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We report the conformational analysis of three chiral cyclic sulfoxides, 1-thiochroman-&-oxiele (1),
1-thiaindanS-oxide @), and 1-thiochroma-oxide @). Vibrational unpolarized absorption (IR) and vibrational
circular dichroism (VCD) spectroscopies are employed, in combination with ab initio density functional theory
(DFT). DFT calculations predict two, two, and three conformations with energies spasntifgal/mol in

1, 2, and3, respectively. Harmonic IR and VCD spectra of the conformatiors—8, predicted using DFT,

are a sensitive function of conformational structure, and conformationally averaged IR and VCD spectra are
consequently more complex than the spectra of individual conformations. Predicted IR and VCD spectra are
compared to experimental spectra of ¢&td CS solutions ofl—3 in the mid-IR spectral region. Calculated

and experimental spectra are in good agreement, permitting assignment of very nearly all experimental bands.
The analysis unambiguously confirms the presence of the conformatidhs3predicted by DFT.

Introduction exhibiting multiple conformations within an energy range of

1 kcal/mol when all conformations are substantially populated
at room temperature and where the barriers between conforma-
tions are sufficiently low that conformational interconversion
is fast on the NMR time scale. In this paper, we report studies
of three flexible molecules in this category, the chiral cyclic

Vibrational spectra are exquisitely sensitive to molecular
structure. In particular, different conformations of flexible
molecules can exhibit very different spectra. It follows that, in
principle, the vibrational spectra of a flexible molecule permit
the elucidation of its conformational structures: conformational ¢ e 1o 1 thiochroman-4-on& oxide [2,3-dihydro-#-1-

analysis. benzothio-pyran-4-on&-oxide] (1), 1-thiaindanS-oxide [2,3-

Developments in ab initio density functional theory (DFT) dihydrobenzdjthiophene Soxide] (2), and 1-thiochroman
over the last decade have made possible efficient and accurates ,yiqe [2,3-dihydro-#-1-benzothio-pyrars-oxide] (3)

predictions of harmonic vibrational frequencies, together with

the harmonic dipole strengths and rotational strengths which 5 Q2 4 , 5 3
determine the harmonic intensities of fundamental transitions ¢ ¢ D\ 2 5 3 p 4 )
in vibrational unpolarized absorption (infrared, IR) and vibra- |
tional circular dichroism (VCD) spectfaAnalytical derivative 7 1 6 7 I
9 S g 9 9 s
; T T
1 (0]

methods using perturbation-dependent basis sets have been s
developed and implemented for the calculation of harmonic
force fields (Hessiang),atomic polar tensors (APT$)and 1 2 3
atomic axial tensors (AATS)whence harmonic frequencies,
dipole strengths, and rotational strengths are obtained. In the
case of AATs, gauge-invariant (including) atomic orbitals
(GIAOs)* are used. At the same time, the sophistication and
accuracy of functionals has increased; particularly important has
been the development of “hybrid” density functional€on-
sequently, it is now practicable to utilize IR and, in the case of
chiral molecules, VCD spectra to carry out conformational
ZEZ:@:Z' isgﬁzgt stﬁ%?ggle(; %f_ggh??f;gzﬁgg rgoc;nggrwvaglonal accuracy in the case of chiral sulfoxides. _The conformatio_nal
analyses ofl—3 reported here are foundational to our studies

bicyclic naphthalt_enon_és. . of the OR and ECD of.—3, to be published shortl§.
The use of vibrational spectroscopy for conformational

analysis is particularly powerful in the case of flexible molecules \jathods

using IR and VCD spectroscopies.

While the conformational analysis of flexible molecules is
of intrinsic interest, it is also prerequisite to the understanding
of other molecular properties. For example, conformational
analysis is prerequisite to the prediction of the optical rotation
(OR) and electronic circular dichroism (ECD) of flexible chiral
molecules. DFT methods for predicting OR and ECD have
recently been developédand we are currently studying their

* To whom correspondence should be addressed. E-mail: pstephen@ S(1)- andR-(—)-sulfoxidesl—3 were synthesized from the
usc.edu or stephens_pj@hotmail.com. corresponding sulfides}—6, via asymmetric sulfoxidatio#
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Figure 1. The B3LYP/6-31G* PES of 9: The dihedral angles C5C4C3C2 and C8C9SC1 were varied “irste€ps. Contours are shown at 1
kcal/mol intervals.

Racemic sulfoxided—3 were obtained by kD, oxidation of All calculations use analytical derivative methods together with
the corresponding sulfidé$.Detailed procedures are given in  perturbation-dependent basis sets. In the case of AATs, gauge-

the Supporting Information. Enantiomeric excessestgfgnd invariant (including) atomic orbitals (GIAOs, also known as
(—) 1-3, determined chromatographically, were as follows: London orbitals) are usedRotational strengths are origin-
(+)-1, 66%; ()-1, 68%; (+)-2, 79%; (—)-2, 81%; ()-3, 80%; independent. Harmonic IR and VCD spectra were derived from
(—)-3, 90%. The ), (), and &) samples ofl—3 were of calculated harmonic frequencies, dipole strengths, and rotational

very similar chemical purities, as gauged by IR spectroscopy. strengths using Lorentzian band shapedhe bandwidth
IR and VCD spectra of CGland CS solutions ofl—3 have parametery was set to 4.0 cm, an arbitrary choice but

been obtained using Nicolet MX-1 and Bomem/BioTools representative of solution line widths.

ChirallR spectrometers, respectively. IR and VCD spectra were

measured at 1 and 4 cthresolutions, respectively. VCD scans Results

were 1 h. For each compound, VCD spectra ¢) @nd () 1-Thiochroman-4-one S-Oxide (1). The B3LYP/6-31G*
enantiomers were both obtained, using the spectrum of the PES of1 has been scanned, varying simultaneously the two
racemic mixture as the baseline. After conversiomtounits, dihedral angles C5C4C3C2 and C8C9SC1 over the ranges
VCD spectra were normalized to 100% enantiomeric excess (ee),135—225 and 108—255, respectively, i.e..-45° to +45°
giving the VCD spectra\e(+) and Ae(—). “Half-difference” and —75° to +75° relative to the plane of the moiety

and “half-sum” spectra,'p)[Ae(+) — Ae(—)] and (/2)[Ae(+) C3C4C5C6C7C8CIS. The results are shown in Figure 1. Two
+ Ae(—)], were then calculated. The former is the VCD of the  well-defined minima in the PES are located. Energy minimiza-
(+) enantiomer. The latter is nonzero due to noise and artifactstion leads to two stable conformationsa and 1b, 1a being

and therefore provides a gauge of the reliability of the VCD |ower in energy tharlb. The values of key dihedral angles for
spectrum. IR and VCD spectra were measured using KBr cells the conformationda and1b are given in Table 1. The energy
(Harrick) of path lengths 109, 239, and 587 Experimental  difference between conformatiofis and1b is given in Table
frequencies, dipole strengths, and rotational strengths were2. Further optimizations of the structuréaand1b have been
extracted from experimental IR and VCD spectra via Lorentzian carried out at the B3PW91/6-31G*, B3LYP/TZ2P, and B3PW91/

fitting.*2 TZ2P levels. Dihedral angles and energy differences for these
Ab initio DFT calculations have been carried out using the structures are also given in Tables 1 and 2. The structures of
Gaussian 98 prograf The functionals B3LYP and B3PW91 laandlb are insensitive to the choice of functional and basis

have been used, together with the basis sets 6-31&id set; key dihedral angles vary by3°. The energy difference,
TZ2P16 Potential energy surface (PES) scans locate stable AEp, = Eip — Ej, varies somewhat with functional and basis
conformations. Geometry optimizations give equilibrium ge- set, ranging fromt-0.42 t0+0.82 kcal/mol.

ometries. Harmonic force field calculations give harmonic  The predicted structures ddandl1b are illustrated in Figure
vibrational frequencies and normal coordinates. Atomic polar 2, where the B3LYP/TZ2P structures are shown. In bbéh
tensor (APT) and atomic axial tensor (AAT) calculations then andlb, the C302C4C5C6C7C8C9S moiety is essentially planar.
lead to harmonic vibrational dipole and rotational strengths. C2 is not far from this plane; C5C4C3C2 is within°1df planar.
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TABLE 1: Dihedral Angles of Conformations 1a and 11#

la 1b
6-31G* TZ2P 6-31G* TZ2P

B3LYP B3PW91 B3LYP B3PW91 B3LYP B3PW91 B3LYP B3PW91
sci1c2c3 —64.8 —65.3 —63.9 (-62.6) —64.7 67.6 68.1 66.4 (62.6) 67.2
C1C2C3Cc4 27.1 27.0 25.6 (38.2) 25.7 —33.4 —-33.1 —33.5(38.2) —335
C2C3C4C9 4.6 4.9 6.13.5) 6.3 -0.3 -0.7 0.0 (3.5) -0.4
C3C4C9s 6.3 6.2 5.6+3.0) 55 —-4.0 —-3.8 —-3.1(3.0) —-2.9
C4C9sC1 —-36.9 -374 —36.8 (-18.6) -37.4 31.4 31.7 29.6 (18.6) -30.1
co9scic2 62.5 63.2 62.4 (49.2) 63.2 —60.0 —60.7 —58.2 (—49.2) —-59.1
C5C4C3C2 —173.3 —172.9 —171.8 (174.1) —171.6 178.5 178.2 179.7(Q174.1) 179.3
C5C4C302 6.7 7.0 8.23.7) 8.4 —-2.0 —-2.3 -1.1(3.7) =14
C8C9SsC1 146.1 145.6 145.9 (162.1) 145.3 —151.8 —151.4 —153.2 (-162.1) —152.7
C8C9s01 33.1 324 33.9 33.0 99.5 99.8 98.1 98.5

aDihedral angles in deg for the conformations ol SSee text for atom numberingDihedrals in parentheses are for structdee Dihedrals
in parentheses are for structutb.

TABLE 2: Energies and Populations of the Conformations =

of 1, 2, and 3
B3LYP/6-31G* B3PW9L1/6-31G* B3LYP/TZ2P  B3PWOL/TZ2P i o = B3PWO1/TZ2P
E P E P E P E P | % s
la 00 751 0.0 805 00 672 00 723 1b —
1b 0.64 249 0.82 195 0.42 32.8 056 27.7 &
2a 00 593 0.0 60.2 0.33 36.2 0.29 37.6 - )
2b 0.22 407 0.24 3938 0.0 638 0.0 62.4 @,

3 0.0 37.9(39.2) 0.16 30.2(31.2) 0.0 54.1(56.5) 0.0 49.0(51.1)
3b° 0.07 33.5(34.8) 0.0 39.8(41.1) 0.50 22.9(24.0) 0.35 26.8 (28.0)
3 0.24 25.0(26.0) 0.23 26.8(27.7) 0.62 18.7(19.5) 0.52 20.1(20.9)

3d 1.37 36 147 32 147 43 144 4.1 -
aEnergies E) in kcal/mol: populationsR) in percent. Populations 1a+1b
are calculated from energies assuming Boltzmann statisticsI and B
293 K. P Populations in parentheses are calculated ignoring conforma-
tion 3d. x
37136 1y
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Figure 3. Calculated and experimental IR spectrdloBpectra of the
s \ conformational mixture ofla and1b are obtained using populations

of laand1b from Table 2. The experimental spectrum is from Figure
3b 3d 5. In the assignment of the experimental spectrum, red and blue numbers
indicate fundamentals dfaand1lb, respectively; black numbers indicate
fundamentals ofla and 1b combined. Asterisks indicate bands not
assigned to fundamentals bf

1

Figure 2. B3LYP/TZ2P structures of conformatiomsandb of S-1,
conformationsa andb of S-2, and conformations, b, ¢, andd of S-3.
H atoms are not included. The phenyl ring is at the rear as viewed.

la, the C8C9SOL1 angle lies in the range®334°; in 1b, it is
The most prominent structural differences between conforma- in the range 98-100.
tions laandlb involve the positions of C1 and O1. ra and Harmonic vibrational frequencies, dipole strengths, and
1b, C1 lies on opposite sides of the C302C4C5C6C7C8CIS rotational strengths for conformatiofis and1b, calculated at
plane. As a result, the orientation of the SO group relative to the BSLYP/TZ2P and B3PW91/TZ2P levels, are given in Table
this plane is substantially different. [ta, O1 and C1 are on 3. IR and VCD spectra calculated thence using Lorentzian band
the same side of the plane; 1, they are on opposite sides. In  shapes are shown in Figures 3 and 4, together with conforma-
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TABLE 3: Calculated and Experimental Frequencies, Dipole Strengths, and Rotational Strengths for&

14

calculations
B3LYP B3PW91l
experimerit a b a b
mode v D R v D R v D R v D R v D R
46ab 1744 515.2 43 1747 462.8—10.0 1764 513.8 52 1767 460.2 —9.1
45ab 1588 67.2 1626 105.0 —1.7 1626 69.9 3.9 1638 104.7 —2.5 1638 67.9 4.2
44ab 1569 10.1 1603 4.7 3.3 1604 11.1 —2.6 1617 5.1 35 1617 11.0 —3.0
43ab 1463 6.3 1495 10.1 1.5 1498 1.8 —2.7 1495 6.3 2.6 1499 09 —-16
42ab 1442 36.3 —6.8 1477 42.0 —29.1 1477 31.6 7.0 1476 56.8 -18.6 1475 36.6 5.6
41ab 1427 17.3 11.1 1475 20.2 30.2 1466 23.4—3.1 1466 19.0 18.4 1455 29.7 —1.6
40a 1414 221 —-4.6 1456 315 -50 1443 33.0 51
40b 1407 28.7 1454 42.3 10.0 1441 47.8 10.7
39b 1327 33.4 —38.3 1358 49.8 —66.4 1359 20.7 —40.4
39a 1321 65.5 44.4 1351 41.1 46.3 1360 15.2 8.7
38a 1308 10.2 1333 285 —4.8 1344 100.8 49.1
38b 1303 10.5 1331 209 -0.8 1349 94.0 —45.3
37ab 1281 199.8 —255 1303 2125 —-95.8 1306 122.7 948 1303 260.0—-87.7 1303 196.2 103.7
36ab 1268 129 -10.2 1296 50.1 36.3 1299 93.9-45.1 1291 11.5 16.2 1295 31.6 —45.3
35b 1246 9.6 1268 77.4 2.1 1267 51.6 4.7
35a 1238 33.0 1264 82.0 —-15 1263 50.1 —4.0
34b 1182 44.2 13.8 1204 165.9 31.1 1206 149.1 32.0
34a 1174 56.1 —26.6 1199 98.6 —31.8 1198 994 —-35.1
33ab 1162 9.7 —-4.9 1189 22.1  —4.7 1190 12.7 -1.8 1185 142 —-3.1 1186 84 —26
32b 1126 13.7 1147 8.9 —125 1142 25.0 -0.3
32a 1140 72.9 0.8 1142 63.0 —-1.7
1121 47.2 11.7
31b 1139 91.5 19.7 1141 83.4 12.3
3la 1113 253 —67.2 1134 6.0 —31.5 1131 44.1 —85.7
30b 1094 4.3 1100 51 —-6.6 1106 53 538
30a 1086 182.5 92.2 1096 118.9 42.9 1108 260.8 117.7
29a 1064 249.5 29.2 1073 299.9 28.9 1088 180.9 12.3
29b 1055 102.7 13.0 1067 185.2 54.3 1084 427.3 20.1
28ab 1044 133.4 1057 103.1 8.7 1057 280.6-35.9 1061 27.3 5.0 1065 19.7 —-1.8
27ab 1030 2.7 1050 114 —-6.4 1050 55 —-29 1055 16.6 —6.1 1056 6.6 3.1
26ab 1025 0.1 0.0 1027 0.6 0.1 1022 0.1 0.6 1025 1.1-0.7
25ab 999 21.1 12.9 1014 39.2 15.1 1015 18.8 8.5 1016 39.3 154 1019 20.6
24ab 966 6.5 —-2.2 1001 41 -4.9 997 3.0 2.3 999 46 —4.6 995 2.9 1.7
23a 949 121 -139 962 19.3 135 961 17.1 —-15.1
23b 936 20.0 —-9.3 951 33.7 —11.0 948 302 71
22ab 883 2.3 10.6 911 2.3 0.9 909 3.0 3.8 909 2.5 1.4 907 3.3 4.0
2la 853 61.6 14.1 863 96.5 18.3 861 94.1 21.2
21b 836 46.0 —19.8 850 116.4 -—36.7 847 1189 —41.8
20ab 768 252.0 790 2105 -13.7 788 241.8 13.1 789 204.8-10.8 787 2429 9.9
19b 757 10.8 761 31.8 8.5 762 27.6 9.3
19a 755 165 —-5.2 757 154 79
734 67.68

18al 751 494 57 754 199 3.8 751 59.6 —95 754 202 -—25
17a 695 87.5 690 129.0 —48.5 697 133.6 —44.8
17b 674 54.0 685 67.6 26.4 685 75.4 29.4
16ab 663 20.5 672 18.3 -8.1 673 159 74 672 142 55 674 20.6 —11.6
15b 648 355 627 117.3 1.8 642 97.8 7.1
15a 627 20.2 24.9 635 14.9 20.1
14ab 558 80.3 561 69.8 —21.6 560 53.0 18.6 562 72.5-19.0 561 74.9 0.9
13b 552 26.4 551 51.4 9.1 554 36.9 24.9
13a 540 34.8 546 43.4 29.4 547 46.0 24.2
12a 516 64.1 522 66.1 41.8 520 60.4 46.8
12b 508 43.5 512 69.8 —47.6 511 725 —49.1
11ab 453 45.8 453 11.7 -55 456 62.2 0.5 455 10.6 —2.8 456 58.6 1.5
10b 425 36.9 438 49.2 —25.6 436 529 274
10a 409 18.0 419 9.0 —-6.1 417 10.2 -85
9b 404 20.1 4.4 407 15.5 4.3
8b 391 45.2 388 120.1 4.2 386 112.6 1.8
9a 382 31.2 391 45.0 —-4.9 391 36.4 —3.6
8a 339 295 —27.8 339 30.4 —24.8
7ab 331 76.2 24.5 304 16.0 5.8 331 74.0 24.7 303 10.2 5.8
6ab 306 126.7 20.9 291 117.4-56.2 306 1324 19.9 290 121.7-59.0

aFrequenciesy, in cn%; dipole strengthsD, in 1074° esi# cn; rotational strength<R, in 1074 esi# cn?. Experimental rotational strengths are
for (+)-1; calculated rotational strengths are fed S From Lorentzian fitting of spectra in Cglunless indicatedE TZ2P basis set From spectra

in CS.

tionally averaged spectra obtained using percentage populations IR and VCD spectra of CGland C$ solutions ofl have
of la and 1b calculated from the DFT energy difference been measured in the mid-IR spectral region. Spectrh iof
CCl, and C$ solutions are very similar. Composite IR and VCD

assuming Boltzmann statistics (Table 2).
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Figure 5. Experimental IR (a) and VCD (b) spectra bf (a) 325~
715 and 906-1650 cnt?, 0.12 M in CCl, 597u path; 715-825 cnt?,
0.05 M in CS, 597 u path; 825-900 cn?, 0.12 M in CCl, 239 u

Figure 4. Calculated and experimental VCD spectralofCalculated
spectra are for 3: Spectra of the conformational mixture afandb
are obtained using populations df and 1b from Table 2. The path; (b) 800-842 cn1?, 0.05 M in CS, 597 u path; 842-1050 and
experimental spectrum is for+)-1 and is from Figure 5. In the 1130-1500 cn1?, 0.12 M in CCl, 597u path; 1056-1130 cnt?, 0.12
assignment of the experimental spectrum, red and blue numbers indicateM in CCl,, 239u path. The IR spectrum is forH)-1; the VCD spectrum
fundamentals ofla and 1b, respectively; black numbers indicate is the “half-difference” spectrum/g)[Ae(+) — Ae(—)] (see text).
fundamentals ofla and 1b combined.
good for both functionals, with the exception of four modes,

spectra are shown in Figure 5. The experimental IR spectrum specifically, 28-30 of 1a and 28 ofib.
of 1 is compared to the calculated IR spectra in Figure 3. The experimental VCD spectrum of-f-1 is compared to
Overall, the B3LYP/TZ2P and B3PW91/TZ2P spectra are both the calculated VCD spectra forBin Figure 4. VCD originating
in good agreement with the experimental spectrum and permitn fundamentals 21, 23, 281, 34, 39, and 40 of conformation
convincing assignment of the majority of the bands observed 13 and in fundamentals 21, 23, 29, 34, and 39 of conformation
experimentally. Our assignment is detailed in Table 3 and Figure 1p js clearly observed, further substantiating the presence of
3. The analysis of the IR spectrum df unambiguously  pothilaandlb. In addition, VCD originating in the unresolved
demonstrates the presence of the two conformatibasand fundamentals 22, 24, 25, 33, 36, 37, 41, and 42aénd1bis
1b, in CCL and CS solutions. Fundamentals 10, 12, 17, 21, observed. Experimental rotational strengths obtained via Lorent-
23, 29-31, 34, 35, 39, and 40 dfa and fundamentals 8, 10,  zian fitting of the VCD spectrum are given in Table 3.
12, 13, 15, 17, 21, 23, 29, 34, 35, 39, and 40bfare clearly  Calculated and experimental rotational strengths are compared
resolved and unambiguously assignable. in Figure 8. Calculated rotational strengths are conformationally

The reliability of our assignment can be further defined by averaged. The agreement is typical of that obtained in previous
quantitative comparison of calculated and experimental vibra- studiest>1?” Agreement is good for both functionals, with the
tional frequencies and dipole strengths. Experimental parametersexception of two modes, 30 and 31 bd
obtained via Lorentzian fitting of the IR spectrum are givenin  While similar overall, B3LYP/TZ2P and B3PW91/TZ2P IR
Table 3. Calculated and experimental parameters are compareéind VCD spectra do exhibit significant differences, most
in Figures 6 and 7. Calculated dipole strengths are conforma-markedly for modes 2732, indicating that the normal coor-
tionally averaged. With few exceptions, calculated frequencies dinates for these modes are sensitive to the choice of functional.
exceed experimental frequencies, the percentage differencesn comparison to experiment, neither functional is definitively
lying in the range 6-4%, as is typically the case for B3LYP/  superior. The B3PW91 dipole strength for mode 3Qafand
TZ2P and B3PW91/TZ2P harmonic frequencdie¥.The agree- the rotational strengths for modes 30 and 31laef are in
ment of calculated and experimental dipole strengths is also substantially better agreement with experimental values (Table
comparable to that found in previous studiés’ Agreement is 3 and Figures 7 and 8). On the other hand, for modes 2&of
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Figure 6. Comparison of calculated and experimental frequencies of
1, 2, and3.

and1b and 29 ofla, it is the B3LYP dipole strengths which
are in better agreement with experiment.
1-Thiaindan S-Oxide (2). The B3LYP/6-31G* PES o2 has
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Figure 7. Comparison of calculated and experimental dipole strengths
of 1, 2, and 3. Calculated dipole strengths are population-weighted
averages. The lines are of slopé. Dipole strengths are in 1P esi#

cn?.

been scanned, varying the dihedral angle C7C8SC1 over the

range 105—25%, i.e., —75° to +75° relative to the plane of

the B3LYP/TZ2P and B3PW91/TZ2P levels, are given in Table

the moiety C2C3C4C5C6C7C8S. The results are shown in 5. IR and VCD spectra calculated thence using Lorentzian band

Figure 9. Two well-defined minima are located. Energy
minimization at the B3LYP/6-31G*, B3PW91/6-31G*, B3LYP/

shapes are given in Figures 10 and 11, together with confor-
mationally averaged spectra obtained using percentage popula-

TZ2P, and B3PW91/TZ2P levels leads to two stable conforma- tions of 2a and 2b calculated from the DFT energy difference

tions, 2a and 2b. Key dihedral angles for the structures 2
and 2b are given in Table 4. The energy differences of
conformation2a and 2b are given in Table 2. The structures
of 2a and 2b are insensitive to the choice of functional and
basis set; key dihedral angles vary by4°. The energy
difference varies with functional and basis set. For both
functionals, at the 6-31G* basis set le\gd is predicted to be
lower in energy thar2b; at the TZ2P basis set level the energy
ordering is reversed. The energy differen&&pa = Eop — Eza,
ranges from—0.33 to+0.24 kcal/mol.

The predicted structures @ and2b are illustrated in Figure
2, in which the B3LYP/TZ2P structures are shown. In both
2a and 2b, the C2C3C4C5C6C7C8S moiety is essentially
planar. In 2a and 2b, C1 lies on opposite sides of the

assuming Boltzmann statistics (Table 2).

IR and VCD spectra of Cgland C$S solutions of2 have
been measured in the mid-IR spectral region. Spectra iof
CCly and C$ solutions are very similar. Composite IR and VCD
spectra are shown in Figure 12. The experimental IR spectrum
of 2 is compared to the calculated IR spectra in Figure 10.
Overall, the B3LYP/TZ2P and B3PW91/TZ2P spectra are both
in good agreement with the experimental spectrum and permit
convincing assignment of the majority of the bands observed
experimentally. Our assignment is detailed in Table 5 and Figure
10. The analysis of the IR spectrum @f unambiguously
demonstrates the presence of the two conformatidasand
2b, in CCl, and CS solutions. Fundamentals 6, 8, 9, 11, 12,
17, 21, 24, 25, and 35 dfa and fundamentals 7, 8, 9, 11, 12,

C2C3C4C5C6C7C8S plane. As a result, the orientation of the 21, 24, 25, 26, 35, 36, and 37 &b are clearly resolved and

SO group relative to this plane is substantially differen2#n
C1 and O are on the same side of the planeknthey are on
opposite sides. 18a, the C7C8S0 angle lies in the range’51
56°; in 2b, it is 86°—87°.

Harmonic vibrational frequencies, dipole strengths, and
rotational strengths for conformatio@a and2b, calculated at

unambiguously assignable.

Lorentzian fitting of the experimental IR spectrumaieads
to the frequencies and dipole strengths given in Table 5.
Calculated and experimental frequencies and dipole strengths
are compared in Figures 6 and 7. Calculated dipole strengths
are conformationally averaged. The agreement of calculated and
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TABLE 4: Dihedral Angles of Conformations 2a and 2i#
2a 2b
6-31G* TZ2P 6-31G* TZ2P
B3LYP B3PW91 B3LYP B3PW91 B3LYP B3PW91 B3LYP B3PW91
sci1c2c3 —33.9 —-34.9 —31.7 (-31.4) -32.8 33.1 33.9 32.0 (31.3) 32.7
C1C2C3cC8 20.9 21.2 19.8 (22.7) 20.2 —20.4 —20.6 —19.6 (-22.6) —19.8
C2C3c8s 2.4 2.7 1.842.5) 2.2 -2.0 -2.2 —2.3(2.5) -25
C3C8SC1 —19.5 —20.3 —=17.9 14.4) —18.8 18.6 19.2 18.3(14.4) 18.9
C8SC1C2 30.5 31.5 28.3(26.3) 295 —29.5 —30.4 —28.7 (—26.3) —29.5
C4C3C2C1 —159.2 —158.8 —160.4 (-160.1) —160.0 160.1 159.9 161.4 (160.2) 161.1
C7C8SC1 162.6 162.2 164.3 (166.3) 163.8 —164.8 —164.5 —165.3 (-166.3) —164.9
C7C8S0O 51.9 51.3 55.1 54.3 86.1 86.4 86.5 86.7

aDihedral angles in deg for the conformations o2 SSee text for atom numberingDihedrals in parentheses are for structtiee© Dihedrals

in parentheses are for structusb.
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Figure 8. Comparison of calculated and experimental rotational
strengths ofl, 2, and3. Calculated rotational strengths are for the
absolute configuration and are population-weighted averages; experi-
mental rotational strengths are for the¢)(isomer. The lines are of
slope+1. Rotational strengths are in 10 esi# cn?.
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Figure 9. The B3LYP/6-31G* energy of @-as a function of the
dihedral angle C7C8SC1.

fundamentals 16, 19, 20, 24, 232, 34, and 38 is observed.
Experimental rotational strengths obtained via Lorentzian fitting
of the VCD spectrum are given in Table 5. Calculated and
experimental rotational strengths are compared in Figure 8.
Calculated rotational strengths are conformationally averaged.
Agreement is comparable to that observed ¥aand is good

for both functionals, with the exception of five modes, specif-
ically modes 25, 26, and 27 @a and 25 and 27 ogb.

The differences in B3LYP/TZ2P and B3PW91/TZ2P IR and
VCD spectra are most marked for modes-23. B3LYP gives
clearly superior agreement with experiment for the dipole
strengths of modes 24 and 2524 and mode 24 o2b and for
the rotational strengths of modes 25 and 2@af{Table 5 and
Figures 7 and 8).

1-Thiochroman S-Oxide (3). The B3LYP/6-31G* PES of
3 has been scanned, varying simultaneously the two dihedral
angles C5C4C3C2 and C8C9SC1 over the range-1p55,

i.e., —75° to +75° relative to the plane of the moiety

80

experimental frequencies and dipole strengths is comparable toc3C4C5C6C7C8C9S. The results are shown in Figure 13. Four

that observed fot. In the case of the dipole strengths, agreement
is good for both functionals, with the exception of four modes,
specifically modes 24 and 25 @& and 2b.

The experimental VCD spectrum of-§-2 is compared to
the calculated VCD spectra for B-in Figure 11. VCD
originating in fundamentals 17, 21, 25, and 26 of conformation
2aand fundamentals 17, 21, 25, 26, 35, and 37 of conformation
2b is clearly observed, further substantiating the presence of
both2aand2b. In addition, VCD originating in the unresolved

well-defined minima in the PES are located. Energy minimiza-
tion at the B3LYP/6-31G*, B3PW91/6-31G*, B3LYP/TZ2P,
and B3PW91/TZ2P levels leads to four stable conformations,
3a—3d. Key dihedral angles for the structures 2d—3d are
given in Table 6. The energy differences of conformatidas

3d are given in Table 2. The structures3#-3d are insensitive

to the choice of both functional and basis set; key dihedral angles
vary by <4°. The energy differences vary with functional and
basis set. The ordering Ba < 3b < 3c < 3d, except at the
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TABLE 5: Calculated and Experimental Frequencies, Dipole Strengths, and Rotational Strengths for®2

calculationi
B3LYP B3PW91
experimerit a b a b
mode v D R v D R v D R v D R v D R
40ab 1594 6.2 1633 23 —-15 1632 52 -—0.2 1646 25 —1.3 1646 58 -0.2
39ab 1577 3.2 1618 0.7 0.4 1615 3.3-0.8 1631 0.8 0.4 1628 3.7 —0.8
38ab 1468 29.4 —-11.5 1506 16.4 —-0.8 1504 19.4 —-9.6 1506 26.5 —3.7 1504 26.0 —10.3
37a 1463 4.6 —-1.6 1495 28.1 —11.1 1487 289 —7.6
37b 1450 29.1 7.0 1487 32.7 11.3 1485 20.7 8.0
36a 1441 3.0 1485 10.9 2.2 1482 3.9 0.3
36b 1435 15.5 1482 3.8 2.1 1473 13.9 5.9
35a 1420 7.0 1473 14.8 1.8 1462 17.7 2.1
35b 1406 20.1 5.0 1460 14.8 4.7 1448 17.9 51
34ab 1317 4.5 —2.4 1352 0.5 1.7 1352 1.5 —-29 1364 0.8 0.6 1364 20 —-1.1
33ab 1290 4.8 -0.4 1324 1.2 —-14 1322 1.0 25 1331 1.2 —-2.3 1329 0.7 2.9
32ab 12.8 1292 10.1 —-19.6 1293 11.0 25.6 1287 9.1-17.9 1287 9.4 24.1
1254 23.0
3lab -3.6 1273 44 —-0.3 1277 35 —-6.5 1270 6.1 3.0 1274 4.4 —8.8
30ab 1196 15.6 4.4 1215 7.6 —6.8 1217 5.4 6.6 1218 11.0 —7.3 1220 6.1 5.2
29ab 1163 7.1 6.6 1188 6.3 —7.3 1189 4.7 8.5 1188 12.7 -11.2 1189 10.8 13.2
28ab 1157 54 2.0 1185 6.2 —4.4 1185 51 4.2 1182 3.6 —2.2 1183 2.2 1.7
27ab 1130 72.3 —37.6 1145 326 —14.0 1152 38.9 —18.8 1149 43.0 —10.7 1152 67.1 —24.5
26b 1120 14.7 20.0 1141 21.6 11.6 1143 18.7 20.0
26a 1113 2.1 —5.4 1137 9.1 -6.8 1134 29.6 —39.8
25a 1069 47.4 12¢3 1077 234.5 34.9 1093 441.3 86.9
25b 1061 213.1 41°8 1072 1154 12.0 1085 4425 8.5
24b 1045 301.} 1059 360.9 —11.9 1069 327 -2.3
—5.4
24a 1038 226. 1059 292.1 20.9 1066 67.5 1.2
23ab 1023 29.1 1047 6.1 0.6 1046 13.1 0.4 1051 6.1 0.6 1052 6:10.4
22ab 1009 0.2 0.2 1010 0.3 0.1 1008 0.1 0.1 1008 0.2 0.1
2la 981 0.6 1.5 999 31.0 16.4 1000 12.2 7.5
21b 972 20.2 8.6 988 40.6 14.2 996 51 2.1
20ab 963 41.7 17.4 976 4.7 1.7 979 12.5 4.9 984 10.3 6.7 981 27.4 12.6
19ab 940 3.0 2.1 966 4.8 2.4 964 55 5.6 964 4.6 2.9 961 4.8 6.5
18ab 888 1.9 2.1 887 0.4 0.6 887 1.9 2.1 886 0.3 0.3
17a 865 7.0 3.6 867 13.2 2.0 868 12.2 1.3
17b 84% 8.4 857 1.9 9.8 857 1.7 8.9
16ab 782 74. M —-12.¢ 797 39.2 11.9 795 58.5 —16.8 797 38.1 12.3 794 62.7 —17.6
15ab 752 3459 769 280.3 2.5 768 223.2 —0.6 768 283.7 0.7 768 219.7 —1.5
14ab 717 67.1¢ 734 232 —26 737 599 —-24.6 735 26.1 —4.1 736 65.9 —25.0
13ab 694 23.5 697 41 —-1.3 700 17.6 1.8 698 45 —1.2 701 20.0 2.1
12a 677 7.2 668 28.7 16.4 677 32.2 19.8
12b 636 10.4 632 3.6 5.8 633 6.7 2.5
11b 592 37.9 580 53.8 21.2 593 51.3 23.2
1la 571 9.8 570 17.0 -11.4 574 143 —11.6
10ab 539 147.9 543 55.6 —13.7 546 112.0 —23.9 543 54.3 —-13.0 547 1129 —-22.1
9b 500 39.1 504 27.3 1.0 505 27.8 0.6
8b 481 1111 483 149.0 32.1 485 140.0 31.3
9a 470 18.7 470 65.4 —11.1 472 60.3 —9.9
8a 450 42.5 453 102.4 35.8 452 100.8 36.8
7b 428 88.6 433 63.6 —30.4 432 66.7 —30.3
7a 416 5.2 417 22.3 —11.7 417 19.2 —-14.0
6a 377 31.4 381 43.8 —0.3 382 394 0.0
5a 359 22.0 349 62.1 7.6 352 62.9 7.4
6b 353 97.5 352 78.0 2.3 352 72.5 2.0

2 Frequenciesy, in cm%; dipole strengthsD, in 1074° esi# cn¥; rotational strengthsR, in 1044 esi¥ cn?. Experimental rotational strengths are
for (+)-2; calculated rotational strengths are fo2S*From Lorentzian fitting of IR spectra in Cgéolution, unless indicated.TZ2P basis set.
4CS solution IR spectra€ CS; solution VCD spectra.

B3PW91/6-31G* level where the ordering 8& and3b is 3b
< 3a The span of energies 8&—3d ranges from 1.37 to 1.47
kcal/mol. Excluding3d, the span of energies 8a—3cranges
from 0.23 to 0.62 kcal/mol.
The predicted structures &a—3d are illustrated in Figure
2, where the B3LYP/TZ2P structures are shown. In all rotational strengths for conformatioBa—3c, calculated at the
conformations, the C3C4C5C6C7C8C9S moiety is essentially B3LYP/TZ2P and B3PW91/TZ2P levels, are given in Table 7.
IR and VCD spectra calculated thence using Lorentzian

planar. In3aand3c, C1 and C2 are on opposite sides of this
plane; in3b and 3d, C1 and C2 are on the same side of this band shapes are shown in Figures-14, together with con-
plane. The orientations of the SO group vary accordingly. In formationally averaged spectra obtained using percentage
3a and 3d, the O atom and C1 are on opposite sides of the populations of3a—3c calculated from the DFT energy differ-

C3C4C5C6C7C8CIS plane; &b and3c, O and C1 are on the
same side of this plane. Ba—3d, the C8C9SO angle lies in
the ranges 89-92°, 18-20°, 3%—-43°, and 118-12C°
respectively.
Harmonic vibrational frequencies, dipole strengths, and
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Figure 11. Calculated and experimental VCD spectr&o€alculated
spectra are for @: Spectra of the conformational mixture & and

of 2aand2b from Table 2. The experimental spectrum is from Figure 2b are obtained using populations 2& and 2b from Table 2. The

12. In the assignment of the experimental spectrum, red and blue experimental spectrum is forH)-2 and is from Figure 12. In the
numbers indicate fundamentals2d# and2b, respectively, while black assignment of the experimental spectrum, red and blue numbers indicate
numbers indicate fundamentals @& and 2b combined. Asterisks fundamentals of2a and 2b, respectively; black numbers indicate
indicate bands not assigned to fundamentalg. of fundamentals oRa and 2b combined.

ences assuming Boltzmann statistics (Table 2). We have ignored. .
conformation3d in Table 7 and Figures 1416. The predicted in Figures 6 and 7. Calculated dlpole strengths are conforma-
percentage population &d is very small (Table 2). Confor- tionally averaged. The agreement is comparable to that obser\_/ed
mationally averaged IR and VCD spectra predicted including for 1 and2. In the case of the dipole strengths, agreement is
3d are essentially indistinguishable from those shown in Figures 900d for both functionals, with the exception of modes-26.
14—16. The experimental VCD spectrum of-§-3 is compared to

IR and VCD spectra of CGland CS$ solutions of3 have  the calculated VCD spectra for &-in Figure 16. VCD
been measured in the mid-IR spectral region. Spectra inf originating in fundamentals 19 and 41 84, fundamentals 19,
CCl, and C$ solutions are very similar. Composite IR and VCD 28, and 45 o3b, and fundamentals 19 and 30 &¢ is clearly
spectra are shown in Figure 17. The experimental IR Spectruml’eSOWEd, further substantiating the presence of all three
of 3is compared to the calculated IR spectra in Figures 14 and conformations3a, 3b, and3c. In addition, VCD originating in
15. Overall, the B3LYP/TZ2P and B3PW91/TZ2P spectra are the unresolved fundamentals 18, 28, and 48@fnd3c, 36
both in good agreement with the experimental spectrum and and 41 of3b and3c, 30 of 3aand3b, and 20-23, 25-27, 29,
permit convincing assignment of the majority of the bands 31—35, 37, 38, and 4244 of 3a, 3b, and 3c is observed.
observed experimentally. Our assignment is detailed in Table Experimental rotational strengths obtained via Lorentzian fitting
7 and Figures 14 and 15. The analysis of the IR spectruth of 0f the VCD spectrum are given in Table 7. Calculated and
unambiguously demonstrates the presence of the three confor€xperimental rotational strengths are compared in Figure 8.
mations,3a, 3b, and3c, in CCl, and CS solutions. Fundamen-  Calculated rotational strengths are conformationally averaged.
tals 9-11, 14, 16, 19, 36, and 41 8k, fundamentals 8, 9, 15, Agreement is comparable to that observed fand 2 and is
and 45 of3b, and fundamentals 12, 14, 16, 19, and 3Bof good for both functionals, with the exception of mode 43.
are clearly resolved and unambiguously assignable. Lorentzian The differences in B3LYP/TZ2P and B3PW91/TZ2P IR and
fitting of the experimental IR spectrum @ leads to the VCD spectra are most pronounced for modes-28. B3LYP
frequencies and dipole strengths given in Table 7. Calculated gives clearly superior agreement with experiment for the dipole
and experimental frequencies and dipole strengths are comparedtrengths of these modes.
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1600 1400 1200 1000 800 600 400 In 1, 1ais uniformly lower in energy tharib at all four
! ' ' ' calculational levels. The energy differencA&y,, are<0.9 kcal/

Ae+ 10° mol. In 2, 2a is lower than2b at the B3LYP/6-31G* and
B3PW91/6-31G* levels, but the order is reversed by TZ2P
410 @Q calculations. The energy differencesk,, are <0.4 kcal/mol
s in magnitude. In3, conformation3a is lowest in energy at
B3LYP/6-31G*, B3LYP/TZ2P, and B3PW91/TZ2P levels, but
b

at the B3PW91/6-31G* leveBb is lower than3a. The overall
range in energy 0Ba—3d is 1.3—-1.5 kcal/mol. Conformation

3d is uniformly significantly higher in energy thaBa—3c. If
3dis notincluded, the overall range in energy3af-3cis <0.7
kcal/mol. Our DFT calculations lead to the expectation that
conformationslaandl1b of 1 and2aand2b of 2 are sufficiently
1-10 close in energy that both conformations of batand?2 will be
significantly populated at room temperature. In the cas8, of
DFT calculations lead to the expectation tf3at—3c will be
significantly populated at room temperature but3ahtPredicted
conformational energy differences and populations are quite
sensitive to the choice of functional and basis set. It is to be
expected that the TZ2P basis set results are more accurate than
the 6-31G* results. We recognize, however, ttsatution

1 e conformationalfree energydifferences and populations reflect
not only equilibrium geometry energy differences but also zero-
point energy, entropy, and solvent effects.

The predicted conformational structures bf3 can be

- 100

understood by reference to the structures of the corresponding
sulfides. Removal of the sulfoxide O atoms frda and 1b
’ followed by energy minimization leads to enantiomeric struc-
o jU e UK/JUK tures of the sulfide4. Key dihedral angles of these two
800 600 400

1600 1400 1200 1000 structuresda and4b, calculated at the B3LYP/TZ2P level are
given in Table 1. The change in geometry of the C1C2C3C4C9S
wavenumbers ring is not great. Thusla and 1b of the same absolute
Figure 12. Experimental IR (2) and VCD (b) spectra2f (a) 325~ configuration are essentially diastereoisomeric, combining a
;8&23? ggﬁ%;”:d?ﬁ%gﬁ%ggph ?H;ziol\g(;nlggé)h'c 2?17 g_ggt&’ stereogenic sulfoxide moiety of the same absolute configuration
in CCl,, 1094 path; (b) 765-850 and 1076-1095 cn1?, 0.24 M in with enan.t|omer|c ClCZC3Q4CQS ring structures. Thg two
CS, 2394 path; 8506-1025 and 11081500 cnt?, 0.26 M in CCl, conformationsla and 1b are inequivalent and therefore differ
597 u path; 1025-1070 cmit, 0.24 M in CS, 109 u path. The IR in energy. Likewise, conformatiorza and 2b can be related

spectrum is for {)-2; the VCD spectrum is the “half-difference”  to enantiomeric forms of sulfidg, 5a and 5b. Key dihedral

spectrum, {2)[Ae(+) — Ae(—)] (see text). angles oBaand5b at the B3LYP/TZ2P level are given in Table
) ) 4. Again, the changes in geometry frd?a to 5a and from2b
Discussion to 5b are not large2aand2b can be regarded as diastereomeric

combinations of sulfoxide and enantiomeric CLC2C3C8S ring

fused to a pheny! ring. The latter constrains the conformations Structures. In the case & the situation is somewhat more
of the former. In1 and3, C3 and S form an essentially planar COMPlex. Removal of the sulfoxide O atoms froa—3d,
moiety with the phenyl ring: C3C4C5C6C7C8C9S.anthe followed by optlmlza'gon, leads to t_wo pairs of enantiomeric
planar moiety is C2C3C4C5C6C7C8S. Ring puckering is thus Structures of the sulfidé. In one pair, obtained fror8a and
limited to C1 and C2 inl and 3 and C1 in2. The stable 3c, the C1C2C3C4C9S ring is in a chair conformation. In the
conformations ofl—3 have been established by scanning their ©ther pair, obtained fron8b and 3d, this ring is in a boat
PESs at the B3LYP/6-31G* level. hand3, the scans involve ~ conformation. Key dihedral angles 6&—6d, at the B3LYP/

the two dihedral angles C5C4C3C2 and C8C9SC12, Ithe TZ2P level are given in Table 6. The changes in geometry of
PES is scanned with respect to C7C8SC1L &md2, two stable ~ the C1C2C3C4CIS ring are small. Th@a,and3c of the same
conformations are identified; ir8, there are four. Energy absolute configuration are essentially diastereoisomeric com-
minimization at the B3LYP/6-31G*, B3PW91/6-31G*, B3LYP/ binations of a stereogenic sulfoxide moiety of the same absolute
TZ2P, and B3PW91/TZ2P levels leads to equilibrium structures configuration with enantiomeric CLC2C3C4C9S ring structures,
for these conformations. The structures of each conformation @s are3b and3d.

are qualitatively identical at all four theoretical levels. Quan- Experimental evidence for the conformations 163 pre-
titatively, the structures are very similar. In particular, in all dicted by our DFT calculations is provided by their vibrational
cases, variations in dihedral angles defining the conformations spectra. We have measured the IR and VCD spectra of CCl
of the flexible rings are<4°. We have not calculated full PESs and CS solutions ofl—3 in the mid-IR spectral region. C&l

at the B3PW91/6-31G*, B3LYP/TZ2P, and B3PW91/TZ2P and C$ spectra are very similar, indicating the absence of
levels. The variation in the optimized geometries of each specific solute-solvent interactions in either solvent. Despite
conformation on changing the functional to B3PW91 and/or the the fairly high (0.05-0.30 M) concentrations used for spectral
basis set to TZ2P support the expectation that the PESs aremeasurements, in all three molecules IR spectra are unaffected
qualitatively identical. by dilution. Thus, intermolecular aggregation, such as dimer-

The bicyclic moleculeq, 2, and3 all contain a flexible ring
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TABLE 6: Dihedral Angles of Conformations 3a, 3b, 3c, and 3d

210 225 240 255

3a 3b
6-31G* TZ2P 6-31G* TZ2P

B3LYP B3PW91 B3LYP B3PW91 B3LYP B3PW91 B3LYP B3PW91
SC1C2C3 72.9 73.6 72.0 (63.8) 72.8 —-19.1 —19.8 —20.3 (-18.7) —20.8
C1C2C3c4 —48.6 —48.2 —50.6 (-59.3) -50.0 —40.6 —40.3 —39.4 (-38.4) —39.3
C2C3C4C9 13.8 12.8 15.8 (27.1) 14.7 52.7 52.7 52.6 (53.9) 52.6
C3C4C9S —-5.7 —4.9 —4.6 (—2.3) —4.2 15 1.5 1.0€4.3) 1.1
C4C9SC1 24.2 24.3 20.9 (6.2) 21.6 —-51.3 —-51.8 —50.9 (-44.4) —51.5
c9scic2 —54.9 —55.6 —51.9 (-35.7) —-53.0 58.4 59.3 59.0 (55.1) 59.8
C5C4C3C2 —168.8 —169.6 —166.0 (-153.5) —-167.0 —126.2 —126.3 —126.5 (-128.9) —126.6
C8C9SC1 —159.2 —158.7 —161.8 (-175.3) —160.9 129.3 129.0 129.2 (135.6) 128.9
C8C9S0O 915 91.9 89.0 89.8 19.0 18.6 19.6 19.1

3c 3d
6-31G* TZ2P 6-31G* TZ2P

B3LYP B3PW91 B3LYP B3PW91 B3LYP B3PW91 B3LYP B3PW91
SC1C2C3 —72.8 —73.4 —72.8 (-63.8) —73.4 24.8 26.0 23.7 (18.4) 25.9
C1C2C3c4 45.3 44.6 46.0 (59.4) 45.1 34.9 34.3 34.6 (38.7) 33.2
C2C3C4C9 —-11.1 —-9.9 —-11.5(27.2) —-10.1 —51.4 —51.5 —50.3 (-54.0) —50.3
C3C4C9S 7.9 7.6 7.0 (2.3) 6.8 1.4 1.6 1.2(4.2) 1.6
C4C9SC1 —29.3 —30.2 —27.8 (-6.1) —29.0 48.4 48.7 47.5 (44.4) 47.9
Cc9sci1c2 58.1 59.2 57.2 (35.6) 58.6 —60.1 —-61.1 —58.5 (-54.9) —60.2
C5C4C3C2 172.5 173.6 172.0 (153.4) 173.3 129.4 129.4 130.7 (128.8) —130.9
C8C9SC1 153.6 152.6 154.8 (175.4) 153.5 —131.6 —-131.2 132.6{135.6) —-132.0
C8C9S0O 40.3 39.0 425 40.8 119.0 119.3 118.2 118.8

2 Dihedral angles in deg for the conformations 08SSee text for atom numberingDihedrals in parentheses are for struct@ee© Dihedrals
in parentheses are for structub. 4 Dihedrals in parentheses are for structéice® Dihedrals in parentheses are for structce

ization, which is precedented in sulfoxid®sappears to be

of the IR and VCD spectra df—3 is effected using harmonic

insignificant for1l—3 at the concentrations employed. Analysis spectra predicted at the B3LYP/TZ2P and B3PW91/TZ2P levels.
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TABLE 7: Calculated and Experimental Frequencies, Dipole Strengths, and Rotational Strengths for3

calculatior
B3LYP B3PW91
experimerit a b c a b c

mode v D R v D R v D R v D R v D R v D R v D R
47abc 1595 4.4 1635 4.4-28 1634 1.2 —2.1 1634 1.8 —0.7 1648 55 —29 1647 1.6 —1.9 1647 24 —0.8
46abc 1570 2.4 1608 5.1 0.0 1613 0.4-0.5 1608 2.2 0.8 1620 6.0—-0.2 1626 0.5 —0.6 1621 2.6 1.0
45ac 1478 29.2 —-5.4 1515 30.0 —-5.9 1513 39.0 —3.8 1515 33.7 —7.6 1514 449 —4.4
45b 1470 154 26 1510 14.2 -5.1 1506 39.7 —2.1
44abc 1449 21.7 —6.3 1498 21.7 0.9 1503 20.6 3.9 1500 22.67.2 1487 26.6 1.4 1497 3.9 3.1 1490 26.6-8.4

1442 17.6
43abc { 8.0 1480 34.2-25.7 1494 34.9-10.8 1485 26.4 16.8 1475 21.9-4.8 1485 38.7—30.6 1475 36.6 42.9

1437 20.5]
42abc 1431 22.3 —8.1 1476 143 8.8 1483 16.0 2.7 1477 29414.1 1469 27.5-13.2 1478 9.4 26.5 1474 13.7-28.6
41bc 1422 6.9 1.3 1477 7.1 124 1472 7.2 151 1465 10.1 7.6 1461 15.0 5.8
4la 1406 17.4 5.2 1459 181 5.7 1447 21.4 7.9
40abc 1388 0.3 19 1385 1.3 0.3 1386 0.6-1.9 1384 0.4 —1.0 1379 15 1.4 1382 0.9 8.0

1348 5.9 -1.6
39ac 1385 0.8 —1.9 1384 15 8.3 1379 0.4 1.7 1379 0.8-3.2
39b 1317 4.5 1346 5.9-18.4 1356 3.9 —9.0
38abc 1298 9.7 2.8 1328 1.7 1.0 1337 3.92.4 1324 0.4 0.0 1348 1.9 3.0 1339 1.8-7.6 1346 0.1 0.2
37abc 1283 142 —3.2 1321 5.3 0.3 1311 10.2-9.8 1314 9.4 1.1 1317 6.2—3.7 1306 12.7-15.5 1310 11.1 4.3
36a 1259 14.0 1289 24.1 4.8 1283 18.4 4.9
36bc 1252 45 —6.9 1281 3.0-17.5 1284 20.9-23.2 1275 2.7-17.2 1278 17.2-25.4
35abc 1240 59 —-54 1275 04 —-18 1264 11.7-109 1273 1.1 —19 1272 1.2 —-3.2 1260 16.5-159 1270 1.6 —2.6
34abc 1195 11.7 45 1214 5.2 6.1 1222 3.6 3.2 1213 44 0.0 1221 538 7.7 1227 3.8 3.0 1219 —0468
33abc 1171 20.1 6.0 1196 11.1 104 1191 945.6 1194 9.7 —7.2 1195 16.2 12.7 1187 14.9-4.2 1192 23.0-12.1
32abc 1159 10.4 0.8 1190 4.3 0.7 1186 1.#0.1 1188 11.4 —3.2 1186 1.9 0.2 1181 06-0.8 1185 7.1 —-0.7
3labc 1131 20.6 7.8 1153 8.7 13.4 1158 2.60.2 1147 1.9 —15 1151 20.3 12.2 1154 2.1-4.0 1150 22 —1.2
30ab 1124 11.1 2.0 1145 8.0 1.4 1143 5.+2.4 1145 4.5 6.4 1145 51-1.6
30c 1113 32 51 1139 26 —-7.0 1134 10.4-12.6
29abc 1077 150.8 6.8 1085 48.1-1.0 1085 227.5 0.1 1085 153.2 20.8 1090 171.91.9 1102 398.6 8.6 1099 381.4 43.2
28ac 1054 154.8 —23.8 1069 141.5—-31.6 1070 147.5 0.0 1082 259.429.0 1081 424 —-7.8
28b 1059 182.0 —-8.7 1071 61.0 —1.0
27abc 1044 281.7 14.3 1056 183.4 10.9 1055 84.7 7.9 1061 8584 1068 35.6 10.2 1063 53.5 1.9 1065 50.32.3
26ab 1052 51.8 —0.8 1047 7.3 5.6 1054 94.9 3.7 1059 4.1-1.0 1055 16.4 4.0 1062 215 15
25abc 1007 96.6 23.0 1021 795 12.8 1029 69.6 19.1 1022 72.2 24.6 1024 30.7 5.2 1025 38.6 149 1023 41.0 18.1
24abc 1009 0.9 0.5 1010 1.1-0.8 1009 1.5 —-0.3 1008 0.3 0.2 1008 0.8—0.7 1008 1.0 —0.4
23abc 948 6.6 —1.0 975 4.4 09 976 69-23 978 4.0 —-0.7 974 3.8 07 975 75-23 977 44 -14
22abc 929 345 —19.2 941 44.8-39.0 943 144 8.7 942 194 259 941 39:633.6 942 128 8.1 940 158 215
2labc 886 13.2 1.3 900 16.5 54 895 0.7 19 899 45 41 903 2684 895 0.8 1.8 902 9.1 108
20abc 865 6.4 7.7 881 6.6—2.7 875 3.6 26 881 159 108 882 7.0-15 882 44 21 883 154 106
19c 845 2.3 862 13.8 5.1 857 16.0 6.6
19a 832 20.6 2.2 849 216 1.6 843 26.5 1.4
19b 810 0.9 821 4.4 109 821 4.3 107
18ac 780 29.6 11.4 790 317 208 788 36.8-17.4 792 33.0 226 790 30.8-17.2
18b 7559 46.19 772 198.8 —25.2 771 224.3-16.7
17abc 754 297.8 769 241.8 —1.4 768 110.1 33.6 766 235.1 5.9 768 237.61.3 766 76.2 29.0 766 242.8 1.8
16b 750 25.3 —4.2 749 40.2 —6.8
16a 711 40.5 731 38.7 0.2 729 423 1.1
16c 706 18.5 726 32.7 8.6 725 339 —-83
15b 692 16.3 699 72.3-7.0 710 73.8 —5.2
14b 690 0.8 15 691 21 3.0
15ac 675 20.1 680 11.1-0.8 684 20.8 —4.0 681 16.3 —0.2 690 47.7 —9.5
l4c 662 7.9 656 70.7 —8.9 665 47.2 —4.6
l4a 648 35.2 625 65.4 2.1 640 73.7 7.6
13b 590 55 598 8.9 7.3 598 8.6 7.1
13ac 582 23.1 587 48.4 27.3 593 5.8 0.2 588 352 246 591 5.0.7
12ab 540 74.0 543 75.9-21.0 545 33.1-16.0 544 81.0-21.1 544 32.2-15.8
12¢ 529 39.2 536 58.1—-2.9 535 55.8 —3.0
lla 494 23.6 501 18.6 1.8 500 16.1 1.6
11bc 484 2.8 483 27.5-0.8 487 22.6 2.5 485 27.4-1.0 489 20.0 2.5
10a 461 74.5 468 65.9-0.1 466 66.0 —1.4
10bc 450 42.1 451 69.4 6.5 459 67:214.3 450 68.9 6.3 457 717145
9a 438 60.2 435 60.8 21.1 438 68,5 235
9b 423 16.2 425 54.8 15 427 477 1.3
8a/9c 398 113.0 397 145.717.1 396 88.5 —2.2 397 126.3-19.3 398 76.4 —2.4
8bc 370 19.8 378 17.4-10 367 6.3 —2.6 379 142 -0.3 369 9.7 —-0.1
7 333 16.1 —7.5 347 418 6.6 346 43.3 1.3 331 15982 345 394 6.5 348 354 0.7
6 303 7.3 —4.0 333 510 0.5 338 429 159 302 9.36.2 333 532 —-0.1 336 458 154

aFrequenciesy, in cn%; dipole strengthsD, in 1074° esi# cn; rotational strength<R, in 1074 esif cn?. Experimental rotational strengths are
for (+)-3; calculated rotational strengths are foBS®From Lorentzian fitting of IR spectrum in CC$olution, unless indicated.TZ2P basis set.
4 CS solution IR spectraé CS; solution VCD spectra.

For each molecule, spectra are conformationally averaged.Figures 3, 4, 10, 11, and 146, both IR and VCD spectra are
Spectra calculated for each conformation are summed, with highly conformation-dependent. As a result, conformationally
conformational populations obtained from calculated energy averaged spectra are substantially different from the spectra of
differences using Boltzmann statistics. As is clearly shown in individual conformations. Many more transitions are predicted
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Figure 14. Calculated and experimental IR spectra3cdit v >1000
cm L. Spectra of the conformational mixture 8& 3b, and 3c are cmL. Spectra of the conformational mixture 8f, 3b, and 3c are
obtained using populations @a, 3b, and 3c from Table 2. The obtained using populations &a, 3b, and 3c from Table 2. The
experimental spectrum is from Figure 17. In the assignment of the experimental spectrum is from Figure 17. In the assignment of the
experimental spectrum, red, blue, and green numbers indicate funda-experimental spectrum, red, blue, and green numbers indicate funda-

Figure 15. Calculated and experimental IR spectra3ait v < 1000

mentals of3a, 3b, and3c, respectively, while black numbers indicate
fundamentals oBa, 3b, and 3c combined. Asterisks indicate bands
not assigned to fundamentals &f

than for a single conformation, i.e., conformational splittings

mentals of3a, 3b, and3c, respectively, while black numbers indicate
fundamentals oBa, 3b, and 3c combined. Asterisks indicate bands
not assigned to fundamentals &f

are insensitive to the choice of functional. However, in some

are observed. Even when conformational splittings are small, spectral regions, considerably greater sensitivity is found. The
intensity patterns are different. The predicted IR and VCD most dramatic variations occur in the vicinity of the-Q
spectra for1—-3 are in good overall agreement with the stretching mode. Idaand1b, the IR and VCD of modes 27
corresponding experimental spectra. In each molecule, the32 vary dramatically with functional. I8a and2b, modes 23
experimental IR spectrum over the range 3QF00 cnt?! 27 are similarly functional-dependent. Analogous sensitivity
exhibits a substantially larger number of transitions than the occurs in3a, 3b, and3c for modes 26-29. Assignments are
number of fundamentals expected for a single conformation. most certain when the two functionals give qualitatively identical
In each case, all but an extremely small number of experimental predictions of both IR and VCD spectra and when the predicted
bands can be assigned to predicted transitions. (Bands notR and VCD spectra are in qualitative agreement with the
assigned to fundamentals are assigned either to overtonekexperimental spectra. When predicted spectra vary substantially
combination bands or to impurities.) The experimental IR spectra with functional, assignments are less certain. It is important to
thus unambiguously confirm the presence of the predicted point out that for the large majority of the IR and VCD spectra
conformations. The experimental VCD spectra further sup- of 1-3, B3LYP and B3PW91 spectra are both qualitatively
port the analysis of the IR spectra. Despite the smaller acces-identical and in qualitative agreement with experimental spectra.
sible frequency range>(700 cnt!) and the poorer signal-  Thus, even if spectral regions where assignments are less certain
to-noise ratios of the VCD spectra, it is again the case that are excluded, the conformational analysis remains secure.

in each molecule more bands are observed than can be ac- oyr assignments of the IR and VCD spectralef3 are

counted for by a single conformation and that in each case veryfyrther supported by quantitative comparisons of calculated and
nearly all observed bands can be assigned to predicted transiexperimental frequencies, dipole strengths, and rotational strengths.
tions. Experimental parameters are obtained by Lorentzian fitting.
We have predicted IR and VCD spectra using two different Comparisons of frequencies are shown in Figure 6. Calculated
functionals, B3LYP and B3PW91. Overall, predicted spectra frequencies are, with relatively few exceptions, greater than
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1500 1400 1300 1200 1100 1000 900 800 Figure 17. Experimental IR (a) and VCD (b) spectra &f (a) 330
wavenumbers 720, 835-1015, and 10651675 cn?, 0.30 M in CCk, 597 u path;

700-835 cnt?, 0.29 M in CS, 109 path; 1015-1065 cnt?, 0.30 M
in CCl,, 1094 path; (b) 765-845 cn1?, 0.29 M in CS, 597 u path;
845-985 and 10851530 cnl, 0.30 M in CCh, 597 4 path; 985-
1035 cn1?, 0.30 M in CCh, 239 path; 1035-1085 cnt?, 0.30 M in

Figure 16. Calculated and experimental VCD spectré8o€alculated
spectra are for 8: Spectra of the conformational mixture 8, 3b,
and3c are obtained using populations 24, 3b, and3c from Table 2.
The experimental spectrum is fot}-3 and is from Figure 17. In the ) . .
assignment of the experimental spectrum, red, blue, and green number Clﬁ’hlﬂ?é‘.ﬁparthr; Tf’1,e IR Stfeﬁ]tifmA's :(_)H'OA?’ Te VCDtspetzctrum 1S
indicate fundamentals &a, 3b, and3c, respectively; black numbers e “half-difference” spectrum,’B)[Ae(+) -Ae(-)] (see text).

indicate fundamentals &a, 3b, and3c combined. spectra would be also. The second conclusion supports our
experimental frequencies, the differences lying in the range earlier expectation that conf_ormatlonal energies and populations
0-5% and generally increasing with increasing vibrational calculated at the TZ2P basis set level should be more accurate

frequency. The quantitative agreement of calculated and ex-than 6-31G* values. _ .
perimental frequencies is typical of BSLYP and B3PW91l The absolute confl_gu_ratlono(AC) oa‘was_, first aSS|gned_ as
frequencies calculated at the TZ2P basis set [B/€IA large SCH/R(-) .by Ya_maglshl et at’ by comparison of the c.>pt.|cal
fraction of the deviations can be attributed to anharmonigity, rotatory dispersion (ORD) of thé-p-toluenesulfonylimide
which is not included in the calculated frequencies. Comparisons(NTS_) of 2 to the ORD pf p-ToS(NTs)ChH, whose AC had

of dipole strengths and rotational strengths are shown in FiguresPTeViously been determined by X-ray crystallography. The ACs
7 and 8, respectively. Again, the level of agreement is of 1 and 3 were subsequently assigned ?SF)/R(_). by
typical 1217 Note that the modes whose dipole strengths and/or Allenmark and Andersséh and Takata et aff respectively,

rotational strengths are in the poorest agreement with experiment®y comparison of their UV CD to that & The agreement of
also exhibit large variations with functional. preqh(_:ted _and _ experimental ylbratlonal rotatlonal streng_ths
The quantitative agreement of calculated and experimental eXh,'b'tEd in Figure 8 unambiguously confirms the earlier
frequencies, dipole strengths, and rotational strengthg-f& assignments of the ACs df 2, and3.
leads to the conclusions that (1) the IR and VCD spectra of the
individual conformations o1—3 are predicted with a reliability
typical of harmonic B3LYP/TZ2P and B3PW91/TZ2P calcula- Our analyses of the IR and VCD spectralpR, and3 have
tions and (2) the populations of the individual conformations demonstrated unambiguously the presence in,G@H CS
of 1—3 used in predicting IR and VCD spectra are of the correct solutions of the two conformations df 1a and1b, the two
order of magnitude. The former conclusion allows us to further conformations oR, 2a and2b, and the three conformations of
conclude that the geometrical structures of the conformations 3, 3a, 3b, and 3c, predicted by DFT (B3LYP and B3PW91)
of 1—3 are accurately predicted since vibrational spectra are a calculations. Out results further demonstrate the utility of IR
sensitive function of equilibrium geometry and, therefore, if the and VCD spectroscopies, in combination with DFT, in carrying
structures were far from correct the associated vibrational out the conformational analysis of flexible organic molecules.

Conclusion
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