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The microwave spectrum of 3-butyne-1-selenol has been studied by means of Stark-modulation microwave
spectroscopy and quantum chemical calculations employing the B3LYP/aug-cc-pVTZ and MP2/6311
(3df,3pd) methods. Rotational transitions attributable to tfSeICHCH,C=CH and H®SeCHCH,C=CH
isotopologues of two conformers of this molecule were assigned. One of these conformers possesses an
antiperiplanararrangement for the atoms-S€—C—C, while the other isynclinaland seems to be stabilized

by the formation of a weak intramolecular hydrogen bond between the hydrogen atom of the selenol group
and ther electrons of the &C triple bond. The energy difference between these conformers was determined

to be 0.2(5) kd/mol by relative intensity measurements, and the hydrogen-bonded form was slightly lower in
energy.

Introduction but no definite information about the conformational properties

The ability of selenols to form intramolecular hydrogen bonds Was obtained in this study.
in the gas phase was first demonstrated in the case of A successful investigation of a delicate conformational
3-buteneselenol (HSeGAH,C=CH,),* where the H atom of equilibrium such as the one presented by gaseous 3-butyne-1-
the selenol group forms an internal H bond with thelectrons selenol requires experimental methods possessing high resolu-
of the double bond. It was recently found that the preferred tion. MW spectroscopy meets this requirement because of its
conformer of cyclopropylmethaneselenolstGCH,SeHY is superior accuracy and resolution, making this method especially
stabilized by a very weak H bond between the selenol group well suited for conformational studies of gaseous species. The
and the pseuda-electrond along the edge of the cyclopropyl  spectroscopic work has been augmented by high-level quantum
nng. ] chemical calculations, which were conducted with the purpose

The subject of the current study, namely, 3-butyne-1-selenol ot gptaining information for use in assigning the MW spectrum

(HSeCHCH,C=CH), has been chosen to allow a direct ,nqinvestigating properties of the potential-energy hypersurface.
comparison of the hydrogen-bonding abilities in the analogous

alcohol (HOCHCH,C=CH) #5 thiol (HSCH,CH,C=CH)  and This work represents a continuation of our studies of
amine (BNCH,CH,C=CH),” all of which are stabilized by intramolecular hydrogen t?ondin_g, of yvhich 4-pentyn-1-ol (HO-
intramolecular hydrogen bonding involving theelectrons of ~ (CH2)sC=CH)? trifluorothioacetic acid (CRCOSH);° (2)-3-

the triple bond in their lowest-energy conformers. A model of Mercapto-2-propenenitrile (HSGHCHC=N),H (2)-3-amino-
3-butyne-1-selenol with atom numbering is shown in Figure 1. 2-propenenitrile (INCH=CHC=N),' 3-butynethiol (HSCH
Rotation about the G3C4 and C4Se5 bonds may produce CH:C=CH)}® (methylenecyclopropyl)methanol §8=CsHs-
rotational isomerism. A total of five conformers that can in  CHOH),'® cyclopropylmethaneselenol {8sCH,SeH)? 2-chlo-
principle be identified by MW spectroscopy are depicted in the roacetamide (CLCICONH,),*4 1,1,1-trifluoro-2-propanol (C&

same figure and are given Roman numerals for reference. TheCH(OH)CH),*5 cyclopropylmethylphosphine ¢8sCH,PH,),'6
C2—C3—C4—Se5 chain of atoms iantiperiplanar (obsolete and 1-fluorocyclopropanecarboxylic acids(@&FCOOH)’ are
“trang’) in conformers| and Il, and —synclinal (obsolete recent examples. Less recent work on gas-phase studies of
“—gauché) in the remaining three forms. The €&X4—Se5- intramolecular hydrogen bonding is reviewed elsewRgt.

H11 link of atoms isantiperiplanarin | andlll , —synclinal in

Il andV, and+synclinalin IV. Mirror-image forms, which
would have identical MW spectra, exist for all rotamers hut
which has a symmetry plane. The H atom of the selenol group
is brought into relatively close proximity with the electrons

of the triple bond in only one conformer, namdly.

The title compound has very recently been investigated by
photoelectron spectroscopy and quantum chemical calculations, Synthesis of 3-Butyne-1-selenolThe already reported
synthesis of 3-butyne-1-seleAbhas been slightly modified.

* To whom correspondence should be addressed. Telephb#@:2285 The compound has been prepared by a chemoselective reduction
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Selenocyanic Acid, 3-Butyn-1-yl Esterln a 100-mL two-
necked flask equipped with a stirring bar and a nitrogen inlet 1. (3.2; 5.3) IL (0.0; 1.6)
were introduced 3-butyn-1-y-toluenesulfonafé (4.48 g, 20 % NGRS B N
mmol), acetonitrile (40 mL), and potassium selenocyanate
(2.88 g, 20 mmol). After the mixture was stirredrf@ h at \'9
60°C, the precipitated potassiyprtoluenesulfonate was filtered
and the solvent was removed in vacuum. Selenocyanic acid,
3-butyn-1-yl ester, was purified by distillation in vacuum.
Yield: 2.62 g (83%). Bp: 5FC (0.1 mmHg).

3-Butyne-1-selenolThe apparatus previously described for
the preparation of propargylphosphine was u%e#l.100-mL
two-necked flask containing a suspension of succinic acid

e
(4.72 g, 40 mmol) in tetraglyme (30 mL) was immersed in a )\) (.

0 °C cold bath, attached to a vacuum line, and degassed. In a 5

50-mL two-necked flask equipped with a stirring bar and a 1L (6.6: 6.0 IV. (2.2: 0.0
nitrogen inlet were introduced LAH (200 mg, 5.3 mmol) and (003 0:¢) (22;0:0)
tetraglyme (10 mL). The flask was immersed in a bath cooled R

at 0°C, and the 3-butyneselenocyanate (0.79 g, 5 mmol) diluted i

in tetraglyme (5 mL) was slowly added. After being stirred for
10 min, 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, the selenol was distilled off in

vacuum (101 mbar) from the reaction mixture. The first cold \

trap (=30 °C) removed selectively the less volatile products,

and the selenol was condensed in a second trap cooled a O

—70 °C. At the end of the reaction, the second trap was

disconnected from the vacuum line and attached to the V. (5.2; 4.6)

microwave spectrometer. Yield: 0.605 g, (91%). Bp
—40 °C (0.1 mmHg). This compound was stable for days in Figure 1. Five stable rotameric forms of 3-butyne-1-selenol according
pure form in a cold room+30 °C) or diluted in a solvent to the quantum chemical calculations. Atom numbering is given on

LS conformerl. Calculated relative energies (B3LYP left; MP2 right) are
(CDCly) at room temperaturéH NMR (CDCl): 0 —0.24 t, indicated underneath each conformer. Microwave spectiaarfid|V

1H, 3y = 7.1 Hz, SeHNsen = 46.3 Hz (d)); 2.10 (t, IH,  \yere assigned. Conforméy was found to be slightly more stable
4y = 2.5 Hz, G=CH); 2.67 (td, 2H3Jn = 5.9 Hz, Uy = thanll by 0.2(5) kd/mol by relative intensity measurements.
2.5 Hz, GECCHy); 2.73 (dt, 1H,3Jyy = 7.1 Hz,3Jyy = 5.9

Hz, CH,Se)."*C NMR (CDCk): 0 15.7 (Jch = 128.5 Hz (),  of D,O in the microwave cell. Surprisingly, no exchange of

SeCh); 23.7 (Jen = 130.9 Hz (t), G=CCHy); 69.8 (Jch = the H atom of the selenol group with D was registered.
249.0 Hz (d), &CH); 82.7 ey = 45.0 Hz (d), HG=C). 7’Se
NMR (CDCl): 6 —0.17. Results
Microwave Experiment. The spectrum of 3-butyne-1-selenol
was recorded in the 4680 GHz frequency interval by Stark- ~ Quantum Chemical Calculations. A series of gquantum

modulation spectroscopy, using the microwave spectrometer ofchemical calculations were conducted on 3-butyne-1-selenol,
the University of Oslo, which measures the frequency of Wwith the purpose of obtaining information for use in assigning
individual transitions with an estimated accuracy-@f.10 MHz. the spectrum and investigating structures of the five “stable”
Details of the construction and operation of this spectrometer conformers, associated with minima on the potential-energy
have been given elsewher®&While recording the spectrum,  hypersurface of this molecule. All calculations were performed
the Stark cell was cooled to approximatetlL5 °C with solid using the Gaussian 03 suite of prograthsunning on the 64
CO,, in an attempt to increase the intensity of the spectrum. processor “superdome” computer of the University of Oslo.
Further cooling of the Stark cell was not possible in this case = Geometry optimizations were carried out on the five possible
because of the low vapor pressure of 3-butyne-1-selenol. Radiorotameric forms of 3-butyne-1-selenol, which are shown in
frequency microwave double-resonance experiments, similar toFigure 1. Optimized geometries were obtained from self-
those performed by Wodarczyk and Wils@nwere also consistent field calculations, in which the effects of electron
conducted to assign unambiguously particular transitions. At- correlation were included by the use of density functional theory
tempts were made to produce the deuterated species DSeCH (DFT), as well as second-order Mgller-Plesset perturbation
CH,C=CH by mixing fumes of HSeCCH,C=CH with fumes theory (MP2)26 The DFT calculations were performed using
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TABLE 1: B3LYP @ and MP2b Structures of the Five Stable Conformer§ of HSeCH,CH,C=CH

| 1] 1 v \Y
conformer B3LYP MP2 B3LYP MP2 B3LYP MP2 B3LYP MP2 B3LYP MP2
bond length (pm)
Cl-C2 119.9 121.5 120.0 121.5 119.9 121.5 119.9 121.5 119.9 121.4
C1-H6 106.1 106.2 106.1 106.2 106.1 106.2 106.1 106.2 106.1 106.2
C2-C3 145.8 145.9 145.9 146.0 145.9 145.9 145.8 145.8 145.7 145.8
C3-C4 153.2 152.8 153.3 152.8 153.1 152.7 153.3 152.9 153.3 152.9
C3-H7 109.3 109.2 109.2 109.0 109.2 109.1 109.2 109.1 109.2 109.1
C3-H8 109.3 109.2 109.2 109.1 109.5 109.2 109.5 109.3 109.6 109.3
C4-Seb 198.7 195.7 197.8 195.1 199.1 196.2 197.8 195.1 198.0 195.2
C4—H9 108.6 108.7 108.6 108.7 108.6 108.7 108.8 108.9 108.7 108.7
C4—H10 108.6 108.7 108.8 108.9 108.6 108.7 108.6 108.7 108.8 108.9
Se5-H11 147.1 146.0 147.3 146.2 147.2 146.1 147.1 146.2 147.3 146.2
H11---C1d 606.9 602.5 562.2 554.8 540.5 523.1 330.8 304.4 499.8 481.7
H11---CH 504.4 499.8 448.9 440.3 458.2 446.3 294.6 273.2 409.8 393.4
angles (deg)
C2-C3-C4 111.7 110.7 111.8 110.8 113.8 111.9 113.7 112.0 114.1 112.3
C2—-C3—-H7 109.3 109.7 109.8 110.2 109.3 109.4 109.4 109.6 109.5 109.7
C2-C3-H8 109.4 109.6 109.4 109.7 108.9 109.4 108.6 109.1 108.7 109.2
C4-C3-H7 109.8 109.8 109.6 109.5 109.6 109.5 109.7 109.6 109.8 109.7
C4—C3-H8 109.8 109.8 109.7 109.6 108.2 109.0 108.2 108.9 108.0 108.7
H7—-C3-H8 106.6 107.2 106.4 106.9 106.8 107.6 106.7 107.7 106.3 107.1
C3—C4—Se5 109.0 108.1 113.7 112.8 111.5 109.7 115.0 1135 115.3 113.9
C3-C4—H9 110.7 110.3 111.4 111.0 109.9 110.0 109.8 110.0 110.4 110.7
C3—C4—H10 110.7 110.3 110.8 110.4 110.9 110.5 111.2 110.8 110.7 110.3
Se5-C4—H9 108.4 109.3 108.4 109.2 107.0 108.0 103.8 104.8 107.4 108.3
Se5-C4—H10 108.5 109.3 104.3 105.1 108.1 109.0 108.2 109.0 104.4 105.0
H9—-C4—-H10 109.5 109.6 108.0 108.1 109.3 109.6 108.4 108.6 108.2 108.3
C4—Se5-H11 94.9 95.0 95.3 94.5 94.4 94.3 95.0 93.8 94.9 94.2
C2-C1-H6 179.6 179.5 179.5 179.4 180.2 180.0 179.7 179.3 180.0 180.1
C1-C2-C3 178.8 178.1 178.5 177.6 179.3 178.1 179.4 178.3 179.4 178.7
dihedral angle (deg)
C1-C2-C3-C4 -0.4 -0.1 1.3 0.5 —10.9 2.7 -37.7 —10.6 —55.2 -394
C3-C2-C1-H6 —179.9 —178.0 176.4 176.8 90.1 975 —-1622 —172.8 162.0 147.2
C2-C3-C4—-Seb5 —179.9 1799 -—-178.0 —178.3 —62.2 -59.0 —68.8 —65.8 —-67.0 —64.6
C2-C3-C4—H9 61.0 60.5 59.3 58.7 179.3 1777 174.5 177.2 1711 173.1
C2-C3-C4-H10 —60.2 —60.7 —60.9 —61.1 58.3 61.2 54.6 57.2 51.3 53.2
H7—C3-C4—Se5 —58.3 —58.9 —56.0 —56.6 60.6 62.5 54.2 56.0 56.5 57.7
H7—C3—C4—H9 —=177.5 —178.3 —178.8 —179.6 —57.9 —56.2 —62.5 —61.0 —65.5 —64.7
H7—C3-C4—H10 60.9 60.5 61.1 60.6 —178.9 -—177.4 177.6 179.0 174.7 175.5
H8—C3—C4—Se5 58.6 58.7 60.5 60.5 176.6 179.9 170.3 173.5 172.0 1745
H8—-C3-C4—H9 —60.6 —60.7 —62.3 —62.5 58.1 61.2 53.6 56.5 50.0 52.1
H8—C3—C4—H10 177.8 178.1 177.6 177.7 —62.8 —59.9 —66.3 —63.5 —69.7 —67.7
C3-C4—Se5-H11 —179.0 179.7 —67.9 —65.7 —146.8 —1515 62.3 586 —76.8 —73.7
H9—C4—Se5-H11 —58.4 —60.2 56.5 58.3 —26.6 -316 1777 178.5 46.7 50.0
H10-C4—Se5-H11 60.4 59.7 171.4 174.0 91.1 87.5 —62.7 —65.4 161.5 165.5

aBasis set: aug-cc-pVTZ.Basis set: 6-31%+G(3df,3pd).c The microwave spectra of the conformers marked in bold face have been assigned.
4Nonbonded distance.

Dunning’'s extensive aug-cc-pVTZ basis 36t which is been corrected for zero-point vibrational energies and are also
optimized for selenium?® This basis set is of tripl&-quality shown on Figure 1 (first number in the parentheses).
and includes polarized functions for valence electrons and is Analogous MP2 calculations were also carried out. These
augmented by diffuse functions. DFT optimizations were calculations are considerably more expensive than B3LYP
undertaken employing the B3LYP hybrid functioffal in calculations with the same basis set, and a smaller basis set
conjunction with the aug-cc-pVTZ basis set using the default than aug-cc-pVTZ had to be used owing to the available
convergence criteria of Gaussian 03. The approximate equilib- computational resources. The 6-31£G(3df,3pd) basis s&t
rium structures of conformets-V obtained in these calculations  which is also of triple€ quality, includes polarized functions
are shown in Table 1. The nonbonded distances between H11for the valence electrons and is augmented with diffuse functions
and C1 and between H11 and C2 are also listed for each rotamerwas therefore selected. The results of these calculations, together
None of the vibrational frequencies, which were calculated with the B3LYP results, are included in Tables 1 and 2.
for each rotamer, were imaginary, implying that these five forms ConformerlV was found to be the global minimum in the MP2
are minima on the potential-energy hypersurface. The rotational calculations, which contrasts the B3LYP result above, where
constants calculated from these structures are shown in Tablell was found to be the global minimum. The MP2 energies
2, together with Watson’s A-reduction quartic centrifugal relative tolV are shown in Table 2 and in Figure 1 (second
distortion constantd, the components of the dipole moment number in the parentheses).
along the principal inertial axes, the total dipole moment, and  Some of the results listed in Tables 1 and 2 warrant further
the energy differences relative to the energy of the global comments. Interestingly, the B3LYP and MP2 bond lengths
minimum conformer, which turned out to bein these B3LYP/ (Table 1) are similar within a few tenths of a picometer with
aug-cc-pVTZ calculations. The B3LYP energy differences have some exceptions, namely the=2C?2 triple bond, which is about
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TABLE 2: B3LYP @ and MP2b Parameters of the Five Stable Conformersof H8SeCH,CH,C=CH

| 1l 1l v \%
conformer: B3LYP MP2 B3LYP MP2 B3LYP MP2 B3LYP MP2 B3LYP MP2
rotational constants (MHz)
A 24422.6 24151.8 24181.5 23828.1 6541.6 6251.3 6949.9 6644.8 6900.9 6639.8
B 1002.9 1023.0 985.2 1004.8 1633.4 1780.3 1520.8 1637.5 1511.1 1612.9
C 975.0 993.5 964.2 982.1 1368.8 1456.0 1306.8 1379.6  1306.6 13725
quartic centrifugal distortion constants (kHz)
Ay 0.0739 0.0751 0.0672 0.0697 1.65 1.78 0.980 0.956 1.05 1.15
A —3.03 —3.56 —3.48 —-4.19 —-14.1 -12.1 —10.3 -7.81 -11.2 —10.1
Ax 194 219 254 283 43.9 30.8 41.9 275 45.6 34.9
03 0.00339 0.003 80 0.00315 0.00367  0.447 0.510 0.244 0.247 0.257 0.293
Ok 0.219 0.338 0.205 0.309 3.53 3.35 2.43 2.14 2.53 2.46
dipole momertt(10-3°C m)
Ua 1.8 2.0 2.3 2.8 0.8 0.6 3.0 3.5 1.4 16
Up 2.4 3.0 0.1 0.1 5.6 6.0 34 3.6 5.1 5.5
Ue 0.C° 0.c° 1.4 1.7 0.9 1.3 1.1 1.3 0.5 0.6
Urot 3.0 3.6 2.7 3.2 5.7 6.2 4.6 5.2 5.3 5.8
energy differencgkJ/mol)
AE 3.2 5.3 0.0 1.6 6.6 6.0 2.2 0.0 5.2 4.6

2 Basis set: aug-cc-pVT2.Basis set: 6-31++G(3df,3pd).c The microwave spectra of the conformers, whose parameters are marked in bold
face, have been assigneédl D = 3.33564x 1073° C m. ¢ For symmetry reasonéCorrected for harmonic zero-point energieslinimum in the
B3LYP calculations. The B3LYP energy of this rotamer corrected for harmonic zero-point energy/7&4 915.32 kJ/mof Minimum in the
MP?2 calculations. The MP2 energy of this rotamer corrected for harmonic zero-point ener@y7i39 423.48 kJ/mol.

2 pm longer in the MP2 calculations, the €8e5 bond, which might be present in the gas atl5 °C in such high concentra-

is approximately 3 pm shorter in the MP2 procedure, and-Se5 tions that it might be possible to assign their MW spectra and

H11 bond, which is shorter by about 1 pm in the MP2 experimentally determine the energy difference(s).

calculations. Finally, it should be mentioned that the energy differences
Experimental G-Se and SeH bond lengths of related previously obtained in MP2 as well as in B3LYP calculations

compounds have been reported. TheC—Se bond length in using the cc-pVTZ basis set are very similar to their counterparts

CH3SeH is 195.9 pni2 Thersbond length in the €C—Se-H reported in Table 2.

synclinalconformer of CHCH,SeH is 195.7(4) pm, and 196.2- Microwave Spectrumand Assignmentofthe H'Se CHCH,C=

(2) pm in theantiperiplanar form.34 Table 1 shows that the  CH Isotopologue of Conformer Il. A projection of this rotamer

experimental distances are much closer to the MP2 predictionsin the a—b principal axis plane is shown in Figure 2. This

than to the B3LYP results. The Sél bond length is 147.3 pm  rotamer is predicted to have a relatively small dipole moment

in CHzSeH32 146.7(4) pm in the €C—Se—H synclinalform, with its major component along ttze andc-inertial axes (Table
and 144.0(10) pm in thantiperiplanarconformation of CH- 2). The small dipole moment is unfortunate, since the intensity
CH,SeH3* These experimental results are not far from the of the MW spectrum depends on the square of the dipole
theoretical predictions in Table 1. moment components.

The two methods predict bond angles to be rather similar.  The intensity of the spectrum also depends on the partition
The largest discrepancies are found for the bond anglesfunction, which governs the population of each quantum state.
associated with the selenol group, where deviatiofs5® are Two of the rotational constant8(@nd C) are predicted to be
seen (Table 1). Even larger differences are calculated for therelatively small for this rotamer (Table 2). Moreover, the
dihedral angles in some cases. It is especially noted that thequantum chemical calculations above indicate that there are three
important C2-C3—C4—Se5 and C3C4—Se5-H11 dihedral vibrational fundamentals with frequencies below 200 ¢mand
angles are 3.0 and 3,7respectively, smaller in conformév three more with frequencies between 200 and 500'cfnot
in the MP2 than in the B3LYP calculations. This brings the H given in Table 1 or 2) for each rotamer. A comparatively large
atom of the selenol group into closer proximity with the partition function and a low population of each quantum state
electrons of the triple bond in the MP2 than in the B3LYP are therefore expected at—15 °C.
structure, as can be seen in the nonbonded+1 and H11 Another factor that contributes negatively to the intensity is
--C2 distances (Table 1). Interestingly, confornfiér, which the fact that selenium has six naturally occurring isotopes, of
has the smallest distance between the H atom of the selenolyhich five are relatively abundant®Se (9.0%),”7Se (7.6%),
group and the triple bond, is found to be the favored form by 78se (23.5%)8Se (49.8%), an&Se (9.2%)), which means that
the MP2 method. the intensity is reduced accordingly. The presence of relatively

Some of the quartic centrifugal distortion constants predicted large concentrations of rotameric forms other tHawould have
by the two methods vary quite considerably (Table 2). This is a similar effect on the intensity.
not surprising since they depend on the second derivative at  Survey spectra of 3-butyne-1-selenol revealed a comparatively
the minima of the potential-energy hypersurface. The B3LYP weak and very crowded spectrum with absorption lines occur-
dipole moments (same table) are generally somewhat smallerring every few megahertz throughout the-80 GHz spectral
than their MP2 counterparts, which is typical. interval. The8%Se isotopologue of conformdt is nearly a

The calculated energy differences are presumably uncertainprolate rotor (Ray’s asymmetry paramégar = —0.996), with
by several kilojoules per mole. The fact that both methods find u, as its major dipole moment component (Table 2). Pileups of
that all five rotameric forms fall within a rather narrow range 2R-branch transitions separated by approximaih C ~ 1.9
of <7 kd/mol (Table 2) makes it likely that more than one form GHz were therefore expected in this spectral region. The high
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Figure 3. This portion of the MW spectrum of 3-butyne-1-selenol
shows thea-type J = 34 < 33 transition of the ground vibrational
state of the B’SeCHCH,C=CH isotopologue of conformeit. The
values of the coalescirtg-; lines are shown above each assigned lines.
TheK_; =5 and 6 lines overlap. The spectrum was recorded applying
a Stark-modulation field strength of approximately 320 V/cm.

T T
67140 67160

v
Figure 2. Projection of conformerd andIV in their a—b principal inertial axes planes.

TABLE 3: Experimental Spectroscopic Constants of the
Ground Vibrational State of the H8SeCHCH,C=CHP and
H78SeCH,CH,C=CH?¢ Isotopologues of Conformer Il of
3-Butyne-1-selenol

species: BSeCHCH,C=CH H"8SeCHCH,C=CH
A (MHz) 19820 20200
B (MHz) 1002.840(45) 1010.37(11)
C (MHz) 972.139(45) 980.11(11)
A; (kHz) 0.08242(51) 0.007769(37)
A (kHz) —3.6719(78) —3.7569(61)
Ak (kHZ) 254d 254
83 (kHZ) 0.00318 0.00315
Ok (kHz) 0.205d 0.20%
Dy (Hz) 0.0358(32) 00
rmg 1.3476 1.0474
no. of transitions 287 118

a A-reduction I representatioft Uncertainties represent one standard
deviation.? Full spectrum in Table 1S in the Supporting Information.
¢ Full spectrum in Table 2S in the Supporting Informatiéfrixed; see
text. ¢ Further sextic distortion constants preset at zeRweset at zero.

9 Root-mean-square deviation.

Supporting Information, and the spectroscopic constants of the
80Se isotopologue are listed in Table 3.

The assignedR-lines furnish insufficient information for an
accurate determination of therotational constant and thf,

K—1 members of these series are modulated at comparativelyd; anddk centrifugal distortion constants for this near-prolate

low Stark fields, which facilitate their assignments. Series of

rotor. The three quartic centrifugal distortion constants were

pileups were readily seen to protrude from the background of held fixed at the B3LYP values (Table 2) in the weighted least-

weaker transitions, when a relatively low Stark field was applied.
A typical example is the pileup associated with the 34 —

33 a-type transitions of the #SeCHCH,C=CH species, which

is shown in Figure 3.

squares fit. Only one of the sextic constants, nandjy, was
fitted, while the others were fixed at zero. Tlherotational
constant, which was fixed at the value shown in Table 3, was
estimated assuming thég — 15 — I = —9.6 x 1072° u ¥,

These pileups were the key to the assignment of the MW wherel,, Iy, andl; are the principal moments of inertia. The

spectrum of conformel . It was found that pairs ofR-lines
with identical K_1 > 4 coalesce, because~ —1, and that
transitions with different values df_; frequently overlap. A
total of 2872R-lines withK_; > 3 were ultimately assigned.
Definite assignments of transitions wikh-; < 3 could not be

value —9.6 x 10720 u n¥? was obtained in both the MP2 and
B3LYP calculations and should be fairly independent of the
values ofl, and .

The rotational constants of conformeérandll are so similar
that a definite conformer assignment cannot be made on the

made primarily because these transitions are difficult to modulate basis of the rotational constants alone. Additional evidence is

and are often overlapped. Extensive searches-ype lines
were also made because a smaltomponent is predicted for
conformerll (Table 2), but no such transitions were found. This
is not surprising because toeype lines should be rather weak
according to the quantum chemical calculations, which would
make it very difficult to assign them in the crowded spectrum
observed for this compound.

The 2R-spectrum ofll was fitted to Watson’s A-reduction
Hamiltonian using thé'-representatiott employing Sgrensen’s
program ROTFIT2® The spectrum is shown in Table 1S in the

required. Table 2 shows that the largest dipole moment
component for conformeris uy,, whereas this dipole moment
component is practically zero iih. Attempts to find ab-type
spectrum belonging td failed, which is one indication sup-
porting the present assignment. The fact that the theoretical
calculations predict thal is more stable thah is additional
evidence pointing in the same direction. Interestingly, thedc
Se—H synclinalconformer of the related compound g&H,-

SeH was found experimentally to be 0.8 kJ/mol more stable
than theantiperiplanarform,3” which is another indication that



3058 J. Phys. Chem. A, Vol. 112, No. 14, 2008 Mgllendal et al.

aliphatic selenols, such as the title compound, generally prefer 1 o

a synclinalarrangement for the €C—Se—H chain of atoms. N J=24=—23
Comparison of the theoretical (Table 2) and experimental

(Table 3) spectroscopic constants is in order. It is seen from

these two tables that the experimental values ofBhend C 1 712 " 9

rotational constants are 1.8 and 0.8%, respectively, larger than 15 ||\ ,)

the B3LYP rotational constants areD.2 and—1.0%, respec-

tively, smaller in the case of the MP2 rotational constants. The g l

agreement is therefore somewhat better in the case of the MPZ~

calculations. The discrepancies between the observed and

calculated centrifugal distortion constanis and A are so

large that a comparison is not worthwhile.

The B3LYP calculations predict that the €84 torsional
frequency is 80 cmt. Search for the spectrum of the first excited
state of this fundamental mode was made, but an assignment — ——— ————
was not obtained, presumably because it is comparatively weak. 71200 71220 71240 71260 71280 71300 71320 71340

Assignment of the H8SeCH,CH,C=CH Isotopologue of Frequency / MHz
Conformer Il. The @R-spectrum of conformefi of the H'®- Figure 4. This portion of the MW spectrum of 3-butyne-1-selenol
SeCHCH,C=CH species was found very close to the predic- shows thea-type J = 24 — 23 transition of the ground vibrational
tion. The intensity of this spectrum was roughly half the intensity state of the F’SeCHCH,C=CH isotopologue of conforme¥ . The
of the®Se species, as expected. A total of 118 transitions, which values of the coalescirig-, lines are shown above each assigned lines.
are found in the Supporting Information (Table 2S), were used "€K-1= 14 and 16 lines and tht, = 13 and 17 lines overlap. The
to obtain the spectroscopic constants presented in Table 3. Allzggfé%ma\{[vji éez%o:?/icrinapplymg a Stark-modulation field strength of
the sextic centrifugal distortion constants were kept constant at '
zero in this case.

Attempts to assign the spectra of tHiSe (9.0%) and?Se
(9.2%) species were made, but these spectra were so weak th
a definite assignment could not be achieved.

Assignment of the HSeCH,CH,C=CH Isotopologue of

10

nsity
v

with the observations. The fact that anduy are predicted to
atee of equal magnitude fd¥ agrees with the observed intensities
In the present case. Moreover, bdth andV are calculated to
be less stable thalv by several kilojoules per mole (Table 2),

Conformer IV. A projection of this rotamer in tha—b principal which is also an indication supporting the present conformer

axis plane is shown in Figure 2. The rotational constants assignment.
predicted for thé%Se isotopologue of this conformer (Table 2) ~ The experimental rotational consta#tsB, andC in Table 4
indicate that it is a near-prolate rotor withr —0.91, with its are larger by 3.5, 5.2, and 3.7%, respectively, than their B3LYP
major dipole moment components along t@ndb-axes, and counterparts in Table 2. The corresponding differences are 1.0,
a small component along theaxis. This spectrum was also —2.1, and—1.6%, respectively, in the MP2 case. It is likely
expected to be weak for reasons similar to those given for that this implies that the MP2 structure is somewhat more
conformerll . accurate than the B3LYP structure. However, the quartic
Pileups offR-transitions similar to those observed forwere centrifugal distortion constants (Table 2) obtained in the B3LYP
therefore expected in this case as well, because it is a near-calculations generally agree better than the MP2 constants with
prolate rotor. These pileups, which were the key to the the experimental values (Table 4).

assignment in this case as well, were readily identifled. 24 Vibrationally Excited State of the H8SeCH.CH,C=CH

*— 23 pileup sh_own in Figure 4 is a typical example. Phe Isotopologue of Conformer IV. The MW spectrum of the first
spectrum of this conformer appears to be somewhat StONgerg, cited state of the torsion of t#€Se species about the €3

aR-
than the’R-spectrum ofll . C4 bond of this rotamer was assigned. The spectroscopic

The b-type ;[jransmons v;ler(—,; assigned ne>;|t. bt doj E’ﬁ Ilnfes constants of this state obtained from 328 transitions, which are
Werde assigne f’f.p.resym? y it eiaustf’ Sm? an_t_ ereltore shown in Table 4S in the Supporting Information, are listed in
produces insufficient intensity for these transitions. It was .1« 4 Maximum value of was 62 in this case.

possible to assigrb-type lines up toJ = 80. Transitions o ) )
involving even higher values of the principal quantum number ~ Relative intensity measurements performed as described
J were searched for but not found, presumab|y because Ofe|SEWher@yie|ded 78(25) cm? for this fundamental vibration.
insufficient intensities. A total of 468 transitions, which are The uncorrected B3LYP value is 83 cfpand the uncorrected
shown in Table 3S in the Supporting Information, were used to MP2 result is 94 cm? for this vibration.

determine the spectroscopic constants listed in Table 4. It was Assignment of the H8SeCH,CH,C=CH Isotopologue of
necessary to use two sextic centrifugal distortion constariis (  conformer IV. The assignment of the spectrum of tFSe
and ¢y to obtain a fit with a favorable root-mean-square jsotopologue was straightforward. The spectrum consisting of
deviation. 186 transitions withJmax = 50 is listed in Table 5S in the

~The conformersll , IV, andV are calculated to have rather  sypporting Information, and the spectroscopic constants are
similar rotational constants (Table 2), and a definite conformer given in Table 4.

assignment cannot be made unless additional information is . 0 )
available. Fortunately, the calculated dipole moment components Agtempts FO assign the spectra of tfiSe (9.0%) and S_e
shown in the same table support the present assignment.(g'ZA)) species were made, but these spectra were again found
Conformerlll has a very smalik, according to these calcula- to be so weak that a detailed assignment could not be achieved.
tions, which is in disagreement with the observations. Conformer Internal Energy Difference between Il and IV. The internal

V has much largen;, thanu, which is also in disagreement energy difference betwedh andlV has been derived using a
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TABLE 4: Experimental Spectroscopic Constants of the H8SeCHCH,C=CH and H’8SeCH,CH,C=CH Isotopologues of
Conformer IV of 3-Butyne-1-selenol

species: H8SeCHCH,C=CH" H8SeCHCH,C=CH¢ H78SeCHCH,C=CH¢
vib staté: ground C3—C4 torsioh ground

A (MHz) 6715.3765(30) 6780.2621(49) 6723.5907(65)
B (MHz) 1603.26313(45) 1595.8765(10) 1616.0758(13)
C (MHz) 1357.48957(74) 1352.53715(97) 1366.9875(13)
A; (kHz) 1.00526(67) 1.00451(91) 1.0233(11)
A (kHz) —8.6140(23) —8.9812(38) —8.7223(75)
Ak (kHz) 32.070(39) 35.019(45) 32.441(68)
05 (kHz) 0.257878(47) 0.25663(13) 0.262907(93)
Ok (kHz) 2.4649(22) 2.6042(30) 2.4739(63)
Dy (Hz) 0.02456(46) 0.0243(12) 0.0225(31)
¢f (Hz) 0.0001129(66) 0.000100(29) h
rms 1.2022 1.2535 1.1837
no. of transitions 468 328 186

a A-reduction I representatioft Uncertainties represent one standard deviafidfull spectrum in Table 3S in the Supporting Information.
¢ Full spectrum in Table 4S in the Supporting Informatiéfrull spectrum in Table 5S in the Supporting InformatiéNibrational state! First
excited state of the torsion about the-G34 bond.? Further sextic distortion constants preset at zeRreset at zerd.Root-mean-square deviation.

variant of eq 3 of Esbitt and Wilsoff.According to Wilsons® Discussion

the internal energy difference is given by
Of the two conformers of 3-butyne-1-selenol detected by MW

-E,=FE,—E', +RTInL (1) spectroscopy, the potential for intramolecular hydrogen bonding
exists inlV only. The MP2 structure dV appears to be more
accurate than the B3LYP structure, as noted above, and is
therefore used to discuss the interaction between the H atom of
the selenol group and thve electrons of the triple bond.

EHV”
where E"» and E'y are the internal energies of the two
conformers in the'" andy' vibrational states, respectiveli,y

and E"y are the lowest energy levels of the two rotational

transitions under investigatiorR,is the universal gas constant, The MP2 nonbonded distances (Table 1) between H11 and
andT is the absolute temperature.is given by C1 and between H11l and C2 are 294.6 and 273.2 pm,
respectively. The nonbonded distance between H1 and the

L= S g'pu\21l" AV A" (2Y + 1 5 midpoint of the CE£C2 triple bond is 282.8 pm (not given in
g g (v’y') " A" A (23" + 1) ) Table 1). These values should be compared to the sum, 290

pm, of the van der Waals radii of the half thickness of aromatic
whereSis the peak signal amplitude of the radiation-unsaturated carbon (170 pm) and hydrogen (120 pth)This apparent
line, g is the degeneracy other than the rotational degeneracy,reduction in the distance between the H11 andstiedectrons,
which is 2) + 1, v is the frequency of the transitiop, is the relative to their sum of the van der Waals radii, suggests that
principal axis dipole moment componehis the radiation wave  conformerlV is, indeed, stabilized by a weak intramolecular
length in the Stark cefl9 Av is the line breadth at half-height, H bond. This weak interaction does not manifest itself in the
A is the line strength, andlis the principal rotational quantum  harmonic B3LYP and MP2 SeH stretching vibration, which

number. varies little between the five rotamers.
The intensities of carefully selecté®-lines of theJ = 24 The fact that HSeCHCH,C=CH prefers the H-bonded
~— 23 transition oflV were compared witAR-lines of theJ = conformer as its lowest energy form is similar to the confor-

36 < 35 transition ofll . Similar comparisons were made for  mational behavior of the alcohol (HOGEH,C=CH),*5 thiol

thed = 22— 21 of IV andJ = 33 31 of Il . The intensity (HSCH,CH,C=CH)® and amine (HNCH,CH,C=CH)’ ana-
comparison was performed as described by Esbitt and Wifson. oq(es. The strongest H bond in these compounds is presumably
The statistical weight (g) (_)f gach rotamer was assumed to bes,ind in HOCHCH,C=CH, since the electronegativity differ-
the same (2), and the radiation wavelengihswere assumed — gcq petween O and H is 1.24which is an indication that the

to be identical. The B3LYR, dipole moment components of O—H bond is very polar. The second strongest H bond
the two forms (Ta_ble 2) were employed, beca_use It was Notjioraction is presumably found in the corresponding amine,
possible to determine the dipole moment experimentally, since because the electronegativity difference between N and H is

the intensity s so low. 0.8421 Interestingly, no non-hydrogen-bonded rotamers have

The internal energy difference, — By, obtained this way assigned for these two molecules, presumably because their
varied between-0.2 and 0.7 kJ/mol in the four comparisons . . . :
energies are high relative to the energies of the H-bonded

that were performed. The average value was found tg,be
Eyv = 0.2 kd/mol. There are several sources of errors in this conformers.
procedure. One standard deviation has been conservatively The electronegativity difference is 0.38 between S arfd H,
estimated to be:0.5 kd/mol by taking into account plausible ~compared to 0.35 between Se and'fThe H bond strength is
uncertainties of the many parameters of eq 2. therefore expected to be weaker in the thiol and selenol
The fact thatlV tends to be 0.2(5) kJ/mol more stable than compared to its strength in HOGBH,C=CH and BNCH;-
the Il form should be compared with the theoretical results. CH.C=CH. Conformers similar tél andlV were assigned for
The MP2 prediction of this energy difference (Table 2) is 1.6 HSCHCH,C=CH, with the non-hydrogen-bonded form being
kJ/mol, whereas the B3LYP method yiele®.2 kJ/mol. The higher in energy by 1.7(4) kJ/mbélgompared to 0.2(5) kJ/mol
MP2 prediction is therefore closer to the experimental value found in the present study of HSe@EH,C=CH, which appears
than the B3LYP result. to have the weakest H bond of these four 3-butynes.
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