d) —192.739 487 —40

HF/6-311G(d,p) —192.789 036 —44

MP2(full)/6-31G(d) —193.391 381 88
MP2(full)/6-31+G(d) —193.404 677 8 —69

MP2(full)/6-311G(d,p) —193.574 382 39
MP2(full)/6-311+G(d,p) —193.579 649 -13

MP2(full)/6-311G(2d,2p) —193.628 857 212
MP2(full)/6-311+G(2d,2p) —193.633 672 183
B3LYP/6-31G(d) —194.042 21 114
B3LYP/6-311G(d,p) —194.100 571 76
B3LYP/6-31H-G(d,p) —194.103 622 64
B3LYP/6-311G(2d,2p) —194.108 166 83
B3LYP/6-31H-G(2d,2p) —194.111 487 70

a A negative number indicates the gauche conformer is the more stable form.

determine the potential energy distributions (PED), which are Cartesian displacement coordinates and normal coordinates. The
given in Table 2 forsyn and gauchel-penten-4-yne. The infrared intensities were then calculated by
diagonal and off-diagonal elements of the force field in internal
coordinates were then modified with scaling factors of 0.88 for Nzl [oux)?  [duy\? [ 3w, )\?
the carbonr-hydrogen stretches, 0.9 for the heavy atom stretches i~ o2 @ + @ + 9Q
and carbor-hydrogen bends, and 1.0 for the skeletal bends 3 ! : :
except for the &CC and G=CH bends, which were scaled . .
with a factor of 1.3. The calculation was repeated to obtain the  Figure 2 spectra C and D are the predicted spectra of pure
fixed scaled force field and scaled vibrational frequencies. ~ 9@uche and syn conformers, respectively. Figure 2B is the
The infrared and Raman spectra were simulated with the predlctetlzi spectrum of the mixture utilizing theH value of
predicted frequencies, Raman scattering activities, and infrared248 cmM, which is in good agreement with the experimental
intensities, which were computed from the MP2/6-31G(d) ab spectrum of the samples dlssolvedoln liquid krypton solution
initio calculations. The Raman activity was determined by the (Figure 2A) at a temperature 6f125°C. However, there are
previously developéd24analytical gradient method. The activ- sorPle notable differences. The intensities of thg 1285 and ;_252
ity S can be expressed &= g(45a;2 + 78, whereg; is the cm-1 bands are much stronger than the predlcteq intensities.
degeneracy of the vibrational mojley; is the derivative of the Nevertheless, the agreement between the predicted and the
isotropic polarizability, ang, is the derivative of the anisotropic ~ 0PServed spectra shows how useful the calculated spectrum can
polarizability. The Raman scattering cross sectiong/iQ, be for making the V|prat|onal assignment for. the individual
which are proportional to the Raman intensities, can be conforme_rs. Such assignments are necessary in order to be able
calculated from the scattering activities and the predicted to de_termlne th_e conformational stability by variable-temperature
wavenumbers for each mo&&?®To obtain the polarized Raman studies of the infrared bands.
cross sections, the polarizabilities are incorporated Stoy L .
S[(@ — p)/(1 + py)], wherep; is the depolarization ratioﬁ]of the Vibrational Assignment
jth normal mode. The Raman scattering cross sections and the The syn conformer of 1-penten-4-yne Hassymmetry and
calculated wavenumbers were used together with a Lorentzianthe fundamental vibrations span the irreducible representations
function to obtain the calculated spectra. 18 A + 9 A”. The 18 A modes should produce polarized
The predicted Raman spectrum of the pure gauche conformerRaman lines and A, B, and A/B hybrid infrared band contours,
of 1-penten-4-yne is shown in Figure 6C, and that of the pure whereas the nine ’Amodes should be depolarized in the Raman
syn conformer is shown in Figure 6D. The predicted Raman spectrum of the liquid and give rise to C-type infrared band
spectrum of the mixture of the two conformers, with an enthalpy contours in the gas spectrum. The gauche conformer has only
difference of 248 cm!, which was the value obtained from the trivial C; symmetry, and all 27 vibrational modes should
conformational stability studies with the syn conformer as the yield polarized Raman lines and A, B, C, or A/B/C hybrid-
more stable conformer, is shown in Figure 6B. This result is type infrared band contours. The vibrational assignment is based
considered satisfactory when compared to the experimentalon group frequencies, predicted wavenumbers from ab initio
Raman spectrum (Figure 6A). The major differences are calculations, infrared intensities, Raman activities, and depo-
intensities of two lines at 1644 and 1298 th(v; and v1j), larization ratios, as well as the estimated infrared band contours
which are stronger than those of the predicted spectrum, whereagFigure 7) obtained from the ab initio predicted structural
one line at 562 cmt (v2s) is stronger in the predicted spectrum parameters.
than the observed one. In general, the predicted Raman spectrum Three bands were observed at 1114, 463, and 408 am
for the lines in the region 1061000 cnt! exhibits great the infrared spectrum of 1-penten-4-yne in the krypton solution,
similarity with the experimental spectrum and is quite valuable with corresponding Raman bands at 1112, 469, and 408 cm
for making the vibrational assignments. Infrared intensities were in the spectrum of the liquid. All three of these bands were
calculated on the basis of the dipole moment derivatives with absent in the infrared spectrum of the annealed solid. The key
respect to the Cartesian coordinates. The derivatives were alsdo the determination of conformational stability is the band at
taken from the MP2/6-31G(d) ab initio calculation transformed 463 cnt?! (infrared), where there are no other fundamentals
to normal coordinates byog./0Q)) = X(duu/9X)Lij, whereQ; observed or predicted between 410 and 540%che GCsCy
is theith normal coordinate| is thejth Cartesian displacement  bend of the gauche conformer is predicted at 457 and 473 cm
coordinate, and.; is the transformation matrix between the from the MP2/ 6-31G(d) and B3LYP/6-31G(d) calculations,



TABLE 2: Observed and Calculated Wavenumbers (cm?) for the Syn and Gauche Conformers of 1-Penten-4-yne

syn conformer

gauche conformer

vib no. description ab initid fixed scalel B3LYP IR int® Ramanact. gas Kr solid PED ab initi* fixed scalefl B3LYP IR int® Ramanact. gas Kr PED
A’ Species
V1 =CH stretch 3523 3314 3495 514 422 3332 3324 3265,95S 3524 3315 3496  53.6 454 96S
|2 =CH, antisym stretch 3317 3111 3252 8.0 43.8 3102 3096 3088, 99S 3308 3103 3240 120 62.9 98S
V3 =CH, sym stretch 3227 3027 3174 7.9 152.8 3031 3024 30153 28, 3212 3013 3158 7.4 43.9 81995
V4 CH stretch 3211 3011 3157 121 413 2996 2990 2987, 7855 3226 3026 3172 54 112.0 79375
Vs CH, sym stretch 3080 2892 3011 12.8 140.0 2913 2901 29075 98S 3084 2896 3013 12.3 120.7 S
Ve C=C stretch 2174 2154 2244 0.0 54.1 2135 2130 2121:8B%53 2172 2152 2241 0.1 65.2 8492S3
v C=C stretch 1737 1648 1736 7.6 3.2 1650 1648 1641,6B55 1734 1645 1733 42 3.2 67955
Vg CH, defor- 1531 1455 1493 7.9 17.7 1429 1423 1416 94S 1530 1454 1492 5.9 13.1 96S
mation
Vg =CH, defor- 1484 1409 1462 3.4 8.5 1406 1406 1400 499S; 1498 1421 1473 2.6 7.8 753908,
mation
V10 CH, wag 1397 1328 1371 3.7 142 1326 1322 1318 66S, 1363 1294 1346 43 141 1286 1285 59355, 115
Y11 CH bend 1353 1286 1336 0.9 9.9 1301 1299 1302 :58SS,, 135 1345 1278 1327 5.3 6.7 1254 1252 %QR7So
V12 =CH, wag 1121 1070 1101 4.4 1.0 1071 1070 1065 37B8Sg, 11S: 1162 1112 1139 1.9 1.1 1115 1114 2220S4, 17S0, 1455, 115,
Vi3 CsCy stretch 992 943 972 2.3 0.7 930 924 926 3381S, 20S, 1010 962 988 3.7 1.7 940 939 48S519S4
Via C,Cs stretch 898 866 873 0.2 6.3 847 862 862 4036S3 10Se 959 924 947 3.9 5.2 908 908 1640S,, 10Ss
V15 C=CH in-plane bend 537 648 611 39.2 0.3 636 645 681 ,62S 555 639 618  48.7 0.6 425 13Ss
V16 C,CsC4 bend 623 586 628 111 1.3 603 604 606 2581Ss 17S7 449 457 475 2.2 2.0 461 463 3k332S6, 1255
V17 C=CC bend 371 381 382 0.3 2.6 376 387 5384Ss 409 405 409 0.8 3.0 406 408 78S
V1g C=CC in-plane bend 155 166 167 0.1 7.4 162 186 B3&Ss 293 328 341 0.2 9.3 895
A" Species
V19 CH; antisym stretch 3119 2926 3030 8.0 89.6 2927 2926 2916 1300S 3137 2943 3064 7.0 68.0 95S
V20 CH2 twist 1263 1200 1247 0.8 6.0 1213 1209 1208 Q7S 1278 1216 1257 0.3 9.1 1233 7HS
V21 =CH, twist 1043 990 1034  21.7 0.5 992 990 994 5/S6Ss 1037 984 1033  17.7 0.4 975 974 5985Ss
V22 CH, rock 992 951 973 0.1 3.7 952 950 947 3334S; 924 884 905 0.8 2.9 24% 37S5, 1253
Vo3 =CH, rock 934 886 947  35.9 0.0 920 919 912 98S 941 892 935  40.3 0.1 926 921 9BS
V24 C=CH out-of-plane bend 525 605 567 61.6 0.6 632 632 651,91S 542 613 598 52.2 0.0 495 37Ss
Vo5 CH bend 577 540 601 1.0 15.0 557 557 557 47%%S,, 195, 654 607 644 9.4 9.3 14§ 484, 18Ss
V26 C=CC out-of-plane bend 267 303 342 0.3 8.5 322 334 ,92S 172 185 188 0.1 12.8 179 5253556
Vo7 asym torsion 138 139 150 0.1 2.2 138 165 92S 91 91 90 0.0 8.8 96 76%

aCalculated at the MP2/6-31G* levélScaled ab initio calculations with factors of 0.88 were used for théiGtretches, 0.9 for the heavy atom stretches and CH bends, 1.3=@ri@-plane and
out-of-plane bends, and 1.0 for all other modes with the MP2/6-31G* calculai@culated infrared intensities in kilometers per mole with the MP2/6-31G* basié Gatculated Raman activities in
angstrom$ per atomic mass unit with the MP2/6-31G* basis $&bserved solid frequencies are from the infrared spectriotential energy distributions, calculated for the MP2/6-31G* basis s
contributions less than 10% are omitted.
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Figure 8. Vibrational spectra of 1-penten-4-yne (50060 cnt?): (A)
3000 2000 1000 infrared spectrum of amorphous solid; (B) infrared spectrum of annealed
WAVENUMBER (cm) solid; (C) Raman spectrum of liquid; (D) Raman spectrum of annealed

Figure 6. Raman spectra of 1-penten-4-yne: (A) liquid; (B) simulated solid.

Raman spectrum of the syn and gauche conformer mixture Alith o o ) )

= 243 cnt; (C) calculated Raman spectrumfor the pure gauche initio predictions. However, the challenge is the assignment of

conformer; (D) calculated Raman spectrum for the pure syn conformer. the heavy atom motions, particularly the low-frequency bending

modes of the €C=C—H group. The MP2/6-31G(d) ab initio

] predicted frequencies for hydrocarbon are usually too high by
about 5% but this is not the case foFC—H group, where the
bending modes, particularly the out-of-plane motions, are

A A predicted too low by more than 15%. Thus the scaling of the

' ! ' T ' ' force constants for these bends by 1.3 results in predicted

) - frequencies for these modes, which makes their assignments

W reasonably easy.
\/\/ The G=CC out-of-plane bend is assigned to the peak at 322
B B' cmtin the infrared spectrum of the gas, where the predicted
. T T . T T value is only 303 cm! However, the prediction from the
0 25 0 25 50 50 25 0 25 50 B3LYP/6-31G(d) calculation of this mode is 342 thso the
observed band is about halfway between the predicted values.
The most difficult part of the assignment is for teeC—H
c . bends. The in-plane and out-of-plane bends are assigned to the
bands at 645 and 632 crh respectively, in the infrared
s 25 0 25 50 50 25 o 25 s spectrum of the krypton solution. Upon comparison of this

spectrum to the infrared spectrum of the solid, it is clear that
_ _ ) these two bands split into four peaks at 712, 681, 651, and 635
Figure 7. Predicted pure A-, B- and Q—type infrared band contours -1 The remaining fundamental mode of interest is the
Lor the gauche (unprimed) and syn (primed) conformers of 1-penten- asymmetric torsion, which is observed as a broad weak
yne. absorption centered near 96 th{Figure 3) in the spectrum of

respectively, with the closest predicted syn fundamentals at 380the gas. However, there are a series@branches beginning
and 540 cm?. Thus, the 463 crt band can be confidently — at138 cntl, which must be due to the syn conformer. There is
assigned as a fundamental of the gauche conformer. Thereforea maximum at 96.2 crit, which is assigned as the asymmetric
all bands that disappear from the infrared and Raman spectratorsional fundamental of the gauche conformer. These assign-
of the gas or liquid can be assigned to the gauche conformer,ments are in reasonable agreement with the ab initio predicted
and it is reasonable to assign all bands in the spectrum of thefrequencies, although the assignment for the gauche conformer
well-annealed solid to the syn conformer. torsional mode is 6 cmt higher than the predicted value.

The assignment of the CH stretches and,Qbénds is Upon comparison of the infrared spectrum of the polycrys-
straightforward based on “group frequencies”, infrared band talline solid with that of amorphous solid, many bands are
contours, relative intensities, and the predictions from the ab observed to be split in the solid state (Figure 8). For example,

WAVENUMBER (cm-1)
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Figure 9. Mid-infrared spectrum of 1-penten-4-yne dissolved in liquid
krypton at—125 °C (1020-1220 and 426610 cnt?).
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the fundamentat, ¢ is split into a pair of peaks at 609/606 cin
Similar splittings are also observed for theg; , v17, and vy,

|

A
fundamentals. Therefore, there must be at least two molecules 1210 460
er primitive cell in the crystal.
perp y WAVENUMBER (cm-l)
Conformational Stability Figure 10. Temperature-dependent-1{50 to —110 °C) infrared

spectrum of 1-penten-4-yne in liquid krypton for the syn (1207 Hm

To obtain the value of the enthalpy difference between the and the gauche (460 crt) conformer bands.
two conformers similar to the values expected for the gas,
variable-temperature studies in liquefied krypton were carried the uncertainty should be at least 10%, which results in a value
out. Only small frequency shifts are anticipated when passing Of 248 & 25 cnt* (2.96 & 0.30 kJ/mol) for the enthalpy
from the gas phase to the krypton solutidn! which is exactly ~ difference.
what was found. Also, the areas of the conformer peaks are With the AH value of 2484 25 cni?, the abundance of the
more accurately determined than those from the spectrum ofgauche conformer is 38%: 2% at room temperature, so it
the gas and there is excellent control of the temperature. should be possible to obtain the structural parameters and

Only a limited number of gauche fundamentals can be used relative stabllllty from the microwave spectra oflboth conformers.
to determine the enthalpy difference since most of those It would be interesting to compare the experimental values to

identified are close to syn fundamentals. The 463%thandis  h0se obtained from ab initio calculations.
an obvious choice (Figure 9), and the 1114 ¢énband is
reasonably free of interference. There are several syn bands t
choose from, so bands well separated from the gauche bands The experimental data clearly show the syn conformer to be
with similar intensity were chosen, i.e., 557, 1070, and 1209 the more stable form with an enthalpy difference of 2425

cm! bands. From these bands, five conformer pairs were usedcm™1. It should be noted that the ab initio calculations do not

to determine the enthalpy difference between the syn and gauchegive the correct prediction for the conformational stability with
conformers. The spectral changes of the solution were recordedall of the basis sets. For example, both RHF/6-31G(d) and MP2/
as a function of temperature from105 to —150 °C. The 6-311+(d,p) calculations predicted the gauche conformer to be
conformer pair 1209/463 cm (Figure 10), where the first  the more stable conformer with enthalpy differences of 40 and
wavenumber is for the syn conformer, shows the increased 13 cnt?, respectively. However, the largest basis set utilized,
intensity for the syn conformer as the temperature decreasesj.e., MP2/6-31#G(2d,2p), gives the correct prediction with an
which is consistent with the prediction from the MP2/6-313- energy difference of 183 cm, which is in excellent agreement
(2d,2p) ab initio calculation that the syn form is the more stable with the experimental results. Similar problems have been
conformer. TheAH value was determined from a van’'t Hoff  reported in some previous studi&s® where the ab initio

plot of —In K versus 1T, whereAH/R is the slope of the line  calculations with smaller basis sets give incorrect conformational
and the intensity ratidsyd/lgauche iS Substituted forK. It is predictions. Therefore, to obtain the correct conformational
assumed thaf\H is not a function of temperature over the stability prediction from ab initio calculations, relatively large
relatively small temperature range. The determinétivalues basis sets are necessary and the results should be confirmed by
ranged from a high value of 294 9 cm! to a low value of experimental data when possible.

1894 10 cnt?, with the syn conformer as the more stable form The theoretically predicted energy difference ranges from the
(Table 3). This enthalpy difference should be close to the value lowest value of—69 cnt?, with the gauche conformer as the

in the vapor stafé—3! since the two conformers have similar more stable form [MP2/6-32G(d)], to the highest value of 212
molecular volumes and their dipole moments probably differ cm™, with the syn conformer as the more stable form (Table
by less than 10%. The average of the five values is 2481 1). These calculations also showed that the basis sets with
cm1(2.964 0.13 kJ/mol), where the uncertainty is statistical, diffusion functions give smaller energy differences between the
which does not take into account factors such as the presencegauche and syn forms than those without diffusion functions.
of overtone or combination bands in near coincidence with the The DFT calculations by B3LYP method are consistent with
measured fundamentals. Therefore, a more realistic value forthose of the MP2 calculations but with a smaller value of this

(Piscussion
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TABLE 3: Temperature and Intensity Ratios from Conformational Study of 1-Penten-4-yne in Liquid Krypton Solution?

T(°C) 10007 (K) Issl 46 l1070/1465° 11209/ 146¢" Issdll1118 1107011114
—105 5.952 1.437 1.347 31.26 4.060
—-110 6.129 1.496 1.443 0.134 31.87 4.403
—-115 6.323 1.600 1.495 0.158

—120 6.530 1.638 1.790 0.170 5.221
—-125 6.750 1.720 1.981 0.195 33.25

—130 6.986 1.752 2.120 0.209 6.338
—-135 7.239 1.796 2.195 0.224 34.92 7.759
—140 7.510 1.885 2.453 0.252 49.35 8.342
—145 7.803 2.016 2.851 49.84 8.870
—150 8.120 2.022 2.998 0.327 63.80 9.809

a Average value ofAH is 248+ 11 cnt?! (2.96 + 0.13 kJ mot?) with the syn conformer the more stable forf\AH2 = 1894 10 cnTt. ¢ AH?2
=263+ 14 cntl dAH2 = 2944+ 9 cnmr. ¢ AH2 = 215+ 44 cnTh fAH2 = 294 + 16 cnT.

energy difference. This tendency is much more obvious for &%B_LE gf 1'?8;?(22_' ﬁ?rﬁgelg)set(grmmi_nz daPrgrr??:%fIi(I:ri]?Patrse d
3-fluoropropen_e?, whgre two dlff_use_functlon_s were utlllzeo_l. Spectra and from ab Initio Calculations
Therefore, the inclusion of the diffusion functions tends to give

a smaller energy difference between stable conformers for coefficients experimenthl MP2/6-31G(d)
unsaturated molecules such as 1-penten-4-yne. Vi 166+ 28 -5

The difference between predicted and observed frequencies V2 211+6 170
is 11 cn1! for the A block and 13 cm!? for the A" block for V3 Zigii _8350
the syn conformer, which represents an average error of 0.9%. Vg —14
The average error for the observed fundamentals for the gauche v, —47
conformers is 12 crit. Therefore, the predictions from the MP2/ AH 248+ 36 87
6-31G(d) calculations with three scaling factors for the force ~ AE , 269 90
constants provide excellent predictions for the fundamental gort]e_rltla; ffﬁgers 909 908
frequencies of these types of hydrocarbons. gguchg—» gauche 607 691

The potential energy distributions (PED) are relatively pure  gauche— syn 641 819
for the syn conformer (Table 2), with only five modes dihedral angle (deg) 1226 123.4
significantly mixed. The=CH, wag (v has only 37% a Calculated fronFo = 2.012 998F; = 0.528 025[, = 0.282 508,
contribution from this motion. The remaining contributors are F, = 0.070 860F, = 0.029 068Fs = 0.008 078, andrs = 0.003 170
the GCy stretch ¢13), C,Cs stretch ¢14), C:C3Cy bend §16), cm L. P From MP2/6-31%G(d,p) calculation.

and CH bendifzs). The mixing is much more extensive for the
gauche conformer (Table 2), where seven modes have contribu- 10
tions of less than 50% as the major contributor to the
fundamental. For example, thgs andv1, fundamentals have 800 [
only 14% and 22% contribution from the indicated vibrational
descriptions. Thus, the descriptions given for the normal modes =_ ¢4
of the gauche conformer are more for bookkeeping than to give §
an accurate description of atomic motions for several of the
modes in the “fingerprint” spectral region.

The potential function governing the conformational inter-
conversion was obtained from the experimental data as wellas 2%
prediction from the ab initio calculations. The torsional potential

V),

is represented by a Fourier cosine series in the internal rotation 0 ‘
angleg: -180 120 60 0 60 120 180
Y DIHEDRAL ANGLE, (¢)
6 [V
i i . i . ) .
— _ _ ; Figure 11. Potential function governing the internal rotation of
Vi(¢) IZ 2 (1 cosig) 1-penten-4-yne as determined from ab initio calculations [dotted line,

MP2/6-31(d)] and from spectral data (solid line).

whereg andi are the torsional angle and foldness of the barrier, ~The }—0 torsional transitions for the syn and gauche
respectively. The internal rotation const&(#), which is used ~ conformers were assigned to the infrared peaks at 138 and 96
to calculated the potential function, also varies as a function of ¢, respectively. The additional transitions for the syn rotamer

the internal rotation angle, and this is approximated by another With successive excited states were assigned to bands at 129,
Fourier series: 122, and 113 cmt in the infrared spectrum of gas. By utilizing

the experimental determined enthalpy and the torsional angle
5 from the ab initio calculations, we obtained the experimental
F(¢) =F,+ ) F, cosi¢ fitted potential function for 1-penten-4-yne (Figure 11). The syn
= to gauche, gauche to syn, and gauche to gauche barriers are
909, 641, and 607 cm, respectively. For the purpose of
The relaxation of the structural parameté8&p), during the comparison, the predicted potential function was also calculated
internal rotation can be incorporated into the above equation with theMP2/6-31G(d) basis set (Figure 11). The to V4
by assuming them to be small periodic functions of the torsional potential terms are very close to the experimental determined
angle of the general typB(¢) = a + b cos¢ + ¢ sin ¢. data, whereas th¥; term is significantly different (Table 4).
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TABLE 5: Comparison of Some Structural Parameters of 3-Fluoropropené? Allyl Cyanide, and 1-Penten-4-yné

3-fluoropropene allyl cyanide 1-penten-4-yne
syn gauche syn gauche

parameter ab initio rod ab initic? rod ab initic® rod ab initic® rod syn gauche
r(C=C) 1.338 1.337 1.339 1.339 1.338 1.338 1.338 1.338 1.339 1.339
r(C,-Cs) 1.496 1.493 1.492 1.490 1.510 1.510 1.508 1.507 1511 1.508
r(Cs-C4/F) 1.389 1.389 1.399 1.399 1.462 1.462 1.466 1.466 1.461 1.465
r(Ci-Hs) 1.084 1.084 1.086 1.086 1.086 1.086 1.086 1.086 1.085 1.085
r(Ci-He) 1.084 1.084 1.084 1.084 1.084 1.084 1.084 1.084 1.085 1.086
r(Co-Hy) 1.089 1.089 1.088 1.087 1.088 1.088 1.088 1.088 1.089 1.088
r(Cs-Hs) 1.095 1.095 1.094 1.094 1.096 1.096 1.096 1.096 1.097 1.097
r(Cs-Ho) 1.095 1.095 1.093 1.093 1.096 1.096 1.094 1.094 1.097 1.095
0CiCCs 124.5 124.4 122.8 122.8 125.2 125.2 123.1 123.0 125.4 123.6
OC,C3Cu(F) 111.6 111.6 109.9 110.0 113.3 113.2 111.6 111.4 114.3 111.8
OC,CiHs 1211 121.1 1211 121.1 121.7 121.7 121.4 121.4 120.6 121.0
OC,CiHe 120.7 120.7 121.5 1215 120.5 120.5 121.0 121.0 121.2 121.2
0CiCoHy 120.6 120.3 120.7 120.4 120.1 120.1 120.4 120.5 119.7 120.2
T[C1CC3C4(F)] 0.0 0.0 122.9 125.6 0.0 0.0 121.7 125.8 0.0 122.6

2 Reference 2 Reference 7¢ Results from MP2/6-31+G(d,p) calculations? Microwave adjusted data by use of MP2/6-3%3(d,p) result.

TABLE 6: Comparison of Rotational Constants® Obtained from Modified ab Initio Calculation Results with Experimentally
Determined Data from Microwave Spectra for Allyl Fluoride® and Allyl Cyanide®

syn gauche
molecule rotational constants obs calc D obs calc D
CH,=CHCH,F A 17 236.63 17 237.83 1.20 27 720.34 27 722.30 1.96
B 6002.91 6003.11 0.20 4263.62 4263.64 0.03
C 4579.82 4580.05 0.23 4131.98 4132.22 0.24
CH,=13CHCH,F A 17 042.88 17 042.38 0.50 27423.89 27 422.02 1.87
B 5952.98 5952.84 0.14 4241.00 4241.07 0.07
C 4537.04 4537.00 0.04 4111.29 4111.06 0.23
B3CH,=CHCH,F A 17 060.59 17 060.55 0.04
B/(B + C) 5844.26 5843.95 0.31 8156.22 8156.16 0.06
C 4474.83 447472 0.11
CH,=CHCH.F A 16 964.23 16 963.26 0.97
B/(B + C) 5973.92 5973.97 0.05 8367.54 8367.55 0.01
C 4543.57 4543.60 0.03
CH,=CHCH,CN A 11 323.01 11 321.89 1.12 19 707.99 19 707.19 0.80
B 3739.20 3738.00 1.20 2619.74 2619.37 0.37
C 2858.52 2859.68 1.16 2497.43 2497.88 0.45

2 Rotational constants are given in megahetReference 39 Reference 35.

This result is reasonable becausE from the MP2/6-31G(d) Therefore, the skeletal bending modes have the largest differ-
calculations is only 88 crt, which is much smaller than the  ences in frequencies between the two conformers. Additionally,
experimental result of 248 cm for the enthalpy difference. the force constants of g&€3Hg (1) and GCsHs (¢3) changed by
The structural parameters and the force constants for the syn10% and 7.6%, respectively, between two conformers.
and gauche conformers are essentially the same with few Itis interesting to compare the conformational and structural
exceptions (Table 2S, Supporting Information). The predicted results between 1-penten-4-yne and 1-hexen-48¥méere the
bond distances are nearly the same for the two conformers withonly difference is the replacement of H on the carbon with the
maximum difference of 0.004 A for thesC, bond, with the triple bond with a methyl group in the former molecule. The
gauche conformer having a larger value. The bond distances ofsyn conformer is the more stable rotamer in both fluid and solid
C,Cz and GHg for the gauche conformer are respectively 0.003 states for both molecules. The predicted energy differences are
and 0.002 A longer than those of the syn conformer. The angles88 and 95 cm?, respectively, for 1-penten-4-yne and 1-hexen-
of C,C3C4 and GC,C;3 for the syn form are predicted to be  4-yne from the MP2/6-31G(d) calculations. According to the
respectively 2.5 and 1.8 larger than those of the gauche ab initio MP2/6-31G(d) calculation, the=€C distance is 0.002
conformer. The largest difference of the force constants comesA longer anddC,C,Cs is 0.0% larger in 1-penten-4-yne than
from the GC3C4 bend (), which increases 25.9% in the syn in 1-hexen-4-yne. The corresponding torsional angtes
conformer compared with the gauche conformer. Such a large (C;C,C3C,) are 125.2 and 123.3, respectively, with 1-penten-
difference brings a significant change to the corresponding 4-yne having a slightly larger value. The experimental values
C,C3C4 bending modes, which are found at 604 and 463%tm  for the enthalpy difference are 248 25 and 233+ 23 cnt'l,
in the infrared spectra of the krypton solution for the syn and respectively, for 1-penten-4-yne and 1-hexen-4-yne. Therefore,
gauche conformers, respectively. The gauche band shifts abouthe substitution of a methyl group for the hydrogen atom on
140 cnr! to the low-frequency region. The force constants for the triple bond does not have any significant effect on confor-
the C=CC bend {17) are also quite different between the syn mational behavior or structural parameters of these two mol-
and gauche conformers, with the one for the syn conformer ecules.
about 17.8% higher than that for the gauche conformer. Since allyl cyanide, Cl+=CHCH,CN, is isoelectronic with
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