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Abstract: A calculation of the optical rotation of (R)-(—)-3-chloro-1-butene found a remarkably large
dependence on the C=C—C—C torsional angle. At t = 0°, [a]p = +244°, whereas at v = 180°, [o]p =
—526°. The effect of conformation on the optical rotation was confirmed by a study of the temperature
dependence of the rotation. An analysis of the data gave the difference in free energy between the low-
and high-energy conformers as 1315 cal/mol and gave the optical rotation of the low-energy conformer
and the average of the rotations of the higher energy forms. Although a large effect was found, the observed
rotations are a factor of 2.6 smaller than the calculated values, independent of both conformation and
wavelength from 589 to 365 nm. The effect of replacing Cl with F, CN, and CCH was examined theoretically.
The effects of substituents are remarkably small despite large changes in the calculated electronic transition
energies.

1. Introduction usually refer to the gas phase, and we have developed a method
for the accurate measurement of optical rotations in the gas
phase!? This allows a better comparison of theory and experi-
ment and also provides a reference point for studies of solvent
effects on optical rotatioht We have studied the effect of
conformational changes on the rotation, and this is the subject
of the present paper. We also are studying the tensor components
of the optical rotation since they are more closely related to the
physical process that results in the rotation. The observed
rotation is derived from the trace of the>3 3 tensor, which
frequently has elements with opposite signs so that the trace is
much smaller than the tensor components. This is one reason it
is difficult to accurately calculate the optical rotation.

The optical activity of chiral organic molecules was discov-
ered nearly 200 years ag@nd the phenomenon receives wide
use in characterizing these compounds. A number of attempts
have been made to gain an understanding of the phenomenon.
Some have made use of empirical models such as Brewster's
ruleg and the quadrant and octant rufe®thers have made
use of theoretical methods. Early studiésve been followed
by increasingly more sophisticated procedures that now usually
give fairly satisfactory approximations to the optical rotation
at the sodium D liné&;°® However, few of these studies have
addressed the question of exactly how structural changes affect
the optical rotation.

Our interest in the phenomenon has led us to examine severaR. 3-Chloro-1-butene (1)

aspects of the overall problem. The theoretical calculations 1 is one of the simplest molecules that is chiral. It has

conformational flexibility in that the &C—C—C torsional angle

(r) can take any value from O to 360The potential energy
curve calculated at the B3LYP/6-3+G* level is shown in
Figure 1. Here, for each torsional angle all of the other structural
parameters were relaxed. The low-energy conformers are shown
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in Figure 2. Earlier ab initio calculations found the same
conformersi213 The lowest energy form has the hydrogen at
the chiral center eclipsed with the double bond, and the other
two rotamers have significantly higher energies. It has been
studied both by infrared spectroscopy and electron diffraction.
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Figure 1. Effect of C-C—C=C torsional angle on the relative energies
of 3-chloro-1-butene rotamers calculated at the B3LYP/6+331 level.

Figure 2. Structures of minimum energy conformers of 3-chloro-1-
butene: (a) = 0°, methyl eclipsed with the double bond; (b)= 120,
hydrogen eclipsed with the double bonds; {cF 240, chlorine eclipsed
with the double bond.

An early IR study showed that it exists in at least two forrhs,
and the ED study found three conformers, with the major form
being 76%+ 10% at 20°C, with the proportion of this form
decreasing to 62%: 10% at 180°C 13 As part of a more recent
vibrational spectroscopic study, the MP2/6-313#+G**-

Table 1. Calculated Relative Energies for 3-Chloro-1-butene
Conformers, 298 K

level t rel AH rel AG
B3LYP/6-31HG* (opt) 0 1.10 1.30
120 0.00 0.00

240 1.59 1.68

MP2/6-31HG* (opt)aP 0 1.26 1.46
120 0.00 0.00

240 1.43 1.52

CCD/6-31H-+G** (opt)® 2.3 1.19 1.39
121.9 0.00 0.00

240.2 1.45 1.54

CCSD(T)/6-31%+G(2df,2pdYy 2.3 0.76 0.96
121.9 0.00 0.00

240.2 0.95 1.04

G2 2.0 0.88 1.05
119.6 0.00 0.00

240.9 1.02 1.10

aThese data were taken from ref ¥5The zero-point and thermal
corrections used the B3LYP/6-31G* frequencies.

values, and in view of the results presented below, they are
probably incorrect.

To obtain more accurate relative energies, the three low-
energy forms were studied via &Zalculations. Although this
generally gives quite good calculated energies, it seemed
possible that it might not be equally successful for relative
conformational energies. The geometries of the forms may
change a little from one theoretical level to another, and the
use of MP2/6-31G* for the geometry calculation and HF/6-
31G* for the vibrational frequency calculation might not be
completely satisfactory. Therefore, additional calculations were
carried out using B3LYP/6-31G* for the frequency calcula-
tions, CCD/6-31%++G(2df,2pd) for the geometry optimiza-
tion,)” and CCSD(T)/6-31%+G(2df,2pd) for the final energy
calculation. The results of the calculations at several theoretical
levels are shown in Table 1. It can be seen that the G2 and
CCSD(T) calculations are in very good agreement, but give
relative energies that are significantly different from those found
at lower theoretical levels, and are quite different from the
reported experimental energy differences.

The optical rotation for R)-(—)-1 was calculated at 20
intervals of the torsional angle (Figure 1) at the B3LYP/6-
311++G** level, giving the result shown in Figure 3. The
calculated change in specific rotation at 589 nm with torsional
angle is remarkable, going from526° att = 180° to +367°
att = 32C°. The rotations calculated for other wavelengths are
given in the Supporting Information. Using the G2 relative free
energies given in Table 1, and the calculated rotations for the
three low-energy forms, the mixture of rotamers at@Ghould
have pjp = —112. It may be noted that the maximum rotation
is found when the &C—C—C torsional angle is close to°0
and the minimum rotation is found when this torsional angle is
close to 180.

The optical rotation also was calculated using larger basis

calculated energy differences for the conformers were obtained,sets to see whether this might lead to a significant effect on the
and are in agreement with other calculated relative energies (seealculated values. The result is shown in Table 2. The basis set
below). However, this study also reported variable-temperature effect is relatively small.

infrared studies using xenon solutionslofThe AH values thus
obtained are markedly different from any of the calculated

(14) Schei, S. H.; Klaeboe, Rcta Chem. Scand., 2983 37, 315.
(15) Lee, M. J.; Fusheng, F.; Hur, S. W.; Liu, J.; Gounev, T. K.; Durig,.J.R
Raman Spectros00Q 31, 157.

(16) Curtiss, L. A.; Raghavachari, K.; Trucks, G. W.; Pople, J.JAChem.
Phys.1991, 94, 7221.

(17) CCSD gradients are not implemented in the programs available to us, and
therefore, the geometry optimization was carried out using CCD. This is
similar to the use of MP2/6-31G* geometries along with QCISD(T) energy
calculations in the G2 model chemistry.
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600 e ————— — i Table 3. Observed Optical Rotation of 3-Chloro-1-butene as a
: : Function of Temperature?

o (deg) at various wavelengths, nm

400

T(°C) 589.3 578 546 436 365
00 -4339 -4550 -5265 —9.837 —17.368
200 100  —4.253 —4461 -5159 —9.628 —16.986
200 —4163 —4365 —5048 —9.413 —16.590
300  —4077 —4274 —4943 —9211 —16.222
e 400 -3982 -4176 —4830 -8998 —15.841
3 0 500 —3.897 —4.086 —4725 —8801 —15.491
600 —3.815 —4.000 —4626 —8613 —15.153
700 -3.728 —3.909 -4522 -8414 —14.799

2200 |-
a2The rotations are reproducible t80.002. ¢ = 0.10864 g/mL in
methylcyclohexand, = 1 dm, 0.699 ee.

-400 ) )
expect the rotation to become less negative as the temperature

is raised and the mole fraction of the higher energy form

-600 ‘ . : " L increases. The optical rotation was studied from 0 t6¢@0n
0 60 120 180 240 300 360 methylcyclohexane solution. This solvent was chosen since it
C-C-C=C torsional angle might be expected to give a relatively small solvent effect and
Figure 3. Calculated optical rotation of 3-chloro-1-butene, B3LYP/6- Would accommodate the temperature range. The data are given
311++G**. in Table 3. The solvent expands with increasing temperature,
Table 2. Effect of Basis Set on the Calculated B3LYP Specific and 10'000 mL of methleyCth.exane ara becomes 10'9.3
Rotations of 3-Chloro-1-butene mL at 80°C. The observed rotations were corrected accordingly
so that they are referred to the concentration at@0
tors angle  wavelength . L .
(deg) (M) 63L1++G*  6311++G(2d2p) augcc-pVDZ  aug-co-pVTZ The G2 and CQSD(T) calculatlc_)ns indicate that the higher
0 633 2659 2736 2731 2765 energy conformatlons have essentially the same relatlve energy.
589.3 316.4 3256 3246 328.7 Thus, in analyzing the temperature dependence, it was assumed
578 332.2 3415 340.4 344.6 that their concentrations would be equal. The rotation at any
546 383.2 399.4 392.3 397.4 temperature is given b
436 707.3 727.2 719.2 729.5 P 9 y
365 1242.9 12775 1254.9 1274.5 _
355 1370.4 1408.1 13819  1404.0 Oopsa= OaXa + 0gXg + acXc
120 633 —-157.5 —153.7 —150.1  —149.5 ) _
589.3 —188.1 —183.6 —-179.3  —178.8 whereX, is the mole fraction of the low-energy foriXg and
578 —-197.6 1929 —1883  -187.8 Xc are the mole fractions of the higher energy forms, ead
546 —228.9 —223.2 —2182  —217.8 . . . .
436 _430.7 _4226 _410.8  —4116 og, andac are the corresponding optical rotations, which are
365 —7745 —765.4 —739.6 —744.2 presumably temperature independent. Then the assumption of
355 —857.8 —850.1 —819.4  —825.0 equal energies for the two higher energy conformations requires
240 633 —98.5 —99.6 —99.9 —-98.9
589.3 —116.0 —117.4 -1143  -116.7 — X = -
578 —121.4 —122.9 -119.6  —122.0 Xg = Xo = X, exp(-AG/RT)
546 —138.8 —141.3 -136.9 —139.6 .
436 -242.8 —247.6 —2406  —245.0 which leads to
365 —397.6 —405.9 —395.9  —402.5
355 —-432.0 —426.8 —430.6 —437.5 Olopsd = (aA + 20! exp(—AG/R'[))/(]_ + 2 exp(—AG/RT))
The rotation ofl has been estimated to be]f = 61°.28 It The equation has as unknowag, o = (s + c)/2, andAG.

The values of these quantities could be obtained by a nonlinear
analytical GC column. A sample oRJ-1 with ap?5 = —36.02 least-squares fit to thg experimeqtal dgta using the sa@e

(I = 1, neat) was found to have an excess of Ehéorm of for all wavelengths (Figure 4), which gives the results shoyyn
69.94%, whereas a sample &L with op? = 24.32 (I = 1, in Ta_ble 4. Here_, the values have_ been_ converted_to specific
neat) was found to have an excess of 8rm of 47.12%. rotations, §, using the concentration dfin the solution. The
This corresponds te-51.5 and +51.7, respectively, as the AG was 1315+ 25 cal/mol (). Since this is somewhat larger
maximum rotations. Using = 0.900 g/mL, f]o? = +57.3. than the value calculated at the G2 or CCSD(T) level, the

This is smaller than the computational estimate by a factor of expected changes in rotation 4G = 1000 and.1200 cal/mol
2 were examined. The curvatures of the experimental data and

In view of the remarkably large calculated changes in optical the calculated values fakG = 1315 cal/mol were small, but
rotation with torsional angle, it seemed appropriate to try to they were significantly larger using the other energies. Thus,

obtain experimental data related to the rotation. Since there js1315 cal/mgl !s clearly a better fit to the experimental daFa.
a significant difference in energy among the rotamers, with one AIthough this is somewhat !arger than the calcglated relat.lve
of the high-energy forms of)-1 having a large positive rotation ~ €1€"9Y: it would not be surprising if the conformational energies

and the low-energy form having a negative rotation, one would Wereé somewhat different in solution than in the gas phase
(corresponding to the calculations). This has been found in other

(18) Young, W. G.; Caserio, F. F., J. Org. Chem1961, 26, 245. cases such as butatfe.

was possible to separate the two enantiomefsusing a chiral
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the optical rotation of 3-chloro-1-butene. -600 -400 -200 0 200 400 600
Table 4. Quantities Derived from the Temperature Dependence of 589.3 nm

the Rotation Figure 5. Comparison of the calculated optical rotationd.afs a function

wavelength [ (deg) [og+cy2 (deg) of the torsional angle at 589 and 365 nm.
(nm) AG obsd calcd? obsd calcd® Id lead | h . ical i Itis difficul
=59 1315675 —735106 —1881 347 15 1041l cou eahto argi_c anges in OptICﬁ. r]f)tﬁtlon. tis di I|cutto
578 1315+ 25 —771+0.6 —197.6 36515 1093 average the specific rotation over all of the vibrational modes
546 131525 —89.2+0.7 —228.1 43.3 13 129.1 for a molecule with 30 normal mod@s.Therefore, each
436 131525 -167.3+13 -430.7 86.6-2.2 2398 vibrational mode was examined separately to see whether it
365 1315825 —296.9+2.2 —7745 156153 4358 might strongly affect the calculated rotation. This approach also
ratic” 2.57+0.01 29+01 allows one to determine which modes have a large effect on

the optical rotation.
The root-mean-square amplitude for normal mode displace-
ment at temperaturg, Ax (A), is given by?

aB3LYP/6-31H-+G**-calculated optical rotation of the lower energy
conformer.? Average of the calculated rotations of the two higher energy
conformers® Ratio of calculated to observed rotations.

In addition, if one makes the reasonable assumption that the
calculated rotations will be in approximately constant ratio to
the correct rotations for the rotamers of a given compound, thenwhere v is the calculated vibrational frequency (ch The
the agreement between the ratioaf to o' for AG = 1315 hyperbolic cotangent embodies contributions from higher lying
cal/mol is much better than fakG = 1000 or 1200 cal/mol.  vyiprational levels and, in the case of room temperature
The ratio ofaa to o' at 589 nm from the calculated rotations is  ensemblesT = 300 K), rapidly approaches unity for vibrational
—1.81, and the 1315 cal/mol data give2.12, whereas using  frequencies in excess of1100 cnt™.

1200 cal/mol it would be-2.57 and using 1000 cal/mol it would The optimized coordinates for the 12@onformer were
be —3.41. modified by the product oAx and the Cartesian displacement

Table 4 includes the calculated rotations. For the low-energy coordinates for a given mode. The specific rotation was
conformers, the ratios of the observed rotations to the calculatedcalculated using botR-Ax and —Ax for each of the normal
values are~1:2.57, and appear to be independent of wave- modes, giving the result shown in Table 5. Some of the modes
length?° Similarly, the ratio of the average of the observed give large changes in calculated specific rotations, but in each
rotations of the higher energy conformers to the observed valuescase the average of the rotation calculated from positive and
is 2.9+ 0.1. This indicates that the calculated optical rotations negative displacements of the coordinates is close to that for
at 589 and 365 nm should be related linearly, and this is the the equilibrium ground-state structure. Thus, the vibrational
case (Figure 5). However, a comparison of the calculated valuesmodes are expected to have little net effect on the calculated
at 589 and 250 nm began to show significant scatter. rotation.

The fairly large deviation between the calculated and observed Vibrational modes 8 (&C stretch) and 30 (EC—C=C
specific rotations led us to examine whether molecular vibrations torsion) lead to unusually large changes in calculated energies.
These modes correspond to large-amplitude motions that are

Chem 1005 06, 578, Pratt, L. R« Heu, C. S Clvantiler. D &hem. Phys not well described using reqili_near_ displacement coo_rdinates,
1978 68, 4202 and as a result lead to artificial distortions of other internal
(20) A reviewer suggested that the discrepancy between experiment and theorycqordinates. This is especially the case with mode 30 for which

might not exist in HF predictions. This seemed unlikely in view of the . . X
published work on calculations of optical rotation (cf. ref 7), but calculations  AX is very large. This is the €C—C=C torsional mode, and

AX = +((16.8576¢) x coth(0.719384/T))"/?

(19) Herrebout, W. A.; van der Veken, B. J.; Wang, A.; Durig, JJRPhys.

were carried out at the HF/6-31HG** level, giving specific rotations

(589 nm) of 263.4, —178.7, and—77.5 at torsional angles ofQ 120,

and 240, respectively. These may be compared with the corresponding
B3LYP/ 6-31H+G** predictions of 316.4, —188.1, and—116.0. The
values at a 120torsional angle, where the experimental value is best
determined, are essentially the same.

Figure 3 shows that the change in rotation with torsional angle

(21) Ruud, K.; Taylor, P. R.; Astrand, P. Ghem. Phys. LetR001, 337, 217.
(22) Cyvin, S. JMolecular Vibrations and Mean Square Amplitudemiver-
sitets Forlager: Oslo, Norway, 1968.
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Table 5. Effect of Vibrational Modes on the Calculated Optical Rotation of 3-Chloro-1-butene

Eeef [a]Db (deg)

mode freq Ax positive negative positive negative av [a]p (deg) correction*
gs 0.00 0.00 —201.3 —201.3 —201.3

1 3216 0.0724 2.66 2.48 —212.7 —190.4 —201.6 —0.25
2 3147 0.0732 2.19 2.72 —185.5 —216.6 —201.1 0.25
3 3131 0.0739 2.53 2.72 —195.5 —207.4 —201.5 —0.15
4 3123 0.0735 2.38 2.52 —183.1 —219.5 —201.3 0.00
5 3107 0.0737 2.49 2.36 —196.7 —203.8 —200.3 1.05
6 3096 0.0738 2.55 2.29 —193.8 —211.0 —202.4 —1.10
7 3037 0.0745 2.07 2.45 —199.5 —195.8 —197.7 3.65
8 1704 0.0995 4.85 5.97 —244.7 —164.3 —204.5 —3.20
9 1509 0.1058 1.14 1.16 —194.0 —200.9 —197.5 3.85
10 1502 0.1060 1.10 112 —198.0 —202.8 —200.4 0.90
11 1466 0.1073 1.34 1.16 —220.1 —184.0 —202.1 —0.75
12 1424 0.1089 135 1.10 —206.0 —1915 —198.8 2.55
13 1342 0.1123 1.27 1.26 —191.5 —212.0 —201.8 —0.45
14 1326 0.1129 121 1.19 —206.9 —194.8 —200.9 0.45
15 1274 0.1153 1.06 1.10 —218.0 —184.3 —201.2 0.15
16 1200 0.1189 1.75 171 —223.8 —173.7 —198.8 2.55
17 1110 0.1238 181 1.68 —232.3 —167.9 —200.1 1.20
18 1046 0.1278 1.19 117 —180.4 —221.3 —200.9 0.45
19 1023 0.1293 0.86 0.85 —432.4 29.2 —201.6 —0.30
20 987 0.1318 0.93 0.92 —265.6 —141.8 —203.7 —2.40
21 951 0.1345 1.01 1.00 —238.7 —163.2 —201.0 0.35
22 871 0.1412 1.34 1.23 —218.4 —189.7 —204.1 —2.75
23 715 0.1585 1.05 112 —323.8 —80.8 —202.3 —1.00
24 618 0.1738 1.38 121 —229.6 —176.7 —203.2 —1.85
25 454 0.2158 1.48 1.64 —211.4 —188.9 —200.2 115
26 322 0.2832 0.85 0.81 —194.7 —205.7 —200.2 1.10
27 304 0.2977 1.04 0.94 —199.7 —209.3 —204.5 —3.20
28 280 0.3193 0.83 0.97 —235.0 —159.1 —197.1 4.25
29 252 0.3510 0.85 0.61 —203.1 —196.6 —199.9 1.45
30 104 0.8157 3.61 3.61 —134.2} [—356.6] [-245.4] [-44.1F
sum 7.9%

aRelative energies (kcal/mol) calculated at the B3LYP/76-81G** level. Positive and negative refer to the senseAof used in the calculations.
b Calculated specific rotations for the deformed molecules obtained at the B3LYPH6+33%¥ level. ¢ Calculated correction to the optical rotation for the
given mode (see the texThese values are not reliable since this is a torsional mode that is poorly described using rectilinear coordinates. The use of
curvilinear coordinates (Figure 2) would lead to a small correction for this nfddet correction to the specific rotation.

around 120 using curvilinear coordinates will average to |vO= |v1, v, vs, ..., van-6l) the expectation value of optical
~—200. rotation, [&) = IW|a(Q)|vE] now can be evaluated as

The large effects on the optical rotation found with modes 8, N6
19, 20, and 23 are interesting and will receive further attention. _ )
A description of the normal modes has been publisfexhd 0y = 6O+ £ o~ (0) R+
the changes in internal coordinates for the distorted structures 3N-6 3N—6 13N-6
may be found in the Supporting Information. - Z Z o;?(0) @Q = a(0) + = Z o; 2(0) @[
To estimate the magnitude of vibrational corrections, the 2G4 £ 2E&
optical rotation can be cast as a function of nuclear coordinates,
o(Q), where Q denotes the set of B — 6 displacement
coordinates describing canonical normal modes of vibration,

Q = {Q1, Q2 Qs, ..., Qan—6}. By performing a Taylor series
expansion of a(Q) about the equilibrium configuration

where the final equality follows from the fact theRJ = 0

and QQL = [(Dizméij within the harmonic oscillator limit.
Finally, this expression can be averaged over a thermal
distribution of molecules to obtain

(Q=0={0,0,0, ..., 0), one finds 13N-6
a=YPMmy=a0+- o0 (Ax)°
O.(Q) = (1(0) + v 2 =
3N-6[30(Q) 13N-6 3N-6 82(1(Q)

whereP,(T) represents the normalized population of quantum
4\ Q |, 24 A\0Q1Q), state|vlat absolute temperatufie (essentially the Boltzmann
probability distribution) andAx; is equal to the previously
mentioned thermal displacement of normal coordir@te

(A%)* =3 PN (R — QL) = Y P(T) @7

3N—-6

~ a(0) + Z

3N—6 3N—6

1
L) 4 @ O
SCEREPIDTACED

where the latter expression results from truncating the expansion
at second order and introducing a shorthand notation for the Building upon the already tabulated values af0) and
partial derivatives. For a vibrational state specified by a(0+AX), the second-order derivative required for the calcula-
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Table 6. Calculated Relative Energies, 298 K&

—e—X=F

-E— X=CN B3LYP/6-311+G* G2
—— X =CCH

compound tors? Heel Grel tors Hrel Grel

3-chloro-1-butene 0.33 1.10 1.30 2.00 0.87 1.05
56.55* 2.27 3.74 54.99 2.16 3.27
123.09 0.00 0.00 119.57 0.00 0.00
188.64* 2.47 3.48 183.61 2.22 3.30
238.85 1.59 1.68 240.91 1.01 1.10
298.19* 2.87 3.89 302.97 2.31 3.40
3-fluoro-1-butene  12.86 1.01 112  16.92 0.90 1.01
59.21* 1.27 2.30 59.42 1.07 2.17
119.77  0.00 0.00 115.62 0.00 0.00
183.65* 1.91 2.94 179.22 1.87 2.97
24049 0.24 0.40 242.72 0.19 0.38
308.84* 2.64 3.68 313.83 2.27 3.41
3-cyano-1-butene 1.31 0.99 1.13 0.68 1.10 1.19
51.44* 1.73 270 51.23 1.86 2.87
115.88 0.05 —0.06 115.30 0.42 0.29
177.13* 1.71 2.67 176.94 1.87 2.86
238.44  0.00 0.00 242.26 0.00 0.00
306.16* 2.21 3.17 309.62 2.10 3.09
3-ethynyl-1-butene 1.14 0.96 1.23 0.96 0.71 0.92
i k5.0 i Ll 50.70* 1.73 2.82 50.88 151 2.64
0 60 120 180 240 300 360 114.54  0.00 0.00 113.80 0.00 0.00

B3LYP/6-311+G* relative energy, kcal/mol

) 176.39* 196 3.01 17572 173 282
C-C-C=C torsional angle 236.64 013 0.29 239.96—0.17 —0.03
Figure 6. Effect of C—C—C=C torsional angle on the relative energies 304.12* 249 354 307.87 198  3.09
of 3-fluoro-1-butene (closed circles), 3-cyano-1-butene (open squares), and N T ]
3-ethynyl-1-butene (open tilted squares), calculated at the B3LYP/4:G@11 2 Transition states are indicated by an asterisk.
level.

200 , . ;

tion of [y anda can be estimated numerically through use of

the standard three-point formula
100

o(0+AX) — 20(0) + a(0—AXx)
(Ax)?

aii(Z)(O) ~

Table 5 contains a compilation of the second-order corrections 3
to optical activity determined for each vibrational modelof

by means of the above formulation. Excluding the influence of
mode 30 owing to its previously mentioned anomalous behavior,

the total vibrational correction at room temperature is found to

be only+7.95. Although more sophisticated analyses which
incorporate the influence of mechanical anharmonicity might
increase this valué it is highly unlikely that such treatments

will be able to account for the factor of-3 discrepancy that -300
we have uncovered between theoretically predicted and experi-

mentally measured optical rotation parameters.

-100

-200

0 60 120 180 240 300 360
C-C-C=C torsional angle

Figure 7. Calculated optical rotation of 3-fluoro-1-butene, B3LYP/
3. 3-Fluoro-1-butene (2) 6-311++G**,

We are interested in examining the effect of substituents on ¢qpy24 and our G2-calculated results are in very good agreement
optical rotation, and therefor@, was studied to see the effect with the experimental observatiofs.

of replacing Cl by F. The potential energy curve calculated at
the B3LYP/6-31#G* theoretical level is shown in Figure 6.
The three low-energy forms are the same as found Witbut

the relative energies are different. Qualitatively, one might say
that the steric effects of chlorine and methyl are similar so that
the 120 and 240 rotamers ofl have approximately the same
energy. Fluorine is smaller, and so the form with the fluorine
eclipsed with the double bond has a lower relative energy than
found with the chloride. The relative energies of the conformers
also were calculated at the G2 level (Table 6). The conforma-
tions of 2 have been studied experimentally via IR spectros-

The specific rotation of B)-(—)-2 as a function of the
C=C—C—C torsional angle was calculated at the B3LYP/
6-311+G* level, and the 589 nm data are shown in Figure 7.
Data for other wavelengths may be found in the Supporting
Information. The plot is remarkably similar to that far in
both shape and magnitude. It appears that the replacement of
Cl by F does not have an important affect on the optical rotation
despite the difference in the calculated electronic transition
energies forl and2 (Table 7).

(24) Durig, J. R.; Hur, S. W.; Gounev, T. K.; Feng, F.; Guirgis, GJAPhys.
Chem. A2001, 105 4216.
(23) Ruud, K.; Astrand, P.-O.; Taylor, P. B. Chem. Phys200Q 112, 2668. (25) A comparison may be found in the Supporting Information.
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Table 7. B3LYP/6-311++G** TDDFT Calculated Transition Energies

3-chloro-1-butene 3-fluoro-1-butene 3-cyano-1-butene 3-ethynyl-1-butene
state eV nm f eV nm f eV nm f eV nm f
1 6.12 202.7 0.059 6.82 181.9 0.045 6.72 184.5 0.034 6.17 201.0 0.005
2 6.18 200.7 0.013 7.13 173.9 0.101 7.00 1771 0.278 6.28 195.7 0.050
3 6.58 188.5 0.050 7.17 173.0 0.224 7.15 1734 0.031 6.36 194.9 0.019
4 6.75 183.6 0.211 7.28 170.3 0.004 7.25 1711 0.012 6.58 188.5 0.062
5 6.99 177.3 0.004 7.36 168.4 0.027 7.29 170.1 0.009 6.66 186.1 0.006
—ea— {=+50 —e— 3-¢cn
-=— =180 = deeh
~ — t=-60
600 T T T T
53 T .
400 |
g
= 200
£
- o
5 =
2
] ot
1]
=
&
2
-200
-400
0 60 120 180 240 300 360

0 60 120 180 240 300 360

C-C-C=C torsional angle C-C-C=C torsional angle

Figure 8. Effect of the C-C—C=C torsional angle on the relative energies  Figure 9. Calculated optical rotations of 3-cyano- and 3-ethynyl-1-butene,
of 3-butene-2-ol rotamers calculated at the B3LYP/6-8GZ level. B3LYP/6-31H-G*.

It would be interesting to examine the temperature depen-
dence of the optical rotation ¢, but this is not practical in 5. 3-Cyano-1-butene (4)
solution because of its high vapor pressure. It may prove possible
to carry out this study in the gas pha8en addition,2 has not A cyano group provides a different kind of substituent in that
as yet been prepared in optically active form, and studies of it is an unsaturated system, and might lead to significant changes
this problem are in progress. The calculated optical rotation for in the optical rotation. The cyano group is sterically small, and
the equilibrium mixture of conformers at 2& is —6.4°. if the conformational preference were largely due to a steric
As was found withl, the calculated optical rotations at 589  effect,4 should be similar t@. The potential energy curve for
and 365 nm are linearly related. A comparison of 589 and 250 rotation about the €C—C—C torsional angle was calculated
nm showed considerably less scatter than was found With gt the B3LYP/6-313G* level, giving the data shown in Figure
This probably results from the higher electronic transition g The rotamer in which the methyl group eclipses the double
energies o as compared td (Table 7). bond has the highest energy, and the ones in which a hydrogen
4. 3-Butene-2-ol (3) or the cyano group eclipses the double bond have essentially
the same energy. There is little difference in the potential energy
curves for2 and4.

The specific rotation of K)-(—)-4 was calculated at 20
intervals at the B3LYP/6-3Ht+G** level, giving the [o]p
values summarized in Figure 9. Data for other wavelengths may

proximately trans:+gauche, or-gauche, and the energies were be founq in the Supporting Information. Although there is a
obtained by scanning the-C=C=C torsional angle with  change in the shape of the curve as compared to thobeod
complete geometry optimization, except for the fixed torsional 2 the large positive rotations are again found néqradd the
angle, at each point. The complexity of the potential energy large negative rotations are again in the vicinity of 180he
curves, with many minima having similar energies with probably "ange of optical rotation is about 60% that bf

different optical rotations, made it impractical to further study ~ The enantiomers o# have not as yet been reported. The
the molecule. As a result, we have restricted our investigation rotation calculated using the relative energies in Table 6 and
to compounds where the substituent does not add conformationakhe data in Figure 9 if]p = —133. We are currently studying
complexity. the preparation of a single enantiomer4of

It would be interesting to compare OH with F as the
substituent, and therefore, the energies of the conforme8s of
were studied at the B3LYP/6-3#1G* level (Figure 8). Here,
there are two variable torsional angles:=C—C—C and
C—C—0O—H. In the calculations, the latter was made ap-
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6. 3-Ethynyl-1-butene (5) norbornenone model
0 T T

An ethynyl group is more similar to a carbonarbon double
bond than is a cyano group. Therefore, its effect on optical
rotation was calculated. The effect of thesC—C—C torsional
angle on the energy, calculated at the B3LYP/6-BGF level, -500
is shown in Figure 6. The relative energies are close to those
for F or CN as the substituent, confirming that the energies are
largely determined by steric effects.

The specific rotations ofR)-(—)-5 at 589 nm calculated at
20° intervals at the B3LYP/6-31t+G** level are included in 3”
Figure 9. Data for other wavelengths may be found in the
Supporting Information. The curves fédrand5 are remarkably -1500
similar, despite the difference between CN ang&CH as
substituents. For example, the carbon in the CN group has a
large positive charge, whereas this is not the case with the 2000
ethynyl group. The calculated specific rotation &)(—)-5
based on the calculated rotations and the G2 relative energies
is [a]p = —207°. Chiral forms of5 have not been reported, 2500 : : ' ;
and we are currently studying their preparation. 0 60 120 180 240 00 250

The optical rotation arises from electric and magnetic
transition dipole terms between the ground state and the excited )
states of a molecuf¥. To gain some information concerning ggfé:llgtaﬁgﬁcéfot“geﬂg?;?)i;i;?:gégi'onal angle on the calculated
the excited states dfand5, TDDFT/6-31H1+G** calculations
were carried out for the first five singlet states of each. The —1200C. The orientation of the double bond with respect to the
transition energies are summarized in Table 6. It can be seenrest of the molecule is a major factor in determining the optical
that they differ by~0.6 eV, which makes the similarity of the  rotation.
optical rotation/torsional angle curves that much more remark-
able.

-1000

C-C-C=C torsional angle

8. a- and f-Pinenes

The pinenes present another example of the importance of
7. 2-Norbornanone (6) and 2-Norbornenone (7) the orientation of a double bond on the optical rotation.
Whereass has pjp = —17°,27 7 has pt]p = —1160.28 The (1S59-(—)-a-Pinene 9) and (1S59-(—)-B-pinene (0) are
B3LYP/6-31HG*-calculated specific rotations using the above
configurations are-13° and —123C, respectively. In view of
the large effect of conformation on the optical rotation of
3-chloro-1-butene, it seemed possible that the greatly enhanced
rotation of 7 was the result of having a torsional angle that would
lead to a large rotation. As a model system, the remote
bridgehead carbon afwas deleted and replaced by hydrogens 9 10

(8). To reduce the H-H nonbonded repulsion, the bond angles  q\n 1o be related since both on hydrogenation give the same
pinane?® Although both have a negative sign of rotation at 589
nm and the rotation 0® becomes more negative at 355 nm

CHs CH, both in the gas phase and in solution, the rotatioh@thanges
/ \ sign as the wavelength is reduced, and is positive at 355 nm
both in the gas phase and in solution. Ab initio calculations for
0 O 0 9 agree with the direction of the change in optical rotation with
p . . wavelength, but withLO, the calculations incorrectly predict a

positive sign of rotation at 589 nm (Table ®)However, the
rotation of10 is small, and the error is within the error bar of
the optical rotation calculations:@0°).”

Although it is not apparent at 589 nm, the shorter wavelength
data clearly show that the change in orientation of the double
bond betweer® and 10 results in a reversal of the sign of the
optical rotation.

at the chiral carbon were set to 109.82—C—C) or 120
(C—C=C). The specific rotation was calculated at the B3LYP/
6-311+G* level, and the effect of changing the torsional angle
was examined using rigid rotations. The result is shown in
Figure 10. The (&)C—C—C=C torsional angle ofL.0 which
corresponds to/ is 291°, which would lead to a predicted
rotation of —170C. Considering the crude model, this is in 9. Summary

satisfactory agreement with the calculated value 7atself, The potential energy curves for the 3-substituted 2-butenes

are determined by steric factors. The conformerd avhere

(26) Condon, E. URev. Mod. Phys 1937, 9, 432.
(27) Berson, J. A.; Walia, J. S.; Remanick, A.; Suzuki, S.; Reynolds-Warnhoff,

P.; Willner, D.J. Am. Chem. Sod 961, 83, 3986. (29) Lipp. Justus Liebigs Ann. Cheri93Q 63, 412.
(28) Sandman, J.; Mislow, KJ. Org. Chem1968 33, 2924. Mislow, K.; Berger, (30) In our previous paper (ref 10), the signs of the calculated rotations of
J. G J. Am. Chem. S0d.956 84, 1956. pB-pinene were inadvertently reversed.
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Table 8. Specific Rotation of the Pinenes the achiral isomer crotyl chloride. The percent of the chiral form vs
the racemic form and the achiral impurity could be determined using
an analytical chiral GC column. Racemiicgave equal areas for the

two enantiomers. A sample & with ap® = +21.7 (I = 1, neat)

specific rotation (deg) at
various wavelengths (nm)

compound phase 355 633
(—)-a-pinene gas _189 48 gavel havingap® = —36.02 (I = 1, neat). It contained a 69.94%
solrd —165 —46 excess of {)-1, making the maximum rotatiofr51.5. A sample of
calcd -89 —34 3 with ap?® = —14.9 (I = 1, neat) gavd havingop®® = +24.34. It
(—)-p-pinene gas 71 —12 contained a 47.12% excess of )¢1, making the maximum rotation
solr? 22 —-17 —51.7. Thus, the maximum rotation is taken ag® = +51.6°
calcd 254 21

(I = 1, neat) andd]p® = +57.3 (d = 0.900 g/mL).

The temperature dependence of the optical rotationl ofvas
determined in an approximately 10% solutionlah methylcyclohex-
ane. A jacketed cell withh = 1 dm and a volume of 6 mL was used.

methyl or chlorine eclipses the double bond have equal higherA_n ethylene glycol/water mixture from an external thermostat was

- - . - circulated through the jacket of the cell. The temperature at the cell
energies, with the hydrogen-eclipsed structure having the lowest . . - .

. . . L. . was taken as that of the circulating bath liquid at the exit of the
er_lergy. With2—4, the substituent has little ste_rlc Interaction polarimeter cell. The temperatures could be determined with an
with the double bond, and only the methyl-eclipsed structure \ncertainty of less than 0.1 C using a set of ASTM precision
has a higher energy. thermometers which were marked at 0.1 intervals. The optical rotations

The calculated optical rotations &f-4 as a function of the  were measured with a reproducibility 6f0.002. One filling hole of
C=C—C—C torsional angles are similar with large positive the cell was fitted with a short syringe with a loose stopper that allowed
rotations around Dand large negative rotations around 180  the solution to change its volume with changing temperature.

The large effect of the torsional angle on the rotation was The volume expansion of methylcyclohexane on heating was

confirmed by a measurement of the temperature dependencé'etermined by fiII_ing a 10 mL volumetric flask to the mark at ‘ED,_

of the rotation ofL and a determination of the maximum rotation 2" then cooling itto 6C. The amount of methylcyclohexane required

of 1. It was found that the calculated rotations were too large to bring it to the mark was determined both gravimetrically and
. . volumetrically, and both methods found that 0.85 mL was required.

b_y a factor_of 2.6, which was independent of vyavelength. The The measured optical rotations were scaled accordingly.

difference in energy between the low- and high-energy con- _

formers was found to be 1.3 kcal/mol in methylcyclohexane 10- Calculations

solution as compared to the calculated 1.1 kcal/mol in the gas The ab initio calculations were carried out using GaussiaftJ8e

phase. calculations of the optical activity made use of the B3LYP density

The effect of replacing Cl by F, CN, or CCH is relatively functional model, and the transition energies were calculated using time-
small, whereas the calculated transition energies are quitedependent. density _functional _theory at the same level that was used
different. The optical rotations of these compounds have not as©" the optical activity calculations.
yet been determined experimentally. Acknowledgment. The studies at Yale were carried out with

It has been found that modern theoretical methods are usuallythe aid of grants from the National Science Foundation. We
capable of predicting the sign and approximate magnitude of thank Prof. William Bailey and Mr. Matthew R. Luderer
the optical rotation at the sodium D life? However, there are  (University of Connecticut) for determining the % ee of the
some aspects of the calculations that are not well understood.samples ofl.

The origin_of the exaggerated calcula_te_d rotation of 3-chloro- Supporting Information Available: Tables of calculated
1-butene s not unders_tood. The origin of the very strong energies and calculated optical rotations at different wavelengths,
dependence O.f the optical rotation on the orientation of the a table of internal coordinates for vibrationally distorted
double bonds ir—4 as well as8—10 also is not understood. 3-chloro-1-butenes, and a comparison of experimental and

The results of this investigation help to define the problem ¢,jateq rotational barriers for 3-fluoro-1-butene (PDF). This
of accounting for structural effects on optical rotation. It seems | . i1 is available free of charge via the Internet at

unlikely that fu_r_ther s_tudies of the optical rptation it_self will http://pubs.acs.org.
cast much additional light on the problem. It is more likely that

an examination of the tensor components would be useful. TheyJA0211914

are more directly related to the physical process, and it should
be possible to analyze them on a state by state fashion to
determine which MOs are primarily responsible for the effects (33)
that have been observed. This currently is being explored.

aCyclohexane solutiorg = ~0.1 g/mL.? B3LYP/6-311-+G(2d,2p)//
B3LYP/TZ2p.

(32) Magid, R. M.; Fuchey, O. S.; Johnson, L. L.; Allen, T. &.0rg. Chem
1979 446, 359.

Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M.
A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr.; Stratmann,
R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A. D.; Kudin,
K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi, M.; Cammi,
R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.; Ochterski, J.;
Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick, D. K;
Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Ortis, J. V.; Baboul, A.

9. Experimental Section

3-Butene-2-ol §) was resolved as its acid phthalate using bruéine.
It was converted to the chloridd with hexachloroacetone and
triphenylphosphiné? The chloride thus formed contains about 5% of

(31) Constantin, G.; Ville, GBull. Soc. Chim. Fr1971, 2974.
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