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Vibrational Circular Dichroism, Predominant Conformations, and Hydrogen Bonding in
(S)-(—)-3-Butyn-2-ol
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Vibrational absorption and circular dichroism spectra 9f((-)-3-butyn-2-ol have been measured in ¢CI
solutions in the 2000900 cnt region. Experimental spectra obtained at different concentrations are compared
with the ab initio predictions of absorption and VCD spectra obtained with density functional theory using
B3LYP/6-31G* basis set for three different conformers $f(—)-3-butyn-2-ol. The Boltzmann populations,
obtained from Gibbs free energies, indicate the presence of two predominant conformations for the isolated
molecule. The population-weighted theoretical spectra are in satisfactory agreement with the experimental
spectra obtained at dilute concentrations. The influence of intermolecular hydrogen bonding is seen in the
experimental spectra at higher concentrations, where a single conformation appears to be predominant. A
vibrational analysis was also undertaken for all three conformers and vibrational assignments were proposed
for the observed bands.

Introduction Improvements in VCD instrumentation in recent years have
) ) . . . o made it possible to obtain the VCD spectra with enhanced

The interest in enantiomerically pure chemicals for medicinal gignal-to-noise ratio. Ab initio applications using density
use has increased recently, because the two enantiomers of chirg{,nctional theory (DFT}? have also become state of the art in
compounds in some cases have significantly different pharma-recent years. So, the quantum mechanical energy calculations
ceutical effects. To understand or model the molecular basis ysing DFT would be useful for determining the predominant
of pharmaceutical effect, determination of not only the absolute ¢onformations of 3-butyn-2-ol. No such calculations have been
configuration but also the predominant conformations of a given reported for 3-butyn-2-ol. The DFT theory, which provides
chiral molecule is important. While traditional methods such yiprational frequencies and intensities that are comparable to
as electronic circular dichroisithave widely been used for  the post-SCF calculations employing electron correlation, has
determining the absolute configuration of chiral compounds, the giso been extended to the VCD intensity calculatitriEhese
experimental and ab initio optical rotations are also being@sed developments make it possible to use VCD for a reliable
in recent years for this purpose. Vibrational optical activity determination of the absolute configuration and predominant
(VOA) is another chiroptical method that is being developed conformations. Therefore, we have measured the VCISpf (
since early 1970s and holds promise for determining complete (—)-3-putyn-2-ol and undertaken state of the art ab initio
molecular stereochemistry in the solution phase. There are twotheoretical VCD investigations using the B3LYP/6-31G* basis
forms of VOA: one is infrared vibrational circular dichroism set. These results are used for Suggesting the predominant
(VCD)* and the other is vibrational Raman optical activity conformations of 3-butyn-2-ol.

(VROA).® These two techniques benefit from a large number  There are no previous studies in the literature dealing with
of vibrational transitions that are accessible for stereochemicalthe vibrational analysis or vibrational assignments for the

elucidation. observed vibrational bands of 3-butyn-2-ol. Thus, we have also
The absolute configuration and predominant conformations undertaken vibrational analysis for all three conformers of
have successfully been determified for several chiral mol- 3-butyn-2-ol, which permits us to suggest the assignments for

ecules (including anesthetics and organic systems) by comparinghe observed vibrational bands.
the experimental VOA observations for a given enantiomer with
those predicted using ab initio theoretical methods for a given Procedures

configuration and different conformations. (9)-(—)-3-Butyn-2-ol was purchased from Aldrich Chemical
The absolute configuration of—+)-3-butyn-2-ol (which is Co. The infrared and VCD spectra were recorded on a
usefut! as a material for drugs, agrochems, perfumes, and liquid commercial Fourier transform VCD spectrometer, Chiralir
crystals) has been knowihto be §). The microwave spectral ~ (Bomem-BioTools, Canada) with a ZnSe beam splitter, BaF
studie$® on 3-butyn-2-ol in the gas phase suggested the presencepolarizer, optical filter (transmitting below 2000 c#), and a
of two predominant conformations of 3-butyn-2-ol. Optical 2 x 2 mmHg CdTe detector. One difference from the standard
rotation calculationd suggested that one particular conformation Chiralir instrument is that the photoelastic modulator used was
is responsible for negative optical rotation &-3-butyn-2-ol a PEM-80 model (Hinds Instruments) without AR coating on
as neat liquid. This indicates differing conformations of 3-butyn- the ZnSe optical element. The VCD spectra were recorded using
2-ol in different physical states. It is useful to have the the supplied Chiralir software, wit3 h data collection time at
experimental and theoretical data that would identify the 4 cnr?! resolution. The transmission properties of optical filter
conformations preferred by 3-butyn-2-ol in the solution phase. and Bak, substrates used in the instrument restrict the range of
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Figure 1. Different conformations of §-3-butyn-2-ol: (a)trans
acetylene conformation; (lfyans-H conformation; (c)trans-methyl

conformation; (d) absolute configuration &+{3-butyn-2-ol with atom
numbering used to define the internal coordinates in Table 3.

measurements to 206@00 cntl. Spectra were measured in
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higher than the experimental values, the ab initio frequencies
were scaled with 0.96.

For the normal-coordinate analysis, the following procedure
was used to transform the ab initio data. The Cartesian
coordinates obtained for the optimized structure were input into
the GMAT progran® along with the definitions of internal
coordinates. ThB-matrix, obtained as the output, was then used
to convert the ab initio Cartesian force constants to internal
coordinate force constants. These internal coordinate force
constants, along with thB-matrix, were used to calculate the
potential energy distribution (PED) among the internal coordi-
nates. The latter two calculations were done with the computer
programs developed in our laboratory.

Results and Discussion

Three possible conformations d§)¢3-butyn-2-ol, differing
in the dihedral angle HO—C*—H (see Figure 1) and labeled
astrans-H, transmethyl, andrans-acetylene, are investigated.
Using the starting HO—C*—H dihedral angles of-60° for
trans-acetylene, 180for transH and +60° for transmethyl
conformations, the geometries were optimized with B3LYP/6-

CCl, solvent at three different concentrations, 0.103, 0.308, and 31G* basis set. The convergedH4d—C*-H dihedral angles,

0.858 M, at path length 0£500,~200, or 8Qum, respectively.
The sample was held in a variable path length cell with BaF

optimized energies, and relative populations based on the Gibbs
free energies are listed in Table 1. In thans-H andtrans

windows. In the presented absorption spectra, the solventmethyl conformations (see Figure 1), the-8 group is gauche
absorption was subtracted out. In the presented VCD spectrato the acetylene moiety which permits intramolecular hydrogen

the raw VCD spectrum of the solvent was subtracted.

The ab initio vibrational frequencies and absorption and VCD
intensities for §)-(—)-3-butyn-2-ol were calculated using the
Gaussian 98 prograrhon a Pentium Il 300 MHz PC. The
calculations used the density functional theory (DFT) with
B3LYP functional>17 and 6-31G* basis sét. The procedure
for calculating the VCD intensities using DFT theory is due to
Cheeseman et &.as implemented in the Gaussian 98 pro-
graml’” The theoretical absorption and VCD spectra were
simulated with Lorentzian band shapes and 10%full width

bonding between the ©H group andz-electrons of the
acetylene moiety. Such intramolecular hydrogen bonding is not
possible in therans-acetylene conformation. As a result, the
transH and transmethyl conformations have lower energies
and higher populations than thoset@ns-acetylene conforma-
tion. Based on these relative populations, it can be concluded
that the ab initio calculations predict the isolated 3-butyn-2-ol
molecule to exist predominantly in two conformatiotrans-H
(52%) andtransmethyl (47%).

The structural parameters for all three conformers are listed

at half-height. Since the ab initio predicted band positions are in Table 2 and compared to those derived from microwave

TABLE 1: Conformations and Energies of 3-Butyn-2-ol

H—O—C*—H geonft (deg) energy
conformation starting converged electronic Gibbs AE® populrt (%)
trans-acetylene —60 —60.4 —231.168 89 —231.108 35 1.965 1.9
transH 180 172.1 —231.172 06 —231.111 48 0.0 52.4
trans-methyl 60 69.4 —231.171 95 —231.111 35 0.082 45.7
aDihedral angle® In hartrees¢ Relative energy difference (in kcal/mof)Percent population based on Gibbs energies.
TABLE 2: Structural Parameters of 3-Butyn-2-0l2
trans-acetylene trans-H transmethyl
parameter microwave ab initio microwave ab initio microwave ab initio
c-C 1.206 1.206 1.208 1.206 1.208
C-CC 1.467 1.460 1.473 1.460 1.473
c-C 1.536 1.535 1.536 1.535 1.529
Cc-0 1431 1.415 1.429 1.415 1.430
H-C 1.066 1.060 1.067 1.060 1.067
H-C 1.095 1.093 1.095 1.093 1.094
H-0O 0.971 0.950 0.971 0.950 0.970
H—-CC 179.3 180.0 179.2 180.0 178.9
cc-C 178.2 180.0 178.0 180.0 178.1
C-C-0 107.8 112.5 111.6 112.5 111.5
C-C—H 108.6 109.5 108.8 109.5 107.9
H—C—H 108.1 109.5 109.1 109.5 109.2
C—C—CH3 111.3 110.5 1115 112.0 112.3
O—C—-CH3 111.4 112.5 111.6 108.1 106.7
C-C-O-H —177.6 45 54.8 56 50.2

@ Microwave data are from ref 13; ab initio results are obtained with B3LYP/6-31G* basis sets; bond lengths are in angstrom units and bond

angles are in degrees.
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TABLE 3: Internal Coordinate 2 Definitions for 3-Butyn-2-ol

Wang and Polavarapu

600

no. coordinate no. coordinate no. coordinate 1
trans-acetylene
1 CO,stretch 10 @Histretch 19  HCgHiobend 500
2 CCystretch 11 @CiCghbend 20 HCgH;; bend
3 CiH;stretch 12 @CH;bend 21 GO;H3bend
4 C,Cgstretch 13 @CiCsbend 22 GC4Csbend 14
5 OMHsstretch 14 @C;Csbend 23  GCsHg bend 400+
6  C,Csstretch 15 HCCibend 24 @C,O.Hztorsion
7  GsHg stretch 16 @CgHobend 25 HCgC,0;torsion trans-H 89
8 GgHgstretch 17 @CgHiobend 26 GC4Ci0;torsion 300
9  GCgHypstretch 18 @CgHizbend 27  HCsC4C, torsion

a For atom numbering see Figure 1. As the-<C4—C5—H6 segment
is not perfectly linear (see Table 2), linear bending coordinates were
not defined for this segment.

e (L mol'1cm‘1)

200

12

trans-methyl 19
89

spectral daté3 Although the microwave spectral data were fitted
only to the angles EC—CHsz, O—C—CHjs, and C-C—0—H,
while keeping the other structural parameters fixed, they are
very close to the predicted structural parameters. 1
All three conformers investigated were found to have energy
minima (that is, all vibrational frequencies are real) at the
B3LYP/6-31G* level, so the absorption and VCD intensities Figure 2. Ab initio vibrational absorption spectra for three conformers
#ﬁ re ¢ alCl.JIated fOT all of them at the B3L.Y P/6-31G Ieyel. of (§-3-butyn-2-ol obtained with B3LYP/6-31G* basis set. The spectra
e V'br_at'onal as&gnme_nts, _based on the 'nt?mal CoordlnatesWere simulated with Lorentzian band shapes and 10'dralf-widths
defined in Table 3, are given in Table 4. The listed calculated and frequencies were multiplied with 0.96. The labels on the traces
frequencies in Table 5 correspond to the peak maxima in the are the conformation labels (Figure 1). The predicted spectrum (bottom
simulated, population weighted, theoretical absorption spectratrace) is obtained by adding the population-weighted absorption spectra
so the fundamentals are assigned predominantly foirams-H of all conformers. The numbers for the peaks in top three spectra
(52%) and transmethyl (47%) conformers. The predicted correspond to the band numbers listed in Tab_le 4, the numbers in the
: . . bottom spectrum correspond to the numbers in Table 5.
frequencies (calculated frequencies scaled with 0.96) are reason-
ably close to the observed frequencies. The predicted absorption The experimental absorption spectrum (see Figure 4 and Table
and VCD spectra simulated with 10 cfnhalf-widths and 5) at lower concentration contains 12 bands-d450, 1445,
Lorentzian band shapes are shown in Figures 2 and 3. Thel377, 1358, 1329, a shoulder at 1316, 1256, 1187, 1111, 1078,
theoretical spectra obtained fd8){3-butyn-2-ol are compared 1026, and 922 cmi in the 1506-900 cnt? region. The weak
to the experimental spectra of-)-3-butyn-2-ol, at different absorption band at 1078 crhappears also to contain a shoulder
concentrations, in Figures 4 and 5. on the lower frequency side. As the concentration is increased,

Predicted
89

T T

17

URRUSEREL T T
1600 1500 1400 1300 1200 1100 1000 900 800

wavenumbers

TABLE 4: Ab Initio Unscaled Frequencies (cntt), Absorption and VCD Intensities, and Potential Energy Distribution (PED)
for (S)-3-Butyn-2-ol

trans-acetylene transH transmethyl

no. freq A2 R PED frecp A2 R2 PED frecp A2 Re PED

1 3736 964 172 5 3730 13.83 3.00 5 3743 1579 -169 5

2 3496  48.67 016 7 3494 50.4 014 7 3494 50.22 -0.52 7

3 3148 19.06 —2.97 9,10,8 3142 22.10 115 8,10,9 3151 19.63 —3.91 9,10, 8

4 3121 27.91 2.33 10, 8,9 3127 29.75 0.33 9,10, 8 3147 19.78 3.61 8,10,9

5 3051  23.10 337 8,10,9 3067 1553 —-1.30 3,10,8 3069 13.83 0.84 8,10,9

6 2978  48.85 078 3 3055 1293 -059 9,10,8 2980 49.83 339 3

7 2248 2.25 0.07 6,2 2232 113 -0.09 6,27 2232 1.08 -0.13 6,2

8 1527 3.15 —3.46 19, 20, 16 1521 0.29 0.92 19, 16, 18 1526 1.42 3.04 19, 20

9 1519 3.25 134 20,19 1519 7.26 —-0.10 20,19 1514 341 -2.09 20,17
10 1442 36.86 —21.24 15,21, 12 1433 64.63 —31.54 12, 21,15 1438 15.16 15.38 20,17, 18
11 1431 5.17 —2.35 18, 17, 20 1429 6.16 0.63 20, 18, 16 1412 37.47 61.80 21,15,16
12 1364 12.16 —19.04 12,15 1356 15.43 13.97 15,12, 16 1377 22.63 4.48 12,15
13 1267  63.62 3445 15,21,12 1296 8.42 11.64 21,15,12 1295 60.4%6.78  21,17,12
14 1141 8331 —4.24 18,1,17 1138 7258 —38.70 16,18,1 1150 3547 -—-9.71 18,1,16
15 1108 30.75 18.66 17,16, 4 1099 16.11-17.07 4,17,1 1097 9.59 31.40 17,15, 16
16 1048 723 —048 4,1,16 1048 7225 —-440 17,1,16 1047 64.04 —1291 4,1,21
17 943  32.36 5,67 18,2,1 937 12.12 8.13 18,1,2 945 22.95 3.80 1,18,2
18 813 205 —940 2,4,17 806 8.28 2160 2,4,17 819 5.57 429 2,17,4
19 656  37.78 —2.53 23,27 647 41.48 0.27 27,23 646 39.97 —3.41  27,23,26
20 612 52.02 -10.33 27,23 610 57.71 -1.66 23,27 613 52.15 -6.85 23,27
21 577 269 —-6.80 13,26,22 572 6.44 143 13,22 579 2.90—14.03  13,26,12
22 543 431 10.27  14,22,13 544 11.20 9.02  14,13,26 537 9.29-8.16  14,22,13
23 396 4.87 6.95 11,18,14 396 16.01 8.08 11,14,18 393 10.13 22.08 11,14,18
24 292  20.22 65.62  25,26,24 309 102.05-20.31 24,22,11 314 12572 —-15.63 24
25 261 96.86 —80.65 24,25 270 7.87 44.01 25,22,24 267 4.61 —5.47 25, 26, 13
26 229  13.29 244  26,15,25 211 7.14 325 22,14,15 220 1.78 488  26,25,14
27 189 2.85 4.17 22,14,13 182 1.13 —1.94 26, 14, 13 175 1.08 -041 22,14,13

aFrequencies in cri, absorption intensitiesAj in km/mol, and rotational strength&)(in 10744 esi¥ cn? obtained with the B3LYP/6-31G*
basis set? Internal coordinates with largest contributions to PED; for internal coordinate definition see Table 3.
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TABLE 5: Comparison of Predicted and Observed
Frequencies for 3-butyn-2-ol

expt pred calce
band na? (cm b (cm-tyed (cm™) assignment
8 1450 1465 1526 HCH bend
9 1445 1458 1519 HCH bend
10 1377 1377 1433 £0:H7 bend,
C102H3 bend
11 1358 1360 1412 {O,H3 bend
12a 1329 1322 1377 ;H; bend
12b 1316 1305 1356 1€.C, bend
13a 1256 1246 1296 10,H3 bend
13b 1187 1218 1267 1#€:.C, bend
14a 1111 1105 1150 1CgH bend
14b 1095 1138 gH bend
15 1078 1057 1097 {CgH bend,
C,C;s stretch
16 1026 1007 1048 {CsH bend,
C,Cs stretch
17 922 908 945 CO stretch

aThese numbers derived from those in Table® Bxperimental

frequencies obtained from the absorption spectrum at concentration of

0.103 M. ¢ Band positions from the simulated spectra with populations
given in Table 14 Ab initio frequencies scaled with 0.96Unscaled
ab initio frequencies.
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Figure 3. Ab initio VCD spectra for three conformers d)¢3-butyn-

2-ol obtained with the B3LYP/6-31G* basis set. The spectra were
simulated with Lorentzian band shapes and 10 chalf-widths and
frequencies were multiplied by 0.96. The labels on the traces are the
conformation labels (Figure 1). The predicted spectrum (bottom trace)
is obtained by adding the population-weighted VCD spectra of all
conformers. The numbers for the peaks in the top three spectra
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Figure 4. Comparison of the experimental absorption spectra-f (
3-butyn-2-ol at different concentrations (top three traces) with the
predicted (population weighted) absorption (bottom trace) obtained with
B3LYP/6-31G* basis set. The spectra were simulated with Lorentzian
band shapes and 10 cfrhalf-widths and frequencies were multiplied

by 0.96. The labels on the top three traces give the concentration
employed for the experimental spectra. The numbers for the peaks
correspond to the band numbers listed in Table 5.
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Figure 5. Comparison of the experimental VCD spectra ef)3-

correspond to the band numbers listed in Table 4; the numbers in thebutyn-2-ol at different concentrations (top three traces) with the

bottom spectrum correspond to the numbers in Table 5.

new bands at 1280 and 1410 chappear, and the band at 1026
cm~1 shifts to higher frequency (1036 ci) and it is broadened,

predicted (population weighted) VCD of (bottom trace) obtained with
B3LYP/6-31G* basis set. The spectra were simulated with Lorentzian
band shapes and 10 chhalf-widths and frequencies were multiplied

by 0.96. The labels on the top three traces give concentration employed

for the experimental spectra. The numbers for the peaks correspond to

and the band at 1358 crhdecreases in intensity. On the basis the band numbers listed in Table 5.

of vibrational analysis, the experimental absorption bands at
1377, 1358, and 1256 crh have major contribution from
H—O—C bending internal coordinate. Thus, the intensity

with the view that upon intermolecular hydrogen bonding the

C—0—H bending vibrations shift to higher frequencf@sthe

changes, and new bands, seen in this region at higher concentraehanges observed for the experimental 1026 cabsorption
tions are consistent with the assumption that intermolecular band can be rationalized by the hypothesis that at dilute
hydrogen bonding dominates at higher concentrations. It is concentrations nearly equal amountsrahsH andtransmethyl

possible that the new bands at 1280 and 1410'cseen at

conformations are present while at higher concentrations, where

higher concentration may correspond to the bands at 1256 andntermolecular hydrogen bonding becomes importarans
1377 cnt! seen at lower concentration because this is consistentmethyl conformation dominates (vide infra). Thhansmethyl
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conformation is favorable for intermolecular hydrogen bonding tions in CC}, solutions, 3-butyn-2-ol is present in nearly equal
because in this conformation the bulky €group does not amounts oftransH and transmethyl conformations where
hinder such bonding. The mode composition for the corre- intramolecular hydrogen bonding between i@ ands-electrons

sponding calculated band ¢fans-H conformation (band no. is present; (b) at higher concentrations, 3-butyn-2-ol appears to
16 in Table 4) does not have a predominant contribution from be present predominantly in theans-methyl conformation,
the H-O—C bending coordinate, but that fdrans-methyl which is favorable for intermolecular hydrogen bonding.

conformation has a predominant contribution from the®+-C
bending coordinate. So, as the concentration increases, and the Acknowledgment. Grants from NSF (CHE9707773) and
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