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The microwave spectrum of 3-butyne-1-thiol has been studied by means of Stark-modulation microwave
spectroscopy and quantum-chemical calculations employing the B3LYP/6-8G{3df,2pd), MP2/aug-cc-

pVTZ, MP2/6-311+G(3df,2pd), and G3 methods. Rotational transitions attributable to two conformers of
this molecule were assigned. One of these conformers possesses an antiperiplanar arrangement of the atoms
S—C1—-C2-C3, while the other is synclinal and stabilized by the formation of an intramolecular hydrogen
bond between the H-atom of the thiol group andthelectrons of the &C triple bond. The energy difference
between these conformers was estimated to be 1.7(4) k3 implrelative intensity measurements, with the
hydrogen-bonded conformer being lower in energy. The spectra of five vibrationally excited states of the
synclinal conformer were observed, and an assignment of these states to particular vibrational modes was
made with the aid of a density functional theory (DFT) calculation of the vibrational frequencies at the B3LYP/
6-311++G(3df,2pd) level of theory.

Introduction Microwave Experiment. The spectrum of 3-butyne-1-thiol
Despite the comparatively small difference in electronega- Was recorded in the 12:80.0 GHz frequency interval by Stark-
tivity between sulfur and hydrogen (2.58 vs 2.2@he ability modulation microwave spectroscopy, using the microwave
of thiol groups to act as hydrogen bond donors to suitable spectrometer at the University of Oslo, which measures the
acceptor groups has been known since the 1880he for- frequency of individual transitions with an estimated accuracy
mation of hydrogen bonds by thiol groups is of some importance of ~_0.1 MHz. Details (_Jf the construction z_ind operation of this

in biological systems, where hydrogen bonding by th&H device have been given elsewhéteWhile recording the

group of cysteine to O and N atoms, and even to aromatic rings, SPeCtrum, the Stark cell was cooled to approximatep °C
influences the structure and activity of protein molecdles. With solid CO;, in an attempt to increase the intensity of the
However, the number of molecules containing the thiol func- SPECtrUM. _ _
tional group that have been studied by microwave spectroscopy _Radio frequency microwave double-resonance experiments
remains small, despite the suitability of this form of spectroscopy (RFMWDR), similar to those performed by Wodarczyk and

for the investigation of intramolecular hydrogen bonding. Wilson !> were also conducted to assign unambiguously par-
Of the thiols studied to date, of which cyclopropanemethane- ticular rotational transitions. .
thiol (C3HsCH.SH)5 2-furanmethanethiol (§430CH,SH)S Preparation of 3-Butyne-1-thiol. The synthesis of 3-butyne-

3-mercaptopropionitrile (HSCIH,CN),” 1,2-ethanedithiol 1-thiol has already been reported. It was prepared by treating
(HSCH.CH,SH)¢ allyl mercaptan (HC=CHCH,SH)? and 4-bromobut-1-yne with thiourea, followed by reduction of the
3-butene-1-thiol (HSCBCH,CH=CH,)!%11 are examples, a  formed producf or by reaction of ethanethioic acid S-3-butyny!
propensity is shown for the formation of intramolecular hydro- ester with potassium carbonateBy analogy with the approach
gen bonds, when suitable acceptor groups are present. The subve reported to prepare various unsaturated seléfélsye
ject of the present investigation also allows a comparison to be synthesized 3-butyne-1-thiol by reduction of the corresponding
made with the structurally similar molecules 3-butyne-1-ol thiocyanate with lithium aluminum hydride followed by acidi-
(HC=CCH,CH,0H),}2 3-butyne-1-amine (H&CCH,CH,- fication of the formed thiolate using a vacuum line.
NH,),'® and 3-mercaptopropionitrile (HSGEH,CN),” all of Synthesis of Thiocyanic Acid, 3-Butyne EsterIln a 100
which are stabilized by intramolecular hydrogen bonding involv- mL two-necked flask equipped with a stirring bar and a nitrogen
ing 7 electrons of triple bonds in their lowest-energy conformers. inlet were introduced the 3-butyne-1-ol, methanesulfonate (2.96
) _ g, 20 mmol)?° dry acetonitrile (30 mL), and potassium thio-
Experimental Section cyanate (2.06 g, 21 mmol). Aft h of stirring at 70°C, the
Caution: Low molecular weight thiols are often powerfully ~solution was cooled at room temperature, precipitated potassium
malodorous. All reactions and handling should be carried out bromide was filtered off, and the solvent was removed in vacuo.
in a well-ventilated hood. The thiocyanate was purified by distillation in vacuo and

Town g R FE———— I@obtained in 87% yield (1.93 g, 17.4 mmol). Bp: 3€ (0.5

*Tow omcorrespondenceshou eaddressed. e-mail: harald.moliendal 1 . 4 —

kjemi.uio.no. Tel: +47 2285 5458. Fax:+47 2285 5441. mmHg). "H NMR (400 MHZ3' CDC4, 9): 2'1? (t 1H, Jhm
TUniversity of Oslo. 2.7 Hz, CH), 2.77 (td, 2H,JHH = 7.1 Hz,*Jyny = 2.7 Hz,

* Ecole Nationale Stupiure de Chimie de Rennes. CH,C=C), 3.12 (t, 2H,3Jyy = 7.1 Hz, CHS). 13C NMR
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SCHEME 1
_— KSCN _ 1) LAH —
_— —_—
2) Succinic acid
MeO,SO NCS HS

(CDClz, 100 MHz,0): 19.8 (t,Jcy = 134.1 Hz,CH,C=C),
32.3 (d,Jcn = 146.6 Hz, CHS), 71.3 (d,"Jcn = 250.5 Hz,
C=CH), 79.3 (d,%Jcy = 49.8 Hz, C=CH), 111.2 (s, CN).
HRMS calcd for GHsNS: 111.0143; found: 111.014. IR
(v, cmrY): 3293 (s,yC=CH), 2914 (m), 2252 (wyC=C), 2156
(s, ven), 1423 (s), 1290 (s), 1234 (s), 973 (m), 901 (m), 647
(S, VCS)'

3-Butyne-1-thiol. The apparatus previously described for the
reduction of dibromopropargylphosphine was u&ed. 100-
mL two-necked flask equipped with a septum and containing a
suspension of succinic acid (3.56 g, 30 mmol) in tetraglyme
(20 mL) was attached to a vacuum line, immersed in a bath
cooled to 0°C, and degassed. In a 25-mL two-necked flask
equipped with a stirring bar and a nitrogen inlet, lithium
aluminum hydride (200 mg, 5.2 mmol) and tetraglyme (10 mL)
were introduced. The flask was immersed in a bath cooled to
0 °C, and the thiocyanic acid, 3-butyne ester (444 mg, 4 mmol)
diluted in tetraglyme (3 mL), was slowly added. After 10 min
of stirring, this solution was slowly added (15 min) with a
syringe through the septum into the flask containing the succinic
acid. During and after the addition, 3-butyne-1-thiol was distilled
off in a vacuum (10! mbar) from the reaction mixture. A first
cold trap 30 °C) selectively removed the less volatile
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Figure 1. Structures of the five possible conformers of 3-butyne-1-
thiol predicted by ab initio geometry optimizations carried out with
the Gaussian 03 electronic structure package. The MP2/aug-cc-pVTZ
level of theory was employed.

products, and 3-butyne-1-thiol was selectively condensed in acc-pVTZ basi€’ which includes polarized functions for valence

second trap cooled te70 °C. At the end of the reaction, this

electrons and is augmented by additional diffuse functions. DFT

second trap was disconnected from the vacuum line by stopcockspptimizations were performed using the B3LYP hybrid func-

and attached to the microwave spectrometer. Yield: 90%. Bp
~ —40°C (0.1 mmHg).*H NMR (400, MHz, CDC}, 6): 1.73

(t, 1H, 3J4y = 7.8 Hz, SH), 2.08 (t, 1H¥ 4y = 2.6 Hz, CH),
2.52 (td, 2H,3J4y = 6.6 Hz,*Jyy = 2.6 Hz, CHC=C), 2.70

(td, 2H, 3-]HH =178 Hz, 3\]HH = 6.6 Hz, Cl’bS) 13C NMR
(CDCls, 100 MHz,0): 23.3 (t,"Jch = 143.7 Hz, CHS), 23.4

(d, Wcn = 133.3 Hz,CH,C=C), 69.9 (d,"Jcy = 249.0 Hz,
C=CH), 81.7 (d,2Jcn = 49.8 Hz,C=CH).

The deuterated compound, 3-butyne-1-tiuqIHC=CCH,-
CH,SD), was generated in situ, by admitting a small volume
of D,O vapor from above a liquid sample at room temperature
into the cavity of the spectrometer, which already contained a
few pascal of 3-butyne-1-thiol vapor. Exchange of a single D
atom with the H atom of the thiol group occurred readily,
resulting in an estimated 50% deuteration.

Results

Quantum-Chemical Calculations. A series of quantum-

tional (Becke’s three-parameter hybrid functioffamploying

the Lee, Yang, and Parr correlational functiéfah conjunction
with the 6-31H1-+G(3df,2pd) basis set. The predicted equilib-
rium rotational constants from these calculations are given in
Table 1, and the estimates of the relative energies of the five
conformers of 3-butyne-1-thiol are given in Table 2. The
structure obtained for conformer V at the MP2/aug-cc-pVTZ
level of theory is discussed further in a later section, while the
structures obtained for the remaining four conformers are
included in the Supporting Information, Table 10S.

The B3LYP/6-31#+G(3df,2pd) level of theory was also
used to calculate the quartic centrifugal distortion constants for
the various conformers, as these calculations are rather com-
putationally demanding and would, therefore, take a long time
to perform at the MP2/aug-cc-pVTZ level. These parameters
were used with the approximate equilibrium rotational constants
from geometry optimizations at the MP2/aug-cc-pVTZ level,
to enable a prediction of the ground-state rotational spectra of

chemical calculations were conducted on 3-butyne-1-thiol, with the five conformers of 3-butyne-1-thiol to be made.
the purpose of obtaining information for use in assigning the  Additionally, the relative energies of the conformers were
microwave spectrum and investigating the structures of the five calculated using the G3 meth&iwhich is tailored to the
conformers associated with minima on the potential-energy calculation of energy differences. The results of these calcula-
surface of this molecule. All calculations were performed using tions are included in Table 2.
the Gaussian 03 suite of prografdsunning on a 64 processor Assignment of Conformer V. The calculated relative ener-
HP “superdome” computég. gies of the five conformers suggest, with the exception of the
Geometry optimizations were carried out on the five possible B3LYP/6-31H-+G(3df,2pd) estimates, that conformer V will
conformers of 3-butyne-1-thiol, which are shown in Figure 1. be the lowest in energy by-2 kJ mol . Therefore, our
Optimized geometries were obtained from self-consistent field assignment of the microwave spectrum of 3-butyne-1-thiol
calculations, in which the effects of electron correlation were began with this conformer.

included by the use of second-order Mgti€tlesset perturbation
theory (MP2)?* as well as density functional theory (DFT)

A calculation of the dipole-moment components of 3-butyne-
1-thiol, conformer V, at the B3LYP/6-311-+G(3df,2pd) level

methods. MP2 optimizations were undertaken using both the of theory yielded the values, = 0.91 D,up = 1.06 D, andu.

6-311-+G(3df,2pd) basis s&t26and Dunning’s extensive aug-

= 0.43 D. Since a-type, R-branch rotational transitions can often
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TABLE 1: Comparison of the Spectroscopic Constants Obtained for Two Conformers of 3-Butyne-1-thiol, from
Quantum-chemical Calculations and Experiment

conformer Il conformer V

spectroscopic  B3LYP/6-31H-+ B3LYP/6-31H+
constant (3df,2pd) MP2/aug-cc-pVTZ experiment (3df,2pd) MP2/aug-cc-pVTZ experiment
A/MHz 24706.8309 24309.5367 24309.5867 7873.8043 7477.9628 7621.0796(27)
B/MHz 1471.1994 1490.5510 1497.30(52) 2258.4268 2424.8083 2359.0982(6)
C/MHz 1423.9224 1440.3422 1420.96(52) 1868.2765 1955.1672 1920.1111(6)
AykHz 0.147973 0.1860(16) 2.061640 2.0599(4)
AslkHz —6.658237 —7.068(9) —17.202453 —15.341(3)
Ax/kHz 302.578597 302.578597 54.910928 44.667(9)
0y/kHz 0.011357 0.011357 0.622865 0.64045(15)
Ok/kHz 0.533544 0.533544 4.050558 3.715(6)

aUncertainties represent one standard deviatidrhis parameter is fixed at the value obtained from a geometry optimization at the MP2/aug-
cc-pVTZ level of theory Fixed at the value obtained from a DFT calculation at the B3LYP/6+3%G(3df,2pd) level of theory.

TABLE 2: Comparison of the Relative Energies of Five presented in Tables 59S. A tentative assignment of these
Conformers of 3-Butyne-1-thiol, Obtained from Ab Initio spectra to specific vibrational modes has been made, with
Calculations and Experiment assistance from a DFT calculation of the vibrational frequencies
conformer of this conformer at the B3LYP/6-3#1+G(3df,2pd) level of
method I Il m IV Vv theory. To this end, the excited-state spected ¥nd Va2 were

B3LYP/6-311+G(3df,2pd) +3.98  0.00 +8.43 +5.55 +0.66 attribyted_to the first and second excitations c_>f the lowest-
MP2/6-311#+G(3df 2pd)  +6.53 +2.63 +8.64 +6.17 0.00 bending vibration, whereasbl and \b2 were assigned to the
MP2/aug-cc-pVTZ +6.50 +2.96 +8.79 +6.61 0.00 first and second excitations of the torsional motion about the
G3 +5.68 +2.02 +7.99 +5.42  0.00 C1-C2 bond, while the stateabl involved a single excitation

of both of these vibrational modes. Figure 2 features a section
of spectrum showing a number of transitions belonging to
conformer V and gives an indication of the density of transitions
in the a-type, R-branch “pile-ups”, as well as typical signal-to-
noise ratios.

Relative intensity measurements of the type employed by
Esbitt and Wilsof® were used to evaluate the difference in
energy between the ground state and the first excited states of
these two vibrational modes. The first excited state of the
torsional motion about the Gi1C2 bond was predicted to be
35 cnT! above the ground state, according to the B3LYP/6-

11++G(3df,2pd) calculation, while the value obtained from
relative intensity measurements was 106 &énMeanwhile, the
d first excited state of the lowest-bending vibration was predicted
é)y DFT calculation to be 184 cm above the ground state,
whereas the corresponding experimental value is 217'cm
3 Since the error associated with the values obtained from relative
' intensity measurements is estimated to be of the order26f

aRelative energies are given in kJ mbl

be distinguished by the characteristic patterns they form, these
were the first transitions to be sought, using the prediction
described above. The accuracy of this prediction was, however,
somewhat lower than expected; the= 15 < 14 transitions
were eventually found over 1 GHz from their predicted
frequencies. Fortunately, the spacings between the Kigh-
aR transitions were reproduced with a sufficient accuracy to
allow their identification. Once a number of rotational transitions
had been assigned, they were subjected to a least-square
analysis using Sgrensen’s Rotfit progréhBy use of this
preliminary fit, further a-type transitions were identified, and
eventually, the frequencies of b-type and c-type transitions coul
be accurately predicted and assigned. The rotational constant:
and centrifugal distortion constants (A-reductibmelpresenta-
tion3? obtained from the least-squares fit are given in Table
while the transition frequencies and residual errors are givenin =~ .
the Supporting Information, Table 3S. It was found that the cm 1, this r.epresentsareasonable agreement between theoretical
sextic centrifugal distortion constanfgk andg;were required, and experimental values.
in addition to the five quartic centrifugal distortion constants, ~ Assignment of Conformer II. Since the spectrum of the
to give a satisfactory fit. lowest-energy conformer of 3-butyne-1-thiol had been assigned,
Once the ground-state spectroscopic constants of this con-an attempt was made to identify transitions belonging to the
former were precisely determined, radio frequency microwave conformer predicted to be second lowest in energy, namely,
double-resonance (RFMWDR) experiments were used to iden-conformer Il. The geometry optimization performed for this
tify rotational transitions belonging to the vibrationally excited conformer at the MP2/aug-cc-pVTZ level of theory predicted
states of the molecule. Specifically, this technique allows that the components of the dipole moment along the principal
selected pairs af-type, R-branch transitions with the same value inertial axes would b, = 0.72 D, u, = 0.06 D, anduc =
of K_; to be observed, while suppressing other lines in the 0.65 D. Attempts to assign the spectrum of this conformer
microwave spectrum, allowing the pair of ground-state transi- concentrated once more on the a-type, R-branch transitions,
tions, and often several vibrational satellites, to be measuredWhich were identified by use of the prediction described in the
without being obscured by other spectral lines. This is of use Section on Quantum-Chemical Calculations. The least-squares
in the assignment of excited-state Spectra, which can have af|t of these transitions gave the rotational constants and
low intensity in comparison with the ground-state spectrum. By centrifugal distortion constants given in Table 3, while the
use of this method, the rotational spectra of five vibrationally rotational transition frequencies and residuals are presented in
excited species corresponding to conformer V, labeled,v ~ the Supporting Information in Table 1S.
Va2, Vbl, Vb2, and \abl, were assigned. The rotational The comparatively large error associated with the A rotational
constants and centrifugal distortion constants obtained from theconstant can be attributed to the fact that only a-type, R-branch
least-squares analysis of these transitions can be found in Tabldransitions having a value &, > 7 were assigned. The absence
4, while the rotational transition frequencies and residuals are of low-K, lines is not unexpected, since these transitions are



Microwave Spectrum of 3-Butyne-1-thiol J. Phys. Chem. A, Vol. 110, No. 30, 2008373

TABLE 3: Experimental Spectroscopic Constants for Two Conformers of 3-Butyne-1-thiol

conformer Il conformer V

spectroscopic constant parent species deuterated parent species deuterated
A/MHz 24309.5367 22521.5215 7621.0796(27) 7386.120(24)
B/MHz 1497.30(52) 1449.27(55) 2359.0982(6) 2356.1440(32)
C/MHz 1420.96(52) 1425.30(56) 1920.1111(6) 1903.4404(33)
AykHz 0.1860(16) 0.141(3) 2.0599(4) 2.090(5)
AxlkHz —7.068(9) —6.115(7) —15.341(3) —14.312(11)
Ax/kHz 302.578597 302.578597 44.667(9) 44.667
dykHz 0.011357 0.011357 0.64045(15) 0.6440(8)
Ook/kHz 0.533544 0.533544 3.715(6) 3.419(20)
D y/Hz 0.0222(9)
¢JHz 0.000515(23)
olkHz 0.17 0.08 0.20 0.15
Ne 193 60 522 101

a A-reduction I representatiof? Uncertainties represent one standard deviafidiixed at the value obtained from a geometry optimization at
the MP2/aug-cc-pVTZ level of theory.Constant fixed at the value obtained from a density functional theory calculation at the B3LYP/6-
311++(3df,2pd) level of theory? Fixed at the value obtained for the parent isotopomer of this conformer.

TABLE 4: Experimental Spectroscopic Constants for Six Vibrational States of Conformer V of 3-Butyne-1-thiol
vibrational state

spectroscopic constant ground state alv Va2 Vbl Vb2 Vabl
A/MHz 7621.0796(27) 7617.42(20) 7621.0796 7621.0798 7621.0796 7621.0798
B/MHz 2359.0982(6) 2360.2360(40) 2361.224(22) 2345.163(51) 2332.25(35) 2346.32(20)
C/MHz 1920.1111(6) 1921.0045(39) 1921.572(27) 1914.578(63) 1908.50(47) 1915.26(28)
AjkHz 2.0599(4) 2.073(5) 2.0599 2.027(9) 2.0599 2.0599
AjxlkHz —15.341(3) —15.326(16) —15.34? —15.66(5) —15.34? —15.34?p
Ax/kHz 44.667(9) 44.667 44.66P 44.667P 44.66P 44.667
0ykHz 0.64045(15) 0.64045 0.64048 0.64043 0.64043 0.64043
Ox/kHz 3.715(6) 3.715 3.71% 3.71% 3.71% 3.71%
olkHz 0.20 0.19 0.18 0.17 0.46 0.28
N 522 101 46 68 10 10

aComments same as those for Table Bixed at the value obtained for the vibrational ground state of this conformer.
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Figure 2. Section of spectrum showing transitions belonging to conformer V of 3-butyne-1-thiol. All transitions)rad& — 18. Transitions
marked X belong to the vibrationally excited-statea¥, while those marked Xbelong to \&2.

difficult to modulate, and they will, therefore, be significantly functional theory calculation have similar magnitudes. These
weaker than highK, lines for a given value od. The failure values are, however, estimates, and the value. @rediction

to assign any c-type transitions is perhaps more surprising, asin this way could represent a significant overestimate. Addition-
the values ofu, and u. obtained from the B3LYP density ally, the spectral complexity and lack of obvious “pile-ups” of
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transitions in the c-type spectrum, combined with the low TABLE 5: Principal Axis Coordinates (pm) of the Thiol H
population of conformer I, could explain the difficulty in  Atom in 3-Butyne-1-thiol

identifying these transitions. experimentats coordinated ab initiore coordinate
Since transitions in the ground-state spectrum of conformer ag] 48.0 2 58.5

Il had been assigned, the RFWMDR experiment was once more |bg| 144.4 be —140.9

employed in an attempt to detect transitions belonging to [ 19.6 Ce 14.2

vibrationally excited states of this conformer. However, the  agee text for method used to determinecoordinates® From an
excited-state spectra were too weak to be assigned, owing to aab initio geometry optimization at the MP2/aug-cc-pVTZ level of
low population of conformer II. theory.

Deuterated Isotopomers.The ground-state rotational spec-
trum of the isotopomer HECCH,CH,SD was measured using
a deuterium enriched sample of 3-butyne-1-thiol prepared
according to the procedure outlined above. Transitions corre-
sponding to the deuterated forms of conformers Il and V were
observed. A total of 60 a-type, R-branch transitions were
identified as belonging to the deuterated form of conformer II,

while 101 a-type and b-type transitions were assigned to AP, AP, AP,
conformer V. The least-squares fits of these transitions gave log| = 1 ﬁ + m
o« B oy

the spectroscopic constants included in Table 3. The observed
rotational transition frequencies for these spectra are presentedwhereas is the principal axis coordinate of the substituted atom,
APy = (—Aly + Alg + Al,), andAlg = 1, — l4. The position

in the Supporting Information in Tables 2S and 4S, together
with the residual errors from the final cycle of the least-squares : Lo e

of a nucleus relative to the three principal inertial axes can be
evaluated by cyclically permuting, 3, andy overa, b, andc.

fits.

Failure to Detect Conformers |, Ill, and IV. Once the 1 shoyid be noted that this equation gives the modulus of the
spectra attributable to conformers Il and V were assigned, .,ordinates of an atom. While experimental values for the
attempts were made to identify transitions in the spectra of the g jjiprium moments of inertia were not determined during the
course of the present investigation, solving Kraitchman’s

remaining three conformers of 3-butyne-1-thiol. No transitions
were identified that could be assigned to any of these three g jations with ground-state moments of inertia will yield the
substitution £s) coordinates of the substituted atom.

isotopic substitution of that atom. By solving Kraitchman’s
equation&* with the equilibrium moments of inertia of the parent
and substituted isotopomers, the coordinates of the substituted
atom in the principal inertial axis system of the parent
isotopomer can be calculated. For the case of a nonplanar
asymmetric rotor, Kraitchman’s equations take the form

conformers, despite the use of RFMWDR experiments to

perform careful searches of the frequency ranges in which = 1his procedure was carried out using the ground-state
transitions were predicted by the rotational constants obtained j,oments of inertia obtained from the spectra of parent and

from the quantum-chemica.lll calculations for each conformer. 4o terated isotopomers of conformer V, giving the magnitudes
A number of weaker transitions were observed that were not ¢ 1o principal axis coordinates of the H atom belonging to
assigned to any species, as can be seen in Figure 2. Itis beheve&e thiol group, which are reported in Table 5. Also reported in
that these transitions belong to further vibrationally excited states 1pje 5 are the principal axis coordinates of the thiol H atom

of conformers Il and V or to impurities in the sample. as predicted in the ab initio calculation at the MP2/aug-cc-pVTZ
Energy Difference Between Conformers Il and V.As level of theory.
mentioned above, the relative energy differences between the For the case of conformer Il in which only a-type transitions
five conformers of 3-butyne-l—th|ol were calculated by use of were detected, the error associated with me rotational
various quantum-chemical methods, giving th.e results listed in constant, and, consequently, the principal moment of inkgtia
Table 2. An attempt was made to evaluate directly the energy is large. Therefore, the estimates of the substitution coordinates
difference between conformers Il and V, which had been along theb and c principal inertial axes possess a large
spectroscopically observed, by means of relative intensity uncertainty, and only tha coordinate will be considered. The
measurements. A Boltzmann distribution of population among magnitude of thes a-coordinate obtained for the thiol H atom
the two conformers and equal statistical weights for each of js 205.7 pm, while the correspondingvalue, from an ab initio
them was assumed. The values of the principal-axis componentscalculation at the MP2/aug-cc-pVTZ level of theory, is 210.8
of the molecular electric dipole moment from calculations at pm,
the B3LYP/6-313%+G(3df,2pd) level of theory were also While care should be taken when making comparisons
employed. By use of this method, conformer Il was found to petweerr, andrs structures, the differences between these sets
be higher in energy than conformer V by 1.7 kJ mobnd the  of parameters are, in general, small, and in the present case,
estimated one standard deviation associated with this value isthe agreement between experimentally determigediues and
estimated to be of the order &f0.4 kJ mof. This relatively ab initiore values is close enough to confirm the assignment of
large uncertainty arises owing to inaccuracies in measuring thegbserved microwave spectra to conformers Il and V. It should
height of transitions, because the spectral baseline is not clearlype noted that discrepancies betwegmandrs structures occur
defined in all cases. Additionally, the congested nature of the when thers coordinates are obtained by the substitution of the
spectrum of conformer Il, where a-type, R-branch transitions deuterium atom, as such a substitution will lead to changes in
occur in “pile ups”, tends to increase the incidence of transitions the zero-point motion of the molecule, and that Kraitchmann’s
overlapping. This in turn could lead to an apparent increase in method can produce anomalous results when the magnitude of
the intensity of certain transitions in the spectrum of conformer 3 coordinate is small, that is, when an atom lies close to one of
Il, thus lowering the energy difference derived from relative the principal inertial axe%:3
intensity measurements. It is therefore considered possible that  |ntramolecular Hydrogen Bonding. In recent investigations
the energy difference quoted above represents an underestimatento intramolecular hydrogen bondifig38the close agreement
Substitution Coordinates of Atoms in 3-Butyne-1-thiol. (typically of the order of 2%) between experimental ground-
The position of an atom in a molecule may be determined by state rotational constants and ab initio equilibrium values
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TABLE 6: Geometry of Conformer V of 3-Butyne-1-thiol assigned, and a tentative assignment of the individual vibrational
from an Ab Initio Optimization at the MP2/aug-cc-pVTZ states was made with the assistance of a DFT calculation.
Level of Theory A comparison was made between ground-state rotational
bond lengths (pm)  bond angles (deg) dihedral angles (deg) constants derived from the experimental spectra and the
r(S—Cy) 181.6 O(H.S,G) 953 O(HuS.G.Ho) 66.3 corresponding equilibrium values obtained from an ab initio
r(C;—Cp) 152.9 0O(S,CG,Hy) 109.7 O(H.,S,GHs) —177.4 geometry optimization at the MP2/aug-cc-pVTZ level of theory.
r(C—Cs) 1459 [(S,GHg) 1051 O(H,S.GC)  —57.6 These constants were found to agree to within 3% in all cases,

r(Cs—Cs) 121.6 0(S,G,C) 113.2 0(S,G,CpHsy)  —56.9 : :
[(SoHy) 1339 D(CuCoby 1094 D(S.G.CoHy —1745 which represents a reasonable agreement between experiment

f(Ci—H;) 1089 DO(CLCoHs 109.1 0(S.C.C»Cy 646  and theory.

r(Ci—Hs) 109.0 0(Cy,C»Cs) 111.6 [(Cy,CsCsCa) 2.2 The relative energies of the five possible conformers of

r(Co—Hs) 109.1 [0(CyCs,Cs) 177.6 [(CyC3,CaHe)  177.2 3-butyne-1-thiol were calculated in a series of quantum-chemical
r(C2—Hs) 109.3 [(CsCsHe) 178.8 calculations, and the energy difference between the two observed
r(Cs—He) 106.2 conformers was estimated by comparing the intensities of

rotational transitions. The conformer consistently identified as
being lowest in energy possessed a synclinal (formerly gauche)
arrangement of the atoms-€1—-C2—C3. An analysis of the
structure obtained for this conformer from the MP2/aug-cc-
pVTZ geometry optimization suggests that this lowest-energy
conformer is stabilized by an intramolecular hydrogen bond
éormed between the H atom of the thiol group anelectron
density associated with the &&4 triple bond.

calculated by geometry optimizations at the MP2/aug-cc-pVTZ
level of theory was interpreted as an indication that the ab initio
structures represented a good approximation of the molecular
geometries. Of the two conformers of 3-butyne-1-thiol detected
by spectroscopic means, the potential for intramolecular hydro-
gen bonding exists in conformer V only. While the agreement
between the experimental rotational constants and those obtaine
for this conformer from an MP2/aug-cc-pVTZ geometry opti-
mization was not as close as it had been for the cases mentioned
above, the differences were still less than 3% for each of the
rotational constants. The structure from the MP2/aug-cc-pVTZ
geometry optimization (Table 6 and Figure 1) is therefore still
likely to be a useful approximation to the structure of conformer
V. When considering the possibility of intermolecular hydrogen
bonding in 3-butyne-1-thiol, a parameter of particular interest
is the distance between the H atom of the thiol group and the
center of the C&C4 triple bond. The distance obtained for this
parameter from the MP2/aug-cc-pVTZ geometry is 275 pm,
while the sum of the van der Waals radii of the groups involved
is 290 pm! This apparent reduction in the distance between
these two groups, relative to the sum of their van der Waals
radii, suggests that conformer V is, indeed, stabilized by an References and Notes
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