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Quantitative Determination of Conformer Populations: Assessment of Specific Rotation,
Vibrational Absorption, and Vibrational Circular Dichroism in Substituted Butynes
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To evaluate the quantitative agreement between the observed and predicted properties of specific rotation,
vibrational absorption, and vibrational circular dichroism (VCDB})-3-chloro-1-butyne, which is one of the
smallest single conformer chiral molecules, has been synthesized for the first time and its intrinsic rotation
(specific rotation at infinite dilution), vibrational absorption, and VCD have been measured. These properties
have also been predicted using density functional theory (DFT) and large basis sets, namely aug-cc-pVDZ,
6-311++G(2d,2p), and aug-cc-pVTZ. Using these experimental and predicted properties, the absolute
configuration of (+)-3-chloro-1-butyne is established &ag).(The observed intrinsic rotation and predicted
specific rotation are observed to be in excellent quantitative agreement. The predicted vibrational absorption
and VCD spectra are in good qualitative agreement with the corresponding observed spectra; however, the
root-mean-square percent differences in integrated intensities208—30%. The conformer populations

of (—)-3-butyn-2-ol in CCJ have then been analyzed using experimental intrinsic rotation, vibrational
absorption, and VCD; the corresponding predicted properties were also obtained, using DFT and large basis
sets, as for 3-chloro-1-butyne. All three properties indicate tha3-butyn-2-ol exists predominantly in two
different conformations in dilute C¢bkolutions. Populations of these conformers determined from the three
methods are in reasonable agreement. However, the errors in populations determined from vibrational absorption
and VCD are fairly large, which indicates the need for better quantitative accuracy in the predicted vibrational
absorption and VCD intensities.

Introduction conformer populations. Although numerous VA and VCD
o ) studies have been reported in the literature, most studies have
The determination of stable conformers, and of their pop- f5cysed on qualitative “eyeballing” of the experimental and
ulations, for a given molecule in the solution phase is a yegicted spectra, with an emphasis on determining the absolute
challenging task in many cases. Although microwave spectra configuration. Although some efforts have been made to
or electron diffraction methods yjeld such information f.or. determine the conformer populatidrigrom VA and/or VCD,
favorable gas-phase molecules, unique methods for determlnmgerror limits or uncertainties that are involved in the resulting

this |nformat|on_|n the solution phase are difficult to find. conformer populations have not been established or analyzed
Nuclear magnetic resonance (NMR) has been the method of,[O date

choice for obtaining this information; however, the slow time . . - .
scale of NMR phenomenon permits the determination of only As reported recently, the variations in specific rotation, as a

the average conformation in many cases (3-butyn-2-ol, for functiorj of temperatufe or sol\{ent‘? can .‘3‘.'30 bg uged to
example). determine the conformer populations. Specific rotation is an age-

Because vibrational spectroscopy is uniquely sensitive to -~ technique_ that ha‘.Q‘ experie_nc_ed arena@;sance_inthe _past few
molecular structureand, hence, to molecular conformatien years, following the first predictionof specific rotation using
and vibrational transitions occur on a faster time scale, a0 initio methods. Recent implementation of DFT for predicting
vibrational spectroscopy, in principle, should be capable of spec_lflc rotation ha_s led t(_) accurate pred_lctlons of specific
providing the individual conformer populations. During the rotation? The specific rotations measured in the gas pHase
earlier decades, when ab initio methods were neither practical € ideal for comparison with predictions on isolated molecules;
nor fully developed, the interpretation of vibrational spectral however, such measurements require special instrumentation and
intensities was performed in a semiempirical and qualitative @€ not routine. Because the condensed-phase experimental
manner. As a result, not much reliance was placed on vibrational SPecific rotations (often reported for neat liquids or in some
spectroscopic methods for determining the conformer popula- convenient solvent at some convenient concentration) can be
tions quantitatively. The recent availability of density functional influenced by solutesolute interactions, a quantitative com-
theory (DFT) methodshas led to improved predictions of  parison of predicted and condensed-phase experimental specific
vibrational spectra, in particular, infrared vibrational absorption rotations may not be reliable. This drawback can be alleviated
(VA) and vibrational circular dichroism (VCD). This capability ~ with the measurement of intrinsic rotation (specific rotation in
enhances the utility of VA and VCD for determining the the limit of zero concentratiorf)which is devoid of solute

solute interactions. Intrinsic rotation may still be influenced by

* Author to whom correspondence should be addressed. E-mail: the solvent (because of solutsolvent interactions); however,
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intrinsic rotation in different solvents. The combined use of
experimental intrinsic rotations and predicted specific rotations
is one approach to determine the conformer populations as
described in this manuscript.

The purpose of this paper is to evaluate the limits of reliability
of specific rotation, VA, and VCD for determining the con-
former populations. For this purpose, we have synthesizgd (
3-chloro-1-butyne [HCCC(CI)(CgH], which is one of the
simplest single conformer molecules, and investigated its
experimental intrinsic rotation (in carbon tetrachloride (§Cl
and methanol (CEDH) solvents) and its VA and VCD (in C¢l
solvent). DFT predictions of specific rotation, VA, and VCD
of (+)-3-chloro-1-butyne were also obtained using large basis
sets, namely, aug-cc-pVDZ, 6-3t#G(2d,2p), and aug-cc-
pVTZ. A comparison of these observed and predicted quantities
provided the limits of quantitative reliability in regard to the

He et al.

follow the procedure used for+)-3-butyn-2-ol. Instead, solu-
tions were prepared by successive dilution. The concentration
ranges studied were 0.60.18 M in CClyand 0.02-0.13 M in
CH;OH.

When the observed rotatianvaries linearly with concentra-
tion (becauser = Ac, wherec is the concentration of optically
active substance in solution aAds a proportionality constant),
the specific rotation will be a constant (independent of concen-
tration). Nonlinear variation of the observed rotatianwith
concentration may indicate the influence of soluselute
interactions. If the observed rotatian follows the quadratic
equationo. = Axc? + Bac, then the specific rotation follows the
equation ] = A;c + B;. As c tends to zero, the observed
rotationa should always approach zero in achiral solvents, and,
hence, the plot ot vs ¢ data should be forced to go through

use of these methods. We then applied these methods forthe origin. However, specific rotatiom] has a finite value at

determining the conformer populations of)3-butyn-2-ol
[HCCC(OH)(CH)H] in dilute solutions.

Methods

Racemic 3-chloro-1-butyne has been synthesizaeviously,
but individual enantiomers of 3-chloro-1-butyne have not been
reported previously, to our knowledge. Following the literature
proceduré!? for racemic 3-choloro-1-butyne;H)-3-chloro-1-
butyne was synthesized fror8){(—)-3-butyn-2-ol via reaction
with 1-chloroN,N,2-trimethyl-1-propenylamine. The product
was purified by distillation. The amount of GEI, impurity
was minimized by collecting the distilled product at-68 °C.
The final product was characterized using NMRH (NMR
(CDCl3): ¢ 1.76 (d, 3H, CH, J = 7 Hz), 2.59 (d, 1H, &CH,
J=2Hz),4.62 (dg, 1H, CHCl) = 7 and 2 Hz).) The electronic
circular dichroism spectrum oft)-3-chloro-1-butyne (0.5 mM
in cyclohexane) exhibited one positive band at 192 nm. The
enantiomeric purity of{)-3-chloro-1-butyne was determined
as 100% using a chiral gas chromatography (GC) column
(Chiraldex G-TA, 20 mx 0.25 mm, Astec, Inc.) with a column
temperature of 38C, helium as the carrier gas (at 10 psi), and
a flame ionization detection (FID) method. Only one GC peak
was observed for4f)-3-chloro-1-butyne, whereas two peaks
were observed for racemic 3-chloro-1-butyne.

Optical rotation, as a function of concentration, was measured
on either an Autopol 111 (for {)-3-butyn-2-ol)) or Autopol IV
(for (+)-3-chloro-1-butyne) polarimeter, using a 0.5-dm
cell. For (-)-3-butyn-2-ol, the following procedufevas used.
To minimize the errors in concentration/optical rotation, the
concentrations were generally chosen to give an observed
rotation of ~0.01° or greater, and the weights of the samples
were chosen to be appropriate for 5- or 10-mL solutions.
The weight of an empty volumetric flask and the weight of
flask with solute were each measured five different times
(by removing the flask from, and reinserting the flask into, the
balance compartment) to avoid accidental mistakes in the
weights. The volumetric flasks were filled with the appropriate
solvent, as carefully as humanly possible, up to the mark. This
solution was then transferred to a 0.5-dm cell and optical rota-
tion was measured five different times (by removing the cell

zero concentration; the constaBi in the equationd] = Asc

+ Bs represents the specific rotation at infinite dilution, which
is calledintrinsic rotation®2 and is designated asJ—o or

{a}. The linear relationd]= Asc + By may not apply in all
situations; in some casesy][may follow quadratic, cubic, or
some other complicated relation, in which case the experimental
specific rotations are fit to an appropriate model equation. These
equations are given in the figure legends. Plots of hotls ¢

and [o] vs c were prepared. In the normal least-squares fitting
procedure, it is a common practice to assume that all the errors
are in they-values. Although this type of fitting is appropriate
for a vsc data, weighted least-squares fitting is needed for fitting
the [0] vs c data. When these precautions are taken, the intrinsic
rotation that is determined from the plot afvs c will be the
same as that obtained from the plot of jvs c.

VA and VCD spectra usually contain numerous vibrational
bands. In the past, VA and VCD predictions were evaluéted
against the corresponding experimental observations, by prepar-
ing the plots of predicted-versus-experimental integrated band
intensities. However, these plots do not provide a quantitative
estimate of the agreement/differences. Here, we present, what
is believed to be, the first quantitative approach to evaluate VA
and VCD intensities. For a single conformer molecule, the
agreement between the experimental and predicted intensities
can be quantified using the percent difference (PD) and the root-
mean-square percent (RMSP) difference:

i
E.

PD= ( i) x 100 1)

where E; is the observed intensity and; is the predicted
intensity for band, and

m [100(P; — Ei)/Ei]2
RMSP= _ (2

m

where the summation runs oven bands of the molecule

from, and reinserting the cell into, the sample compartment), investigated. For molecules that exist in two or more conforma-
to check for consistency. The averages of these measurement§ons, the experimental intensities of these bands, in conjunction
were used to calculate the specific rotation. This procedure With predicted intensities for individual conformers, can be used
ensured that no unusual data scatter was present in theto determine the conformer populations as follows. If the
measurements. The concentration ranges studied were-0.06 experimental band intensities are represented by a column vector
0.33Min CCl and 0.06-0.29 M in CHOH. For (+)-3-chloro- {E} and the predicted band intensities for different conformers
1-butyne, because of the limited amount of sample, we did not are represented by a rectangular maRjxthen the fractional
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Figure 1. Optical rotation ¢p) and specific rotation {{]p) of (+)-3-chloro-1-butyne, as a function of concentration in £&1d CHOH solutions.
In CCls, a plot of ap versus concentration was fit tih = 15.1c?> + 14.2; a plot of [o]p versus concentration was fit tajp = 30.0c + 28.4. In
CH;OH, a plot ofap versus concentration was fit toy = 52.6c% + 14.5 and a plot of {]p versus concentration was fit tap = 105.Z + 29.0.
Fitting of the specific rotation versus concentration required the weighted least-squares method.

populations of conformers, represented by a column véatpr The experimental VA and VCD spectra were measured on a
are related td E} andP by eq 3a: commercial instrument (Chiria). The integrated areas of the
T [ bands in the experimental spectra were obtained by fitiR¥g (
E, Pii P = Pinffy = 0.99) the experimental bands to Lorentzian band shapes using
E, P,; Po, — Py Xl the PeakFit progrartf The experimental band intensities were
E; Psp Psp, — Pay ]2 expresseth as dipole strengthsDX) in VA spectra and as
—|l=l- = = = )_( (3a) rotational strengthsR)) in VCD spectra, as follows:
N
—38
_ - _ I:)i:0.92>< 10 fe(v) v 5)
Em F>m,l F)m,2 - F)m,N 1 Yo
T | I a8
In other words, the experimental intensify for bandi is R :M[ Ae(v) dv (6)
expressed as Yo

N where €(v) is the molar absorptivity (in L molt cm™) at
E = ZPinj (fori=1,2,..m) (3b) frequencyv (in cm) andvg is the band center. Vibrational
= band positions (frequencies) are not needed to use egs 1
However, the predicted counterparts of the experimental bands
must be identified and correlated one by one. A commercial
program (DataFiff was used to determine the fractional
populations, using eqs 3 and 4.
All specific-rotation calculations were performed using a
evelopmental version of the DALTON progrdi+or density
unctional predictions, a B3LYP density functional that was
available in this DALTON program was used. The basis sets
N used with DALTON were either available in the program library
ZX_ =1 (4a) or were obtained from the EMSL libraff All specific-rotation
& ! calculations reported here were based on gauge-including atomic
orbitals (GIAOs, which are also called London orbitals) and
and the dynamic metho# Geometry optimizations and VCD
calculations were undertaken with the Gaussian 98 progfam.
Xz0 (4b) The solvent influence on optimized geometries, vibrational

where Pj is the predicted intensity for band of the jth

conformer. Usually, the number of vibrational banat} i6 much

greater than the number of conformatioMy,(so the column
vector of fractional population§X} can be determined by
regression methods, with the constraints that the sum of '[hed
fractional populations of conformers is 1 and fractional popula- "
tions cannot be negative. That is,
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TABLE 1: B3LYP Predicted Specific Rotation ([a]p) of
(R)-3-Chloro-1-butyne and Experimental Intrinsic Rotation

({a}p) of (+)-3-Chloro-1-butyne 850_| aug-copvTz

method value
Predicted Specific Rotationg]p?

6-31G* 26.8
aug-cc-pvDZ 32.8
6-31H+G(2d,2p) 28.3 650 4
aug-cc-pvVTZ 28.6 6-311G++(2d,2p)
average 3042

Experimental Intrinsic Rotatioh{ o} p
CCly 28.44+0.2
CH3OH 29.0+ 0.3 450 |

aThe Gibbs energies of 3-chlorobutyne at the 6-31G*, aug-cc-pVDZ,
6-311++G(2d,2p), and aug-cc-pVTZ levels of theory ar615.512457,
—615.556092,-615.598301, ane-615.615345 hartrees, respectively.
bThe average value is the average of three large basis-set (aug-cc-
pVDZ, 6-311+G(2d,2p), and aug-cc-pVTZ) calculatiorfdntrinsic 250
rotation (specific rotation in the limit of zero concentration of solute),
as derived from a plot of optical rotation versus concentration (see
Figure 1).

e X104mol xem T
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aug-cc-pVTZ
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Figure 3. Comparison of experimental vibrational circular dichroism

m'1)

‘_*‘" (VCD) spectra of 4)-3-chloro-1-butyne (0.182 M in Cglpath length
5 of 300um) with the predicted VCD spectra dR)-3-chloro-1-butyne,
IS using different basis sets. The 6-31G* frequencies were scaled by
) 0.9613, and a bandwidth of 5 ciwas used in the spectral simulation.
w

for (R)-3-chloro-1-butyne with the B3LYP functional and a
small 6-31G* basis set is 26.8, whereas those with large basis
sets (aug-cc-pVDZ, 6-3H+G(2d,2p), and aug-cc-pVTZ) are
32.8, 28.3, and 28.6, respectively, as summarized in Table 1.
The average value of the three large basis-set predictions is 30,
which differs from the experimental value in GQly 7% and
from that in CHOH by 3.5%. However, because the uncertainty
ol SANIVUNL I I N in the predicted average from the three large basis-set calcula-
1550 1450 1350 1250 1150 1050 950 850 750 tions is%2, it can be concluded that the experimental intrinsic
rotation is within the uncertainty associated with the three large
basis-set predictions.

Figure 2. Comparison of experimental absorption spectra of 3-chloro- ~ The VA and VCD spectra predicted fdR}-3-chloro-1-butyne
1E)butyr1g (0-182t'V| in CGl lé?éh |ent9gh of 30?m)T\;]Vith6t2(1?£refdiCted ~using the B3LYP functional and a smaller 6-31G* basis set and
absorption spectra, using different basis sets. The 6-31G* frequenciesiyree |arger basis sets (aug-cc-pVDZ, 6-3#G(2d,2p), and
were scaled by 0.9613, and a bandwidth of 5 tmwas used in the g : :
spectral simula}tltion. Two small absorption bands that are observed in aug-cc-pVTZ) are shown in Figures 2 and 3. The vibrational
the experimental spectrum atl270 cn are due to a CkCl, impurity. bands of 3-chloro-1-butyne are WeII-_sepgr_ated from each other
(except for bands 1 and 2), so there is minimal overlap between

frequencies, and intensities was investigated with a polarizable € bands, which makes it an ideal candidate to quantify the

continuum model (PCM) that was incorporated in the Gaussian 29réément between the experimental and theoretical band
03 program. intensities. In Figures 2 and 3, one can notice an excellent

qualitative agreement between the predicted and experimental
spectra. The qualitative “eyeballing” comparison between the
simulated and observed VCD spectra clearly confirms the
(+)-3-Chloro-1-butyne. The concentration dependence of absolute configuration of+)-3-chloro-1-butyne asR). To
both optical rotation and specific rotation are displayed in Figure evaluate the agreement between the predicted and observed band
1. The intrinsic rotations derived from these data are 28.4  intensities, the plots of experimental-versus-predicted dipole
0.2 in CClyand 29.0+ 0.3 in CHsOH solvent. The polarization  strengths and rotational strengths are shown in Figure 4. Here,
effect of solvent on the observed intrinsic rotation is quite small, the predicted quantities in B3LYP/aug-cc-pVDZ calculation are
as would be expected for a single conformer molecule without used for illustrative purposes. As noted previously, it is difficult
any hydrogen-bonding capability. The specific rotation predicted to quantify the agreement between experimental observations

100

Wavenumbers (cm'1)

Results and Discussion
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TABLE 2: Frequencies (v;), Dipole Strengths O;), and Rotational Strengths ®) for (R)-3-Chloro-1-butyne?

B3LYP
band 6-31G* aug-cc-pvVDZ 6-311+G(2d,2p) aug-cc-pVTZ Experiment
number Vi Di R, Vi Di R Vi Di R Vi Di R Vi Di R
1 1522 50 —2.7 1467 6.0 —42 1499 54 —-31 1494 55 -34 1452 8.1
2 1515  14.3 1.1 1459 186 2.4 1492 199 2.1 1496 20.1 1.9 1444 241
3 1437 8.7 0.3 1392 163 1.0 1418 139 0.4 1414 141 0.4 1377 188
4 1358 431 —-26.4 1320 36.3 —285 1344 314 —-29.1 1343 320 —285 1310 37.0 —37.8
5 1268 118.7 19.2 1223 104.2 209 1244 99.7 20.6 1242 96.4 209 1226 69.8 20.6
6 1128  81.3 28.1 1109 443 272 1117 744 28.2 1117 679 27.9 1097 488 34.3
7 1101 275 -—146 1083 58.0 —13.2 1089 249 -149 1089 26.7 —147 1075 429 -184
8 1013 559 -—-11.7 997 576 —13.0 1003 61.2 —-12.2 1004 57.7 —121 993 58.7 —-17.5
9 870 100.3 26.4 863 90.7 28.7 860 93.9 29.1 862 89.8 28.9 856 66.6
;Frﬁguencies are given in units of cidipole strengths are given in units of *0esi¥ cn?, and rotational strengths are given in units of 40
esu cnr.
120 frequencies from these three calculations also have a RMSP
Dipole Strengths difference of 2. For dipole strengths, the RMSP differences
1004 are 27, 34, and 29, respectively, in the aug-cc-pVDZ,
6-311++G(2d,2p), and aug-cc-pVTZ basis-set calculations, with
] the average dipole strengths from these calculations giving a
5 801 RMSP difference of 26. In regard to the rotational strengths,
c e °* the RMSP differences are 22, 21, and 22, respectively, in the
g 60 aug-cc-pVDZ, 6-31++G(2d,2p), and aug-cc-pVTZ basis-set
S . calculations, with the average rotational strengths from these
£ 40- . calculations giving a RMSP difference of 21. These observations
w indicate that the RMSP differences are rather large for the dipole
204 S and rotational strengths. Thus, when VA and VCD spectra are
used to deduce the quantitative conformer populations in a
0 multiple conformer molecule, one should expect large uncertain-
0 2'0 4'0 6'0 8'0 . 60 120 ties in the popglatlons determlr.led therefrom. _
Calculated To evaluate if Iarge RMSP differences that are qbserved in
the B3LYP calculations can be reduced by choosing another
40 f_unctional, calculations were rep_eated with the B3PW91 fu_nc-
Rotational Strengths . tional and t_he aug-cc-pVDZ basis set. Thes_e data are pro_wded
as Supporting Information. In regard to the dipole and rotational
strengths, the RMSP differences are 36 and 34, respectively,
20 which are larger than those obtained with the B3LYP/aug-cc-
_ pVDZ calculation. Thus, we have not undertaken any further
2 calculations with the B3PW91 functional.
°E’ 0+ (—)-3-Butyn-2-ol. A comparison between the experimental
S and B3LYP/6-31G* predicted VA and VCD spectra of)¢3-
53 butyn-2-ol has been reported previoudlywith an emphasis
w 204 e on determining the absolute configuration. A theoretical inves-
tigation on the influence of intermolecular hydrogen bonding
in (9-(—)-3-butyn-2-ol was also reportéd However, quantita-
. tive determination of the conformer populations #){3-butyn-
-40 T T T T 2-ol has not been addressed previously. Three different con-
-40 -20 0 20 40 formations are possible for 3-butyn-2-ol, as depicted in Figure
Calculated

5. These conformations are labeledtemnsmethyl, transH,

Figure 4. Plot of experimental versus predicted dipole strengths (top) @ndtrans-ethynyl, which indicate the relative orientation of the
and rotational strengths (bottom) for 3-chloro-1-butyne. Predicted hydroxyl H atom, with respect to the methyl, €H, and ethyny!
quantities were obtained in the B3LYP/aug-cc-pVDZ calculation for groups, respectively. The Gibbs energies, populations, and
the (R)-configuration and experimental quantities were obtained for specific rotations that are predicted for these three conformations
(+)-enantiomer from integrated areas using egs 5 and 6. The solid line of the isolated molecule, using the B3LYP functional and the

has unit slope.

aug-cc-pVDZ, 6-31++G(2d,2p), and aug-cc-pVTZ basis sets,

and predicted results from these plots. Therefore, we use PDsare summarized in Table 4. To evaluate the influence of solvent
and RMSP differences, as defined in eqs 1 and 2. For this on these populations, the Gibbs energies were also calculated
purpose, the frequencies, dipole strengths, and rotational(by optimizing the geometries and performing the vibrational
strengths obtained in all calculations are compared to the frequency calculations) in C&and CHOH solvents, using the
corresponding experimental quantities in Table 2. The PDs PCM model that was implemented in the Gaussian 03 pro-
and RMSP differences are summarized in Table 3. The RMSP gram?2° These data are provided in the Supporting Information.
differences for unscaled frequencies are 1, 2, and 2, respectively,The population ofrans-ethynyl conformer in CGlsolvent was

in the aug-cc-pvDZ, 6-31t+G(2d,2p), and aug-cc-pVTZ

predicted to be 4.4%, 4.3%, and 4.7%, respectively, with the

basis-set calculations with the B3LYP functional. The average aug-cc-pVDZ, 6-31%++G(2d,2p), and aug-cc-pVTZ basis sets.
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TABLE 3: Percent Difference* between B3LYP Predicted and Experimental Frequenciesy), Dipole Strengths (;), and
Rotational Strengths ;) for (R)-(+)-3-chloro-1-butyne

band 6-31G* aug-cc-pvVDZ 6-311+G(2d,2p) aug-cc-pVTZ average

number Vi Di R Vi Di R Vi Di R Vi Di R Vi Di R

5 -37 1 —26 3 —-32 3 -32 2 -30
2 5 —40 1 —-23 3 -17 4 —16 3 -19
3 4 —53 1 -13 3 —26 3 —25 2 —22
4 4 16 —30 1 -2 —24 3 -15 -23 3 —14 —25 2 —10 —24
5 3 70 -7 0 49 1 1 43 0 1 38 1 1 43 1
6 3 67 —18 1 -9 —-21 2 52 —18 2 39 -19 2 27 -19
7 2 —36 —20 1 35 —28 1 —42 -19 1 —38 —20 1 —15 —22
8 2 =5 —33 0 -2 —26 1 4 —30 1 -2 —-31 1 0 —29
9 2 50 1 36 0 41 1 35 1 37
RMSP 4 46 24 1 27 22 2 34 21 2 29 22 2 26 21

a Percent difference is calculated as 100Px E;)/E;, whereP; is the predicted value for bandndE; is the corresponding experimental value,
for each of the three quantities (frequeney,(dipole strengthl);), and rotational strengtiR()). The values are rounded to whole numbérmsverage
of the differences using aug-cc-pVDZ, 6-3t+G(2d,2p), and aug-cc-pVTZ.Root-mean-square percent difference, defined as RMSP
{3N.[100(P; - E)/E]2N} 2, whereP; is the predicted value for bandE; the corresponding experimental value, &hthe number of data points.

CH CH, ch TABLE 5: Intrinsic Rotation 2 ({a}p) of (—)-3-Butyn-2-ol in
° H 9y ® Different Environments
i t {a}o
y H A y environmen
H % N % isolated molecule —46+8
H H H carbon tetrachloride, C¢l —53.4+0.1
(a) Trans-methyl  (b) Trans-H (c) Trans-ethynyl methanol, CHOH —89.3+0.3
. . . antrinsic rotations in CGland methanol (CEDH) were determined
Ef#;isémietfaﬁ,ﬁziwaﬁ'?ns of 3-butyn-2-ol: (@ansmethyl, (b) from a plot of optical rotation versus concentration (see Figure 6). For
’ © ynyl. the isolated molecule, the reported value is the specific rotation that
. ; ; : btained from the average of three large basis-set [aug-cc-pVDZ,
TABLE 4: B3LYP Calculated Gibbs Energies, Populations, was 0 . . ,
and Specific Rotations of Three Conformers of Isolated 8-3LH-+G(2d,2p) and aug-cc-pvTZ] calculations. At a given theoreti-
(S)-3-Butyn-2-ol cal level, the predicted specific rotation of each conformer was

multiplied by its population that was obtained from the Gibbs energy

transmethyl  transH trans-ethynyl at the same theoretical level and summed over all three conformations.

Gibbs Energy (in hartrees)

aug-cc-pVDZ —231.15361 -231.15321 -231.15070  TABLE 6: Percent Population of (S)-(~)-3-Butyn-2-ol
6-311++G(2d,2p) —231.20386 —231.20352 —231.20095 Conformers (A, B, and C¥ in Different Environments, as
aug-cc-pvVTZ ~231.21788 —231.21752 —231.21508 ~Deduced from Intrinsic Rotation
Population (%) CCly CHsOH
e AURIE (A TR VO " S S i —
- 2p : . :
aug-cc-pVTZ 57.6 39.4 3.0 aug-cc-pvdz 60 37 52 35
! _ 6311++G(2d,2p) 72 25 65 22
Specific Rotation, {]p aug-cc-pvtz 60 37 52 35
aug-cc-pVDZ ~110.4 28.9 64.4
6—311++G(2d,2p) —-88.7 29.2 84.6 averagé 64+ 7 33+7 56+ 7 31+ 7
aug-cc-pvVTZ ~108.4 25.2 61.4

a Conformation labels are as follows: f&ansmethyl; B,transH;

This is not significantly different from the value e¥3% that ?g)d Wcégingmggﬁ Egigﬁg;ﬁtt '2,; g:‘y:r:g amnsldet%r)}g/ Ii,:: ?é%r'r_]?)er
was predicted for the isolated molecule (see Table 4). Therefore,ang the populations afansmethyl conformer (A) and thérans-H

one can conclude that, for 3-butyn-2-ol as an isolated molecule conformer (B) were adjusted to reproduce the experimental intrinsic
and in CC}, solvent, therans-ethynyl conformer population is  rotation, using the predicted specific rotation for each conformer. The
negligibly small ¢-3%) and the populations ¢fans-methyl and sum of populations of three conformers is constrained to equal 100%.

transH conformers are significant. In GBH solvent, however, ~ The following equation is used{a}o = Xa[aloa + (1 — Xc =

the population oftrans-ethynyl conformer is predicted to be XA)[a]Dg N Xc[(l]g,c. q Qve_rage from three calculations.The errors
=B _ _ reported are standard deviations.

significant (12.2%, 12.9%, and 13.2%, respectively, with the P

aug-cc-pVDZ, 6-313+G(2d,2p), and aug-cc-pVTZ basis sets). populations in these solvents as follows. The predicted Gibbs
The concentration dependence for both optical rotation and energies for 3-butyn-2-ol in C¢hnd CHOH suggest that the

specific rotation is shown in Figure 6 for both GG@nd CH- population of therans-ethynyl conformer is~3% in CCl, and
OH solutions. The intrinsic rotation derived from these data ~13% in CHOH. Thus, fixing the population dfans-ethynyl
(Table 5) is—53.4+ 0.1 in CClL and—39.3+ 0.3 in CH;OH. conformer at 3% in CGland 13% in CHOH, the observed

The large difference that is observed among the intrinsic intrinsic rotation {o}p) in CCl,; and CHOH was fit to the
rotations in CCJ and CHOH may be attributed to the difference  populations of the remaining conformers using the equation
in conformer populations. Although the influence (besides {o}p = Xa[a]pa + (1 — Xc — Xa)[a]ps + Xc[a]p,c, Where
inducing a change in conformer populations) of hydrogen [o]pc is the predicted specific rotation of conformer €ags
bonding between C¥OH and 3-butyn-2-ol cannot be excluded, ethynyl) with a fractional populatioXc. The populations that
there is no obvious way to predict such influences. Thus, we have been determined in this manner, using the specific rotations
assume that the difference in intrinsic rotation ef{3-butyn- predicted in the aug-cc-pVDZ, 6-31H#G(2d,2p), and aug-cc-
2-ol in CCl, and CHOH solvents results from the difference pVTZ basis-set calculations, are summarized in Table 6. The
in conformer population, and we determine the conformer average populations obtained in the three large basis-set
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Figure 6. Optical rotation ip) and specific rotation {f]p) of (—)-3-butyn-2-ol, as a function of concentration in G@&hd CHOH solutions. In
CCly, a plot of ap versus concentration was fit tto, = 54.0c> — 26.7c, and a plot of §]p versus concentration was fit top = 108.@c — 53.4.
In CH3OH, a plot ofap versus concentration was fit toy = 218.4° — 9.9 — 19.7, and a plot of {]p versus concentration was fit taJp =
436.8% — 19.& — 39.3. Fitting of the specific rotation versus concentration required the weighted least-squares method.

calculations are as follows: 64 7 for transmethyl and 33t (TISA;BLEd7:Rctalt(?UIathtFreq%eng()esf @i)_l._l?ipog Stfrengths .

; i), and Rotational Strengths ;) for Three Conformers o
7 for tra_nsH in CCl, 56+ 7 for tr_ansrmethyl and 3k 7 f_or_ . Iscl)lated (S9)-3-Butyn-2-ol at the El3LYP Level, Using Three
trans-H in CH3;OH. These populations represent those at infinite Large Basis Set3

dilution, because intrinsic rotations are obtained at infinite

dilution trans-ethynyl trans-H transmethyl
To determine the conformer populations using VAand VCD number v Di R » O R w»w D R
spectra, the vibrational spectral intensities are predicted for each aug-cc-pvVDZ

1471 7.8 —7.7 1465 245 —1.1 1470 5.5 4.3
1462 14.2 4.1 1464 2.7 2.8 1460 13.2-4.4
1395 106.8 —35.0 1396 159.7—31.9 1398 63.4 24.9
1385 234 —1.2 1385 24.1 —35 1372 973 655
1326 17.8-17.3 1324 33.1 17.6 1331 435 0.3
1240 177.7 53.3 1253 30.9 13.1 1271 142:54.3
1115 310.7-13.9 1118 223.5-54.8 1123 141.3-18.5
1089 107.0 19.6 1089 90.1-6.0 1075 324 344
1033 22.2 —1.0 1030 248.7 —5.8 1041 233.0—14.6

0 928 148.1 3.0 923 543 6.5 929 110.9 3.1

6-3114++G(2d,2p)
1502 7.1 -7.0 1496 13 0.4 1502 6.2 4.0
1493 152 3.5 1495 240 0.7 1491 13.4-42
1416 72.5-18.4 1413 130.0—37.2 1416 353 5.9
1409 37.1-15.9 1409 450 7.6 1395 110.0 83.3
1348 16.7-16.9 1345 29.2 14.0 1355 32.0-2.4
1252 170.4 375 1275 331 9.5 1283 160-%1.0
1122 2665 —7.2 1126 211.1—49.0 1132 122.4—17.9
1095 137.4 19.9 1089 56.3-11.8 1088 27.0 32.6
1034 41.1 1.2 1035 313.9—4.8 1033 274.2—11.1
0 929 1634 58 925 656 52 931 117.0 45

aug-cc-pvTZ

1497 6.0 —4.9 1491 23 2.0 1497 6.1 4.2
1488 15.0 2.9 1490 22.4-0.8 1486 135 —4.4
1410 75.2-13.4 1407 83.9-35.2 1411 33.0 4.2
1405 42.7 —18.2 1404 90.2 6.3 1390 108.0 814
1346 16.2-15.4 1343 29.4 13.2 1352 30.5-3.5
1245 165.7 40.1 1267 32.4 10.6 1277 161%9.5
1121 272.2-11.1 1125 203.6—52.3 1131 119.2-18.4
1094 142.0 19.0 1088 58.7#11.5 1086 25.7 31.7
1034 36.3 3.3 1033 312.0-3.2 1032 274.2 —-9.4

0 929 169.6 3.3 926 63.0 3.6 931 116.8 2.8

of the three conformers of the isolated molecule using the
B3LYP functional and the three large basis sets (aug-cc-pVDZ,
6-311++G(2d,2p), and aug-cc-pVTZ; see Table 7). For il-
lustration, the simulated spectra for individual conformers
obtained for §-3-butyn-2-ol in the B3LYP/aug-cc-pVDZ
calculation are compared to the corresponding experimental
spectra of {)-3-butyn-2-ol in Figures 7 and 8. The predicted
spectrum (which is obtained as the population-weighted sum
of individual conformer spectra, using populations obtained from
the Gibbs energies of the isolated molecule) is also displayed
in these figures. The band numbers listed in these spectra provide
correlation between the experimental bands and the correspond-
ing theoretical bands. The qualitative “eyeballing” comparison
between the simulated and observed VCD spectra clearly
confirms the absolute configuratirof (—)-3-butyn-2-ol as$).

For quantitative comparison, the experimental frequencies,
dipole strengths, and rotational strengths are summarized in
Table 8, along with their correlation to the aug-cc-pVDZ
predictions. Note that band number 4 originates fronttaes
methyl conformer; thus, one can estimate the population of
transmethyl conformer from this band alone by comparing its
experimental band intensity with the corresponding predicted
band intensity. Thus, using the intensities predicted in the aug-
cc-pVDZ calculation for band number 4, one would calculate
the population otransmethyl conformer to be 47% from the
dipole strengths and 68% from the rotational strengths. However, . Frequencies are given in units of chdipole strengths are given

a predicted population should reproduce the entire experimentalin units of 1040 esi# cr?, and rotational strengths are given in units
spectrum quantitatively; therefore, the population that is pre- of 1074 esi# cm?.

POOO~NOUDMWNE POO~NOUITAWNE

POO~NOUITAWNE
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TABLE 8: Experimental Frequencies (v;), Dipole Strengths 0i), and Rotational Strengths &) of (—)-3-Butyn-2-ol and Their
Correlation to B3LYP Predicted Quantities for (S)-3-Butyn-2-ol in aug-cc-pVDZ Calculatior?

experimental trans-ethynyl trans-H transmethyl
number Vi D R Vi D R Vi Di R Vi Di R
1,2 1448 321 1471, 1462 22.0 1465, 1464 27.2 1470, 1460 18.7
3 1377 95.7 1395, 1385  130.2 1396, 1385  180.8 1398 63.4
4 1356 45.8 44.8 1372 97.3 65.5
5 1327 82.5 39.2 1326 17.8 —17.3 1324 33.1 176 1331 435 0.3
6 1257 144.2 —20.0 1240 177.7 53.3 1253 30.9 13.1 1271 142.2-64.3
7 1110 2205 —44.2 1115 310.7 -—13.9 1118 2235 -—54.8 1123 141.3 -—-185
8 1072  128.0 38.1 1089 107 19.6 1089 90.1 —-6.0 1075 324 34.4
9 1027 258.6 1033 22.2 1030 248.7 1041 233
10 922  101.7 928 148.1 923 54.3 929 110.9

aFrequencies are given in units of cindipole strengths are given in units of ¥@esif cn?, and rotational strengths are given in units of 40
esif cnb.
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Figure 7. Comparison of experimental absorption spectra of 3-butyn- -100 +———— T — ! ———
2-ol (0.103 M in CCJ, path length of 50Q:m) with the simulated 1550 1450 1350 1250 1150 1050 950 850
absorption spectra (B3LYP/aug-cc-pVDZ; a bandwidth of 8tmas 1
used in the spectral simulation) for individual conformers and with the Wavenumbers (cm )

predicted absorption spectrum (population weighted sum of conformer g, re 8. Comparison of experimental vibrational circular dichroism
spectra). Popula_tlons deter_mlned from the Gibbs energies (Table 4) (VCD) spectra of £)-3-butyn-2-ol (0.103 M in CG path length of
are used to obtain the predicted spectrum. 500 um) with the simulated VCD spectra (B3LYP/aug-cc-pVDZ; a
bandwidth of 8 cm! was used in the spectral simulation) for individual
dicted from one band intensity would not be a true measure. conformers of §)-3-butyn-2-ol and with the predicted VCD spectrum

For this reason, we used a regression method, utilizing eq 3 (population weighted sum of conformer spectra). Populations deter-
and fixing the population ofrans-ethynyl conformer at 3%. mined from the Gibbs energies (Table 4) are used to obtain the predicted

Because the path lengths used for VA and VCD measurements>PEcrum-

are usually very small (on the order of few hundred microme- large uncertainties are a direct result of the discrepancies (see
ters), and low concentrations are used to avoid aggregationFigures 7 and 8) among the predicted and observed vibrational
effects, any error in these quantities may influence the popula- band intensities. For some bands, the experimental and predicted
tions. Thus, a multiplicative variabl&)(is introduced into the band intensities are similar to each other, whereas, for other
regression analysis. The equation used for regression analysidands, significant differences remain. Thus, overall quantitative
is B = K[XaPai + (1 — Xa — 0.03Pg; + 0.03Fc¢;], where agreement between the experimental and predicted VA and VCD
conformer C istrans-ethynyl. The populations derived from intensities is not as good as one would like.

regression analysis and associated uncertainties, at the 95% To evaluate the role of solvent on the predicted VA and VCD
confidence level, are summarized in Table 9. Large uncertainties,intensities, we have repeated the B3LYP calculations (using the
as expected previously from the quantitative comparison for aug-cc-pVDZ, 6-31%++G(2d,2p), and aug-cc-pVTZ basis sets)
3-chloro-1-butyne, are obtained here for the populations. The of frequencies, absorption intensities, and VCD intensities using
uncertainties in populations are slightly higher if the multiplica- CCl, solvent in a PCM model. These data are provided as
tive variablek is not included in the regression analysis. These Supporting Information. The populations obtained from these
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TABLE 9: Percent Population of trans-Methyl Conformer the uncertainties associated with specific rotation that has been
be(s)-(f)'3'5léw\7_'t)2'0!v Deldg_cedl frOB“. \Qbr_anon\a}ICD predicted by large basis sets using the B3LYP functional. Similar
| sorption and Vibrational Circular Dichroism (VCD) studies, using specific rotation, VA, and VCD on a related
ntensities . .

- - molecule (()-3-butyn-2-ol), with three different conformers,

' I indicate that the absolute configuration of this moleculeSs (
B3LYP/basis set absorption  VCD absorption VCD The population ofrans-methyl conformer, as determined from
aug-cc-pVDZ 60+ 30 55434 61+27 62+41 the qbserved intrinsic rotqtion in and the predicted specific .
6311++G(2d,2p) 52442 51437 54+40 60+ 42 rotations using large basis sets with the B3LYP functional, is
aug-cc-pvVTZ 541  52+37 52+40 61+41 64%+ 7%. The analogous population that has been determined
average 54-37 53+36 56+36 61441 from VA and VCD intensities is similar to that determined from

intrinsic rotation; however, the uncertainty in the deduced

@ The trans-ethynyl conformer population was assumed to be 3%, L .
population is substantially larger.

and sum of the populations of three conformations is constrained to
equal 100%. The following equation is used for fitting; = k[Xa Pa,i

+ (1 — Xa — 0.03Pg; + 0.0P¢;], whereE; andP; are the respective Acknowledgment. The authors thank Dr. Kenneth Ruud,
experimental and predicted band intensitigsjs a multiplicative for providing a developmental version of the DALTON
variable, andXa, Xs, andXc are the respective fractional populations  program, which was used to calculate the specific rotations
of the transmethyl, transH, andtrans-ethynyl conformations? De- reported here; Dr. David Wright, for allowing us to use the
termined using the predicted intensities for an isolated molecule. The lectronic ci II d hroi ECI5 t ter- and Dr. Ned
average value ofk obtained from the absorption intensity data in the electronic circu E_Ir ichroism ( . ) spectrometer; a_n r _e
three basis-set calculations is 1.120(27).¢ Determined using the Porter, for allowing us to use chiral GC column. This mateﬂa'
predcited intensities in C¢holvent with the PCM model. The average  is based upon work that has been supported by the National
value ofk obtained from the absorption intensity data in the three basis- Science Foundation (under Grant No. 0092922). Any opinions,
set calculations is 0.88H0.20).“ Band number 5 was not used in the  findings, and conclusions or recommendations expressed in this
regression. Thek value obtained in the absorption fit was a fixed  material are those of the author(s) and do not necessarily reflect
constant in the VCD intensity fit the views of the National Science Foundation.

data are also included in Table 9. It is evident that the use of
intensities predicted with the PCM model does not improve the
errors that are estimated for the populations. We have not
pursued calculations with the B3PW91 functional for 3-butyn-
2-0l, because this functional did not lead to any improved results
for 3-chloro-1-butyne.

In summary, for the substituted butynes studied here, the
absolute configuration could be established in a straightforward
manner using either intrinsic rotation or VCD intensities, in (1) Parr, R. G.; Yang, WDensity Functional Theory of Atoms and
conjunction with quantum mechanical prediction of the corre- M0|820U|e$ %ford l;ni\\//srsity $re§)52l Oxford, l;-KI: 1L98$- Srabowics. 3
sponding properties. The predicted specific rotation #y-§- Pietgu)sigaicz?rllg'm.';’ Zyqo. KJ. Org. Chem3002 &7, 65396541, (b)
chloro-1-butyne is in excellent quantitative agreement with theé Freedman, T. B.: Dukor, R. K. van Hoof, P. J. C. M.: Kellenbach, E. R.:
observed intrinsic rotation. The predicted VA and VCD intensi- g?fieﬁ L. AF.’ HJelubcthi?n. éct\a,\%goz 82, élG(C;llGS (c) Begini:rfs'ci{; "
i - -1- I i - epnhens, P. J.; Osterie, C.; 1oerg, K. B.; eeseman, J. R.; , ML J.
ties for 3 chloro.; butype differ from. the correspoondlr:)g &y grg. Chem2002 67, 8090—80969 (d) Ashvar, C. S.; Stephens, P. J.;
pt_enr_nental quantities, with an RMSP difference~#0%—30%. Eggimann, T.; Wieser, HTetrahedron: Asymmetr$998 9, 1107.

Similar observations are noted for)-3-butyn-2-ol, where the (3) Devlin, F. J.; Stephens, P.J.Am. Chem. Sod999 121, 7413-
errors in populations determined from intrinsic rotation 6§ 7414.

3-butyn-2-ol are not large. However, when the populations were 619(64) Wang, F.; Polavarapu, P. . Phys. ChemA 200Q 104 6189~
derived fror_n VA and VCD |ntenS|t|e_s, th_e error associated with (5) Wiberg, K. B.: Vaccaro, P. H.. Cheeseman, J.JRAm. Chem.
the determined conformer populations is observed to be muchgqc 2003 125 1888-1896.

larger. Some caution must be exercised in generalizing the  (6) Polavarapu, P. L.; Petrovic, A.; Wang,Ehirality 2003 15, S143-
success noted here for substituted butynes with specific rotation,S149;15, 801.

because, for an apparently similar molecule )g3-chloro-1- (7) Polavarapu, P. LMol. Phys.1997 91, 551-554.

butene), the predicted specifc rolations were repériathe ;q%, (8 Rt ¢ Helgaker, Tofem, Fvs, 62002 292 927,
different from the observed specific rotations by a factor of 2.6. (c) cheeseman, J. R.; Frisch, M. J.; Devlin, F. J.; Stephens,JPPhys.
Thus, more investigations are needed to establish the generalityChem. A200Q 104, 1039-1046. (d) Autschbach, J.; Patchkovskii, S.;
of small errors noted for conformer populations that have been Zi€gler, T.; van Gisbergen, S. J. A.; Baerends, El. Lhem. Phys2002

. . RV . 117, 581-592. i .. Furche, F.; Ahlrichs, @hem. Phys. L
determined from the combined use of intrinsic rotation and 20d25§6l53921,(§)2§r'm’“e' S.; Furche, F.; Ahlrichs, @hem. Phys. Lett

Supporting Information Available: ECD spectrum of)-
3-chloro-1-butyne, B3PW91/aug-cc-pVDZ results fdR)-G-
chloro-1-butyne, PCM model results f@){3-butyn-2-ol (PDF).
This material is available free of charge via the Internet at http://
pubs.acs.org.
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