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New chiral biphenol etherB{ph22, Biph33, and Biph44), carrying R)-methylpropyloxy groups at 2,2

3,3-, and 4,4-positions of biphenyl, were prepared. The introduced peripheral chiral groups in these biphenol
ethers induce an (averaged) axial chirality to give predomiaBnbr aSrotamers. The chiroptical properties

of these axially chiral biphenol ethers in polar and nonpolar solvents were determined experimentally and
were compared with the corresponding theoretical values to determine their conformational behavior in solution.
Geometry optimization at the DFT-D/TZV2P level and subsequent time-dependent density functional theory
(TD-DFT) at the BH-LYP/TZV2P level treatments to obtain rotatory strengths revealed that 6 out of 18
conformersdR-Tg, aR-Tgt, aR-Gtt, aS-Tg, aS-Tgt, andaS-Gtt) are crucial to reproduce the experimental
circular dichroism (CD) spectra and optical rotations. Although biphenyl molecules are in conformational
equilibrium with varying interplanar angles in solution, our static approach to the prediction of the experimental
CD spectra is simply based on pairs of thermally populated, local-minimum structures, that is, the dynamic
behavior of the systems or the vibrational wave functions are not considered. The relative energies computed
at the SCS-MP2/TZVPP level in the gas phase or in acetonitrile solution using the conductor-like screening
model (COSMO) were found to be accurate enough to calculate the thermal population of the relevent
conformers. Although most of the CD signals mutually cancel out each other between a p&ir aid
aSrotamers, the remaining Cotton effects due to a small preference for a single rotamer produce characteristic
CD spectra. In general (and somewhat unexpectedly), the delicate cancellation effects in the CD spectra are

accurately described by the theoretical approach, and the simulated CD spectra are in excellent agreement

with the experimental ones though observed rotatory strengths being always smaller2@yimes) than

the theoretical data. Accordingly, slight preferences for Ehgor aR)-configuration for Biph22 and
M-configuration forBiph33 andBiph44 are determined. The preference for the opposite isomer in the case
of Biph22 is due to larger attractive intramolecular interactions between the chiral alkyl groups. This is also
consistent with the lower oxidation potential found ®iph22 (AE ~ 0.1 V), as compared with those for
Biph33 andBiph44. The CT complex formation dBiph22—44 with various acceptors was also studied by

UV —vis and CD spectroscopic methods.

1. Introduction in solution by attaching of a peripheral chiral group and how

Axial chirality of biaryls was first reported by Kenner and this aﬁect; th? chlrop_tlcal .propert|es of the molecules.
Stubbings in 192%.Since then, the importance of this type of Electronic circular dichroism (CB)s one of the fundamental
chiral phenomenon, so-called atropisomerism, has attractedProperties of chiral molecules. CD spectra are widely used to
much attention for several reasons. For instance, this uniquedetermine the optical isomerism and secondary/tertiary structure
chiral feature is often found in natural products such as Of biomolecules. For simple organic molecules, several empirical
vancomycin and knipholone. Axially chiral biaryl compounds, rules have been proposed to correlate the observed sign and
including the well-known BINAP, MOP, and BINOL, are also magnitude of Cotton effects with the absolute configuration of
extremely useful and extensively employed in a variety of chiral compound.The biphenyl moiety has also been used as
asymmetric syntheses as chiral auxiliaries and modifiers of a sensible chromophore for determining the absolute configu-
reagents and catalysThe inter-ring twist angle (and conforma-  ration of 1,2- and 1,3-diols through the CD spectral examina-
tion) as well as the rotational barriers associated with the tion® Despite that, the relationship between the molecular
atropisomerism have been intensively studied with the relevant structure and the observed Cotton effects in the CD spectrum
biaryls, terphenyls, and paraphenylef&vertheless, it is still is not fully understood and the frequently used empirical rules
not easy to obtain conformational information reliable enough are occasionally not very reliable particularly in less conven-
to predict how and to what extent a twist is induced to a bipheny! tional caseg. Thus, more accurate theoretical treatments of
chiroptical properties are indispensable for elucidating and
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In this relation, the time-dependent density functional theory
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rotatory dispersion&yibrational circular dichroisr,and elec- Technical Details of the Computations.All calculations
tronic CD spectrd®!!have recently been applied successfully were performed on Linux-PCs using the TURBOMOLE 5.8
to the absolute configuration assignment of small- to medium- program suité# The resolution of identity (RI) approxima-
sized chiral organic molecules. tion*>16was employed in all DFT-D-B-LYP calculations, and
We have recently reported an application of the TD-DFT the corresponding auxiliary basis sets were taken from the
calculations to the CD spectra of a large chiral molecule, which TURBOMOLE basis set library. The program module é&cf
successfully interpret its conformational variation in solutidn.  has been used in the TD-DFT treatments. All conformers were
Herein, we will apply these state-of-the-art methods to the fully optimized at the dispersion-corrected DFT-D-B-LYP
differently substituted conformationally flexible biphenol ethers  |evel8 without any symmetry constraint, using an atomic orbital
(Biph22—44) to examine how peripheral chiral groups affect (AO) basis set of valence triple-quality with two sets of
the axial chirality of the molecules. By comparing the theoretical polarization functions (2d2p, denoted as TZV2P; in standard
CD spectra calculated by the BH-LYP/TZV2P method with the notation: H, [3s2p], C/O, [5s3p2d]) and numerical quadrature
experimental ones, it has turned out that most of the CD signalsgrid m4. All conformations of the chiral alkyl group were
arising from the rotamers are mutually cancelled out to leave checked for Biph22, and it was found that three major
the oppositely signed signals Bfchirality for Biph22 and of conformations g, Tg+, and G+t) in each rotamer are
M-chirality for Biph33 and Biph44. The effects of oxidation jmportant. Thus, only these conformations were considered for
on the_axial chirality are also examined experimentally and Bjph33 and Biph44 for simplicity. Subsequent single-point
theoretically. energy calculations were performed with the spin-component-
2. Experimental Methods and Theoretical Calculations scaled (SCS)-MP2 meth&t°with a TZVPP basis set that has

. . . . . additional f and d functions on non-hydrogen and hydrogen
Preparation of Biph22, Biph33, and Biph44 by Mitsunobu . . e
Reaction3 Typical Procedure Biphenol (3.72 g, 20 mmol), atoms, respectively. It has been shown that a simple modification

of the standard MP2 scheme, termed SCS-MP2, leads to
triphenylphosphine (11.0 g, 42 mmol, 2.1 equiv), aBp(t)- L : ' . ’
2-butanol (2.96 g, 40 mmol, 2.0 equiv) were dissolved in THF dramatic improvements in accuracy, particularly for molecules

(400 mL), to which a THF solution of diisopropyl azodicar- with weak interactions where standard DFT method failEhe
boxylate (8.5 mL, 44 mmol, 2.2 equiv in 100 mL THF) was method is expected to provide the most accurate relative energies

added dropwise over 2 h, and the mixture was stirred for 20 h (comparable to the computationally very demanding CCSD(T)
’ calculations) and was thus used to obtain the final Boltzmann

at ambient temperature under argon atmosphere. The reSUItin%Iistribution (always at 298 K) of the conformers. All excited-

solution was concentrated and the residue was purified by state calculations have been performed at the optimized ground-
column chromatography over silica gel with a hexane-diethyl . P P grou
state geometries. The results thus correspond to vertical

ether (50:1) eluent to give the desired products. . e - .
(—)-(R,R-Biph22. Yield: 2.09 g, 35%. Colorless oify; 0.77 transitions, and the excitation energies can be approximately

_ — identified as the band maxima in the experimental spectra. The
gja?i,tj\]: 7764:;'22)) iléi g:: ?seu%oz ?;315173 éz:z’)?sfigo CD (and UV-vis) spectra were simulated on the basis of time-
(2H, sxt,J = 6.2 Hz), 6.93 (2H, d,) = 7.6 Hz), 6.93-6.96 dependent .denS|ty functlongl theory (TD-DFT)I with the BH-
(2H, m), and 7.2%7.27 (4H, m). Peaks of the minor conformer LYPZZ f‘!“‘?""”a' and employlng the TZV2P basis set. Because
were also observed at 0.78 (9HJt= 7.6 Hz) and 1.14 (9H, thls_ba5|s is already quite large, we were unable to further check
d, J= 6.4 Hz), in an approximately 4:1 ratiéc: 9.64, 19.15, basis set incompleteness effects. However, the differences
29.29, 75.85, 115.10, 120.14, 128.06, 130.01, 132.18, and between length and velociygauge representations are found
155.75. Peaks of the minor conformer were also observed at!® be very small (mostly less thansd 107%° cgs unit) which
20.27,9.66, and 75.88. MS (EI, directyyz = 298 (M*, 14%), ||jd|cates sufficient bags set sa.turatlon..The CD spectra were
187 (14), and 186 (100). HRMS (EI): 298.1928,08,60, simulated by overlapping Gaussian functions for each transition

requires 298.1933. EA: Found: C, 80.34; H, 8.78%. Calcd for Where the width of the band atellieight is fixed at 0.4 eV and
CooHo602: C, 80.50; H, 8.78; O, 10.72. Specific rotatior]§2 the resulting intensities of the combined spectra were scaled to

—55.3+ 5.6° (c 0.10, CHCH). the experimental values. As usual, the calculated band intensities
(-)-(R,R-Biph33. Yield: 4.80 g, 80%. Colorless 0ib: are larger th_an their experimental counterparts. The somewhat
0.98 (6H, t,J = 7.4 Hz), 1.30 (6H, dJ) = 6.4 Hz), 1.63 (2H, smaller scaling factor used/{—'/,0 instead of normally/,—
pseudo sept] = 7.6 Hz), 1.76 (2H, pseudo sept= 7.6 Hz), 1/3) is probably due to a more complete cancellation of the CD
4.34 (2H, sxtJ = 6.2 Hz), 6.86 (2H, ddd) = 8.0, 2.0, 1.2 bands between the various conformers under the experimental
Hz), 7.1+-7.16 (4H, m), and 7.29 (2H, §,= 8.0 Hz).d¢: 9.92, conditions and our ignorance of the dynamic behavior of the
19.42, 29.36, 75.16, 114.76, 115.09, 119.54, 129.78, 142.82,systems (or, in other words, the neglect of averaging the
and 158.68. HRMS (EI): 298.1931,48,60, requires 298.1933.  chiroptical properties over vibrational wavefunctions) in the
EA: Found: C, 80.46; H, 8.86%. Calcd fopdEc0,: C, 80.50; present approach. Because of a systematic overestimation of
H, 8.78; O, 10.72. Specific rotation:a[p?® —18.1+ 6.0° (c the transition energies compared to the experiment in the BH-
0.10, CHC#). LYP calculations, the spectra were uniformly shifted by 0.5 eV.
(—)-(R,R-Biph44. Yield: 4.79 g, 80%. Mp: 3%38 °C. See ref 11 for more theoretical details on the simulation of CD
On: 0.99 (6H, t,J = 7.4 Hz), 1.31 (6H, dJ = 6.2 Hz), 1.63 spectra. The optical rotations at the sodium-D line wavelength
(2H, pseudo septl = 7.8 Hz), 1.77 (2H, pseudo sept= 7.8 were also calculated at the TDDFT/BH-LYP method using
Hz), 4.31 (2H, sxtJ = 6.2 Hz), 6.93 (4H, AA’XX’, J = 8.8, Dunning’$?® aug-cc-pVDZ basis sets for the same optimized
2.4 Hz), and 7.44 (4H, AA'’XX',J = 8.8, 2.4 Hz).0¢c: 9.97, structures. Rotational strengths are calculated using both length
19.46, 29.37, 75.29, 116.25, 127.84, 133.46, and 157.46. MSand velocity representations, but the numerically more robust
(El, direct): m/iz = 298 (M", 20%), 187 (13), and 186 (100). values from length-gauge representation were used throughout
HRMS (El): 298.1930. gH2s0, requires 298.1933. EA: the text. It is known that in the absence of gauge-invariant
Found: C, 80.44; H, 8.71%. 4H2¢0,: C, 80.50; H, 8.78; O, atomic orbitals (GIAOs), these are origin-dependent and origin-
10.72. Specific rotation: of]p?® —31.34 4.7° (c 0.10, CHC}). independent, respectively. Strictly speaking, the calculated
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Biph22-aR-Tg- Biph22-aS-Tg-

Biph33-aS-anti-Tg-

Biph33-aR-syn-Tg- Biph33-aS-syn-Tg-
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Biph44-aR-Tg- Biph44-aS-Tg-

Figure 1. Front view of the DFT-D-B-LYP/TZV2P-optimized, most abundamt conformers ofBiph22, Biph33 (anti and syn), an®iph44.
Magenta and navy planes stand for the positive and negative twists, respectively.

CHART 1: Chiral Biphenol Ethers

SN E°°ﬁ @o v

Biph22 Biph33 Biph44

optical rotations and circular dichroisms can only be compared 3. Results and Discussion
to experimental values when they are origin-independent, but
the length and velocity rotational strengths converge to the same

vglue in the complete.basis set Iimit..With our relatively large Biph44 (Chart 1) were synthesized by the Mitsunobu reaction
triple-C type AO basis sets, the differences between both o' the corresponding biphenols wit)¢2-butanol in tetrahy-
representations were negligible. The effect of the solvent on grofyran. The smallest chiral group was selected to examine
the distribution of the conformers was also addressed by the apility of inducing axial chirality to a biphenyl chromophore
application of the conductor-like screening model (COSMO).  and also to test the capability of the present conformational
All single-point energy calculations were performed with analysis that combines the experimental and calculated CD
COSMO as implemented in the TURBOMOLE program suite. spectra, through which we can verify whether or not the small
The dielectric constant) of 36.64 in acetonitrile and optimized  but significant differences in energy/population betwedt
atomic radii for the construction of the molecular cavity (C, andaSisomers can be appropriately deduced. The yields of the
2.00; O, 1.72; H, 1.30 A) were used. chiral ethers were fair to good, while the monosubstituted ether

Preparation of Chiral Biphenol Ethers. A series of sym-
metrically substituted biphenol etheBiph22, Biph33, and
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CHART 2: Conformations at O—C (chiral) and C (lowercase) in the latter case. Combination of different confor-
(chiral) —C (ethyl) Bonds* mations in the two aromatic rings was ignored for simplicity.
T t This assumption turned out to be acceptable as the experimental
Et Me CD spectra are nicely reproduced by the calculation incorporat-
ing these conformers (vide infra).

Me H It turned out that only three major conformers for each
rotamer are practically relevant for the calculation of the CD
GH G- g+ g- spectrum. In addition to the most stalblR-G+t isomer, all the
H Me H H conformations that possea& < 2 kcal/mol above the lowest
Ar OAr are taken into account. The other 12 minor conformations consist
aleft: trans and two gauche isomers defined by the orientation of 0f ~15% in total, but the relative population of each conforma-
ethyl substituent in the chiral grouf,(G+, andG-). Right: trans and tion never amounts to 5%. In addition, the possible Cotton
two gauche isomers defined by the orientation of methyl substituent in effects of the minor conformers are expected to mostly cancel
the ethyl group g+, andg-). out (vide infra) since the populations to the correspondiRg
) ) ) and theaSisomers are almost equal. For a full table of the
was obtained as the major product wheri-bjphenol was used  (g|ative energies as well as the populations of all the conforma-
as the substrate, for which the steric hindrance of th& 2,2 g of Biph22, see Table S1 in Supporting Information.
disubstituted product should be responsible. Because of this

. : The present-day TD-DFT implementation regarding optical
crowdedness, a pair of diastereomers (rotamer) were Obsewedactivities such as CD spectPdL3%has been successfully aoplied
for Biph22 on the NMR time scale. Heating the solution up to P y app

100 °C caused some peak broadening but did not lead to recently to the assignment of absolute configuration and

coalescence of these signals (see Figure S2 in the Supportin conformation of chiral organic molecules. Consequently, we
; € signais (s 9 . PO gi)erformed the TD-DFT calculations for all of the 18 conformers
Information for details). This indicates that the interconversion

between the conformers is slow even at this temperature. It hasat the BH-LYP/TZV2P level to simulate the Ubis and CD
P : ectra ofBiph22 in each conformation. The choice of the

) . S
!oeen reported that a pair of such dlgstereomers can be separat nctional and the basis sets is based on previous expefiefice.
in some cases and also that an independent preparation o

diastereomeric 2!mis(phenyloxadiazolyl)oiphenyl) is pos- hile the UV—vis spectra predicted for all of these conformers
I ’ pheny yhbipheny’) P were essentially the same (data not shown), the calculated CD
sible? However, we were unable to separate the diastereomers

. . . : spectra were significantly different from each other (Figure S8
of Biph22 desplte conaderablq effort, and hence we dguded in Supporting Information). Most importantly, the Cotton effects
to used the diastereomeric mixture for the CD experiments L

of aR- andaSrotamers are opposite in sign and the CD spectra
throughout the study.

Geometrical Optimization and Calculation of the Circular of the rotamers are almost mirror-imaged (eai- Tg-versus

. . : X aS-Tg). Thus, the contribution from the minor component is
Dichroism Spectra of Chiral Biphenol Ethers by the TD— .
DET Method. A Test for the Conformational Variance of mostly cancelled out, and therefore the CD spectra predicted

Binh22. We have recently developed an empirical dispersion by considering only the major conformations are incredibly
phez. y @ P P! pers similar to the ones that incorporate all the conformers, except
correction scheme for efficient DFT calculations by adding

pairwise — Cy/Ré potentials to describe van der Waals (vdW) for the slight decrease in peak height (Figure S9 in Supporting

: : N . Information). Accordingly, only the six conformatiorsR-Tg,
-DY8 -

!nteractlons_(I_DFT D¥: 'I_'hls d|sperS|_on corrected DI_:T method aRTgt, aRGH, aSTg, aSTgt, andaSG+) with respect

is a very efficient practical alternative to computationally very

demanding electron correlation methods and has successfullyto the chiral group are hereafter considered in the CD calculation

; - of Biph22—44.

been applied to noncovalently bound intermolecular comptéxes ) . .
as well as large hostguest moleculed28All of the geometrical Experimental and Theoretical UV—Vis and CD Spectra
optimizations of chiral biphenol etherdBiph22—44) were of Chiral Biphenol Ethers. The UV—vis and CD spectra of
performed at the DFT-D-B-LYP/TZV2P level, which were Biph22—44 were obtained with a conventional W\Wis/CD _
followed by the single-point energy calculation at the SCS-Mp2/ @Pparatus using a 1.0 cm square cuvette for 0.05 mM solutions
TZVPP level222! The relative populations of the conformers N Methylcyclohexane and acetonitrile at 25. These data are
reported in this work are based on the Boltzmann distributions COMPared with the theoretical Uwis and CD spectra.
calculated from these SCS-MP2 energies (DFT-D and uncor- (&) Biph22 Table 1 summarizes the results of the geometrical
rected standard DFT energies were used only for comparisonoptimization of the three major conformef&ft, Tg-, andG+t)
purposes). of each Biph22 rotamer. The geometry optimization was

To check the effect of the conformation of the terminal alkyl performed at the DFT-D-B-LYP/TZV2P level, followed by
group on the relative energy as well as on the -1INs/CD single-point energy calculation at the SCS-MP2/TZVPP level.
spectra, we first comprehensively studied all of the possible The representative optimized conformatioa&{Tg- andaS
conformations oBiph22. The choice ofBiph22, rather than ~ Tg) are illustrated in Figure 1 (top). The interplanar dihedral
Biph33 or Biph44, for this assessment is because the relative angles between the two phenol ether moieties are relatively large
energies are more severely affected by intramolecular interactionand mostly in the range of 65/0°. These values are in good
between the adjacent ortho substituent8iph22. In addition agreement with thé*C NMR-estimated twist angle of 73or
to the rotational conformations associated with the -aayy! 2,2-dimethylbiphenyf2 An exception is theaSTg- isomer
bond (denoted a:R- and aSisomers?® Figure 1 for Tg- which shows a remarkably large twist angle of 9frobably
conformation), there are nine possible conformations for each because of a larger steric repulsion between the chiral alkyl
rotamer because of the orientational isomerism in the terminal groups.
alkyl group. Chart 2 illustrates the possible conformations  The calculation of the UWvis and CD spectra for each
associated with th@©—C (chiral) andC (chiral)-C (ethyl) conformer ofBiph22 was performed by using the TD-DFT
bonds, which are hereafter denotedTagrans), G+ (gauche method with the BH-LYP functional and the same triglbasis
1), and G- (gauche 2) in the former case andg+, g- sets (TZV2P). The individual theoretical spectra are shown in
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TABLE 1: Summary of the Calculated Structures, Relative Energies, and Thermal Boltzmann Populations for the Three
Biphenol Ethers?

gas phase in acetonitrile (COSMO)
calculated SCS-MP2 AESCS—MPZ/ AEDFT'D/ AEDFT/ AESCS—MPZI AEDFTD/
twist  optical energy/ kcal % kcal % kcal % kcal % kcal %
angle? rotationf ¢ Hartre@ mol™t  population mol™* population mol™* population mol™*  population mol™* population
Biph22
aR-Tgh 67.1 —1021 —926.2568 1.62 9.5 0.78 16.5 3.89 1.1 1.36 9.8 0.53 16.1
aR-Tg 67.5 —2032 —-926.2594 =0 47.7 =0 35.8 = 54.4 = 38.2 =0 274
aR-Gt+t 69.5 —1327 —926.2557 2.32 4.7 1.63 7.0 1.24 158 1.23 111 0.69 13.7
asS-Tg+ —69.5 1174 —926.2563 1.95 6.8 161 7.2 249 45 1.79 6.4 144 6.5
as-Tg- —90.8 —203 —926.2581 0.76 22.2 0.51 215 140 135 0.86 16.2 0.55 15.7
aS-Gtt —65.1 1023 —926.2567 1.65 9.1 1.09 12.0 1.62 10.7 0.73 184 0.28 20.7
R/S(P/ M9) ratio 61.9:38.1 59.2:40.7 71.3:28.7 59.1:40.9 57.1:42.9
Biph33
aR-anti -Tgt 140.9 —62 —926.2561 2.25 2.0 186 2.6 243 1.7 241 1.5 202 19
aR-anti -Tg- 1411 —336 —926.2597 0.02 183 0.05 155 0.02 185 0.09 15.2 0.13 12.7
aR-anti -Gt 141.6 67 —926.2575 1.38 4.7 090 6.6 141 46 0.78 7.6 0.40 9.7
aR-syn -Tg- —38.6 —205 -—926.2561 2.26 2.0 184 26 240 1.7 2.37 1.6 197 20
aR-syn -Tg- —38.5 —496 —926.2597 =0 18.7 =0 16.2 = 19.0 0.05 15.9 0.07 135
aR-syn -G-t —38.6 —136 —926.2575 1.38 4.7 093 6.5 144 45 0.76 7.8 0.40 9.7
aS-anti -Tg- —141.4 —26 —926.2561 2.29 1.9 185 26 239 18 2.42 15 198 20
aS-anti -Tg- —1415 —277 —926.2597 0.02 183 0.00 16.3 0.00 19.0 = 16.7 = 14.5
aS-anti -Gtt —141.5 54 —926.2575 1.39 4.7 093 64 1.44 45 0.78 7.7 041 96
asS-syn-Tg- 38.9 229 —926.2561 2.28 1.9 186 25 243 17 2.42 15 201 1.9
aS-syn-Tg- 38.8 —172 —926.2597 0.02 183 0.04 15.7 0.02 185 0.07 155 0.11 13.0
aS-syn-G-t 38.6 156 —926.2575 1.38 4.7 091 6.6 143 45 0.78 7.7 0.40 9.7
R/Sratio 50.3:49.7 49.9:50.1 50.0:50.0 49.6:50.4 49.4:50.6
P/M ratio® 49.9:50.1 49.4:50.6 49.6:50.4 49.0:51.0 48.9:51.1
Biph44
aR-Tgh 37.2 —4234 —926.2558 2.24 3.9 186 5.1 235 35 2.31 3.1 190 40
aR-Tg- 37.2 —1188 —926.2593 0.01 36.2 0.05 308 = 37.2 = 31.7 = 26.4
aR-Gtt 36.8 134 —926.2572 1.32 9.7 0.88 135 135 9.6 0.70 158 0.27 20.1
aS-Tgt —36.9 —306 —926.2558 2.24 3.9 185 51 234 36 2.33 3.1 190 40
as-Tg- —36.8 —947 —926.2593 =0 36.5 =0 325 0.00 37.2 0.06 29.9 0.02 259
aS-Gtt —36.8 404 —926.2572 1.32 9.8 0.92 13.0 143 8.9 0.66 16.3 0.29 19.8
R/S(P/ M) ratio 49.8:50.2 49.3:50.7 50.3:49.7 50.7:49.3 50.4:49.6

2 Boltzmann populations (298 K) based on the relative energies in the gas phase and in acetonitrile with COSMO cale @& nspP2/
TZVPP single-point energies for DFT-D-B-LYP/TZV2P optimized structufé3alculated optical rotations at the BH-LYP/aug-cc-pVDZ level.
dRelative contribution of the conformations with positive twist angle versus those with negative twist angle.

Figure 2 (top left), which clearly indicate that the spectra for 0.5 kcal/mol because of the larger sterical repulsion inad&e
aR- and aSrotamers are mostly mirror-imaged. TlaS-Tg isomer. The overalaR/aSratio determined is-6:4, which is
isomer, which is sterically more crowded and thus bears an roughly equal to the ratio obtained by thd NMR analysis
increased twist angle, shows a slightly sluggish CD profile (ca. 8:2).
compared to the others. However, the overall patterns of the Figure 3 shows a comparison of the experimental and the
CD spectra, that is, the negativpositive—negative Cotton simulated UV-vis (left) and CD spectra (right) foBiph22
effect sequence fomR-rotamers and the oppositely signed obtained by averaging the contributions of six conformers. The
sequence for the anitipodaSrotamers, uniformly hold. The  three major bands are correctly predicted in the theoreticat UV
delicate balance between th&® and aSrotamer populations,  vis spectrum, while the transition energies and the oscillator
and thus the calculation of accurate relative energies, is a verystrengths deviated slightly. More importantly, the present
important issue to properly reproduce the experimental CD methods show excellent performance in predicting the theoretical
spectra. CD spectrum, which almost perfectly agrees in shape with the
Accordingly, accurate SCS-MP2 energies were used to experimental spectrum. The calculated band intensities are
estimate the relative population of the isomers, and the resultsusually larger than the experimental ones, and thus the theoreti-
are shown in Table 1. The populations predicted by the SCS- cal spectrum was scaled ), to fit the experimental values.
MP2 and the DFT-D methods are very similar. At least the The experimental UVvis spectra oBiph22—Biph44 can be
stability order of the conformers completely agrees for both reproduced by the same theory with much smaller scaling factor
methods, although a higher preference for the more stable (1~1/,). The somewhat smaller scaling factor used is probably
isomers is noted for SCS-MP2. In contrast, standard DFT failed due to a more complete cancellation of the CD bands between
to predict the correct ordering of the relative energies (and the various conformers and also to the neglect of the dynamic
population) because of the known defect of common density behavior of the substrate conformations in our static approach.
functionals to describe dispersion (van der Waals) interactions; However, the apparent three Cotton effect peaks of a negative
these problems have been recently pointed out by many positive—negative sequence were perfectly reproduced in sign
authors?1-32 This finding also supports the reliability of the and in relative band intensity, indicating the appropriatenes of
DFT-D method for the geometrical optimization of the present our combined approach, that is, the SCS-MP2 calculation of
system. the relative energy, the TD-DFT calculation of the CD spectra,
The most abundant isomer bears #R-Tg conformation, as well as the DFT-D optimization of the chiral biphenol ether
while the corresponding rotamea$-Tg) is less stable by about  Biph22. Thus, it is clear that thaR- (or P-), rather tharaS
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Figure 2. Calculated CD spectra &iph22 (top, left), Biph33 (bottom), andBiph44 (top, right) for selected conformers. Red, solaR-Tg-; red,
dotted: aR-Tg+; red, hashed:aR-G+t; blue, solid: aSTg-; blue, dotted:aSTg+; blue, hashedaSG+t. For Biph33, anti (left) and syn (right)
conformers are shown separately for clarity.
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Figure 3. Comparison of calculated and experimental t's/CD spectra oBiph22. Left: (a) Experimental UW-vis spectrum (0.05 mM in
methylcyclohexane at 2%C). (b) Calculated UV~vis spectrum obtained by averaging the six conformers. Right: (a) Experimental CD spectrum.
(b) Calculated CD spectra @iph22 obtained by averaging the six conformers with a scaled inten%igy. (

(or M-), rotamers are preferred foRR)-Biph22 in solution (b) Biph33. The geometrical optimization of the selected
under the experimental conditions. This is in contrast to the conformers of the 3;&3disubstituted derivativBiph33 was also
slight preference for thé-isomers observed foBiph33 or performed at the DFT-D-B-LYP/TZV2P level. In addition to
Biph44 (vide infra), which is probably due to the larger the conformations based on the trans/gauche orientations of the
interactions between the chiral alkyl groupsBiph22. Judging alkyl groups as was the caseBiph22, there are four possible
from the superlative agreement of the theoretical and the conformations (rotamers) associated with the interplanar twist
experimental CD spectra, we may conclude that the relafk/e angle (for a typical example, see tfig- isomer in Figure 1,
aSratio is very close to~60:40. middle). We use the combination @R/aS and syn/anti
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TABLE 2: Relative aS/aRPreference in Each Conformef

Biph22 Biph33 (anti) Biph33 (syn) Biph44
AEschpzl aR/aS AEschpzl aR/aS AEscgmpzl aR/aS AEscgmpzl aR/aS
medium kcal mol? ratio kcal mol?® ratio kcal mol?t ratio kcal mol? ratio
gas phase Tgt+ +0.332 41.8:58.2 +0.041 49.0:51.0 +0.025 49.6:50.6 —0.000 50.0:50.0
Tg- +0.765 31.8:68.2 +0.003 49.9:50.1 +0.019 49.5:50.5 —0.008 50.2:49.8
G+t —0.663 66.0:34.0 +0.012 49.7:50.3 +0.002 49.9:50.1 —0.005 50.1:49.9
MeCN (COSMO) Tg+ +0.423 39.6:60.4 +0.012 49.7:50.3 +0.045 48.9:51.1 +0.021 49.5:50.5
Tg- +0.858 29.8:70.2 —0.089 52.2:47.8 +0.022 49.4:50.6 -+0.058 48.6:51.4
G+t —0.500 62.3:37.7 —0.007 50.2:49.8 +0.020 49.5:50.5 —0.031 50.8:49.2

@ Boltzmann population (298 K) based on the relative SCS-MP2/TZVPP energies in the gas phase and in acetonitrile with COSMO calculations.

nomenclatures for these conformers, where the anti isomerstransitions appear as an overlapping broad peak in the calculated
possess larger twist angles between the aromatic planes on th&V—vis spectrum, since the first and the second transitions are
basis of the direction of the attached alkoxy groép>( 90°). blue- and red-shifted, respectively, compared to the experimental
The syn isomers were not found as stable conformations in theones. The calculated CD spectrum obtained by a Boltzmann
case ofBiph22 because of the larger steric hindrance between distribution averaging of the 12 individual spectra reasonably
the alkoxy groups. Thus, compared with achiral analogs, possiblereproduces the experimental CD spectrum in methylcyclohex-
conformers oBiph22—Biph44 are doubled in number. Details  ane. The relatively small scaling facto¥.f) necessary for
of the results of the calculations for 12 out of 36 conformations Biph33 is probably due to the broader variety of conformations
are summarized in Table 1. The twist angles are in the range ofinvolved in comparison to thBiph22 andBiph44 cases. Indeed,
38-40° in all of the conformations, which are in good experimentally the CD intensity @iph33 is almost 1 order of
agreement with the reported interplanar angles didétermined  magnitude smaller than that &iph22. A slight deviation of
by an electron-diffraction experiment with the parent biphéfyl.  the second positive Cotton effect (in the theoretical spectrum)
Quite interestingly, thaR-syn-Tgisomer was the most stable  may rationalize the inconsistent relative strength of the first
among the conformations examined, while all of &f6-syn-  negative Cotton effect at least in part. However, the overall good
Tg counterparts and theg- conformers of the anti forms have  agreement of the CD patterns in theory and experiment
comparable stabilities, whe®Escs-mpz ~ 0.02 kcal/mol. In demonstrates the reliability of the present methods. The slight
this case, most of the rotamers are fabulously balanced in energypreference for thévl isomers in solution, as predicted by the
(aR/aS~ 50:50), and thus only a tingRpreference (50.3:49.7)  5CS-MP2 calculations, was thus confirmed.
was found on the basis of the SCS-MP2 energies. aRs (c) Biph44. The geometry optimization and Uwis/CD

preference, however, is in contrast to the S aéilprefer_ence spectral calculation were similarly performed Biph44 (Table
predlcted ]E)y t::.e DFbT'D entra]rglefw('\jQ.aso.l%. It :S _more 1, Figures 1, 2, and 5). The interplanar twist angles-a3&°,
'mpgft‘)ar;_‘ or ftthls su fstratet_t at t'th r_z:_no, the re atlvet_ which is in good agreement with the experimental valu€)44
contribution ot the contormations with positive versus negative of biphenyl3* These equilibrium angles are slightly smaller than

twist angles, is always slightly smaller than unity independent : :
; . ) ) those forBiph33. The overall preference for ttaR-(M)-isomers
of the choice of calculation methods (SCS-MP2 vs DFT-D). over theaS(P)-isomers was very subtle (50.2:49.8), and the

The relative energies and the population between the conformers

: . aS/aRratios for respective conformers in the alkyl group are
can also be correctly predicted f8iph33 by standard DFT, . .
which s in contrast o theBiph22p tase. Thus, them  VerY close to unity (Table 2). As was the case Biph33, the

classification is much more reasonable for the prediction of the observed CD s very weak, that is¢ values are generally less

conformational preference as well as the tWs/CD spectra; than+1 M~ cm . .Th'S IS no_t_ surprising because the c_h|r_al
all the P (or theM) isomers possess the same structural trends groups are located in the position most d'.Sta' from the twisting
as shown in Figure 1 (positive and negative interplanar twist C—C.bond and thus the. chiral induction is not very effective
angles are represented as magenta and navy plates, respectivel)f or this substrate (an_d fd@iph33 also). Nevertheless, the overall
The CD spectra are also calculated for all conformations at the atterns c_)f the va's./ CD specira were very well reproduced
TD-DFT-BH-LYP/TZV2P level (Figure 2, bottom). As clearly and confidently confirmed the preference for tRe(or aR)
seen, all thé® isomers §R-anti andaS-syrconformers) show ~ "otamer.
the first-negative, second-positive Cotton effects, and vice versa Solvent Effects.Because of the delicate balance among the
for theM isomers. Consequently, the accurate estimation of the conformers (rotamers), it seems important to check the solvent
relative contribution (energies) is obligatory to predict the CD €ffects on the spectra experimentally (Figures S11 and S12 in
spectra oBiph33 correctly. Supporting Information). The effect of the solvent change (from
The prediction of the UV-vis or CD spectra oBiph33 and methylcyclohexane to acetonitrile) on the observed CD spectra
Biph44 is more challenging than that &iph22, since as can turned out to be not very large, and the overall pattern of the
be seen from Table 2, the relatis€aR preferences are aimost ~ Cotton effects were not distorted for all of the three substrates.
balanced|AE| < 0.1 kcal/mol) when the conformations of the This was also checked theoretically by using a dielectric
terminal alkyl groups are fixed. Nevertheless, our approach continuum solvation model, and the relative energies obtained
performs exceptionally well for botBiph33 andBiph44 (vide by using the DFT-D and SCS-MP2 methods are given in Table
infra). The theoretical (averaged) and experimentaHyig and 1. The effect of the conductor-like screening model (COSRO)
CD spectra oBiph33 are compared in Figure 4. The computed treatment on the (relative) energies was not significant and the
intensities of the calculated UV and CD spectra are scaled to aR/aS(or P/M) preference is only slightly altered. Nevertheless,
1/, and Y/, for better comparison. The three main transitions the CD spectra predicted for &iph22—44 conformers by using
are appropriately predicted by the theory in the-tWs spectra, the COSMO model (rather than the gas-phase calculations) are
with some deviation of the transition energies. The first two improved slightly and certainly better to reproduce the experi-
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Figure 4. Comparison of calculated and experimental t\'s/CD spectra oBiph33. Left: (a) Experimental UW-vis spectrum (0.05 mM in
methylcyclohexane at 25C). (b) Calculated UV-vis spectrum obtained by weighted-averaging the six low-energy conformers with a scaled
intensity (/,). Right: (a) Experimental CD spectrum. (b) Calculated CD spectrgipi33 obtained by weighted-averaging the six low-energy
conformers with a scaled intensity/).
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Figure 5. Comparison of calculated and experimental t\s/CD spectra oBiph44. Left: (a) Experimental UW-vis spectrum (0.05 mM in
methylcyclohexane at 25C). (b) Calculated UV-vis spectrum obtained by weighted-averaging the six conformers with a scaled intéhgity (
Right: (a) Experimental CD spectrum. (b) Calculated CD spectrBipii44 obtained by weighted-averaging the six conformers with a scaled
intensity ¢/s).

mental spectra in acetonitrile (Figure S11 in Supporting  These calculations reveal the sensitiveness of the computed

Information). CD spectra to the ground-state geometries. Thus, the accurate
Effect of the Twist Angle on the Theoretical CD Spectra ground-state geometries as well as the accurate prediction of
The effect of the ground-state geometries on the predicted CDtheir relative energies are absolutely necessary for correctly
spectra is investigated in two typical cases, that isaReTg reproducing the observed CD spectra of biphenyl derivatives.
conformers of Biph22 and Biph44. The structures were Calculation of Specific Rotation TD-DFT computation of
constructed by varying the interplanar dihedral angledtly optical rotations has become a routine tool in chiroptical studies

and +£10° from the optimized geometries. The rest of the and has frequently been employed for the prediction of absolute
structural parameters were kept fixed at the optimized values. configuration®3> We performed the calculation of the optical
Figure 6 represents the UWis and CD spectra predicted for  rotations of the chiral phenol etheBiph22—44) with the BH-

the structures thus obtained with increased (red) and decreased YP functional using the aug-cc-pVDZ basis sets (Table 1, last
(blue) interplanar angles. Most of the transitions in the calculated column). The calculated values for individual conformers are
UV —vis spectra are blue-shifted to some extent for the structuresBoltzmann distribution averaged by using the most reliable
with increased twisting angles, and the shift is found to be larger single-point SCS-MP2/TZVPP energigand are compared with

for the first (longer wavelength) transitions. The oscillator the experimental values (Table 3). The calculated optical
strengths are decreased for all the transition®iph22 by rotations for each conformer as well as the averaged ones are
increasing the twist angle but are not significantly changed in much larger (in absolute value) than the experimental values,
the Biph44 case. In the CD spectra, the Cotton effects of the although the signs of the specific rotations were correctly
first and second transitions are gradually shifted to more negative predicted for all three substrategih22—44). This discrepancy
values as the angle between the aromatic planes is increaseds probably due to the incomplete cancellation between the
The effects of the twist angle on the high-energy CD bands are conformers or ignorance of the dynamic behavior of the
not uniform, although the shift is gradational with the degree molecule in this static approach. In comparison to the optical
of the twist angle. rotation calculation, the CD calculation with comparable
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Figure 6. Computed UV~vis/CD spectra oBiph22 (top) andBiph44 (bottom) with increased and decreased dihedral angles between two aromatic
planes. Black: optimized geometries. Red: structures with increased dihedral angig% (aotted line) andt+10° (solid line). Blue: structures
with decreased dihedral angles-66° (dotted line) and-10° (solid line).

TABLE 3: Oxidation Potentials and Optical Rotations of Biphenol Ethers

neutral radical cation
Eox(1)/ Eox(ll)/ DFT-D R/S DFT-D R/S
Vvs Vvs optical energy/ AFE/kcal % (P/M) twist  energy/ AFE/kcal % (P/M)  twist
conformation SCE SCP rotationf ¢ Hartree mol~! population ratio angle? Hartree mol~! population ratio angle? Aangld® 9
Biph22 aR 1.28 135 —-1000 —928.1922=0 62.5 1.66 67.5-927.9474  0.09 47.9 0.92 50.0—-17.5
asS (—33.8) —928.1914 0.51 37.5 —90.8 —927.9475=0 52.1 —45.2 —455
Biph33 aR-anti 142 151 —231 —928.1942 0.05 243 0.99 141:1927.9431  2.03 5.9 1.05 148.2 —-7.0
aR-syn (—18.1) —928.1942 0.00 25,5 (0.96)-38.5—-927.9463=0 452 (0.95) —31.0 -75
aS-anti —928.1942=0 25.6 —141.5-927.9431 2.00 6.1 —148.2 —6.7
as-syn —928.1942 0.04 24.6 38.8927.9462  0.05 42.8 31.3 =75
Biph44 aR 1.39 (1.39) —752 —928.1940 0.05 48.7 0.95 37:2927.9638  0.00 50.0 1.00 23.2—14.0
as (—31.3) —928.1941=0 51.3 —36.8 -927.9638=0 50.0 —-23.2 —135

aFrom OSWYV data in dichloromethaneOnly a single two-electron oxidation peak was observed under the conditions empldyedcalculated
optical rotations at the BH-LYP/aug-cc-pVDZ level were weighted with the relative population on the basis of the SCS-MP2 energies (in the gas
phase). The experimental values in chloroform at@5c 0.10) are in parenthesekDifference in equilibrium angle between the interplanar twists
in the neutral and radical cation forms.

computation time (and level) turned out to be quite useful, since dimethoxybiphenylEqx = 1.30 V)3 The cyclic voltammograms
the latter gives detailed patterns (instead of just one number)for Biph22 and Biph33 showed an additional oxidation peak

that can be compared with experiment. as a shoulder to give two sequential oxidationEgt= 1.28/
Redox Properties of Biphenol Ethers.Cyclic voltammo- 1.35 and 1.42/1.51 V, respectively. The relatively lower
grams were obtained for dichloromethane solutiorBiph22— oxidation potential oBiph22, as compared with those reported

44 with tetrabutylammonium hexafluorophosphate as electrolyte for 2,2- and 3,3-dimethoxybiphenyls (1.51 and 1.60 V), may
(Figure 7). All the biphenol ethers gave irreversible redox be attributed to the highly constrained ground-state geometry
behavior at a scan rate of 100 mVsunder the conditions  of Biph22.

employed. Thus, the square wave voltammograms were also Structural Changes by Oxidation. To gain further insight
measured and the oxidation potentials obtained were used ininto the structural changes upon oxidation as well as the donor
the following discussion. Thpara-substitutediph44 showed acceptor interactions (vide infra), we performed geometry
a single oxidation peak at 1.39 V (simultaneous two-electron optimizations of the oxidized species (radical cation) for the
oxidation), which is comparable to the value reported fot-4,4 most stable conformationg ¢) of Biph22—44. TheaR and



Axial Chirality and CD Spectra of Biphenol Ethers J. Phys. Chem. A, Vol. 111, No. 20, 200231

Current (uA)
Current (12A)

a

100 : + : -100 :
1650 1550 1450 1350 1250 1150 1650 1550 1450 1350 1250 1150
Potential (mV vs SCE) Potential (mV vs SCE)

Figure 7. Positive scan cyclic voltammograms (left) and Osteryoung square wave voltammogram (right)BypHa2, (b) Biph33, and (c)
Biph44 in dichloromethane obtained at a scan rate of 100 mV s

aSrotamers were calculated separately, and the anti- and syn-CT transitions do not greatly differ in sign and pattern among
isomers were also considered fBiph33. The computations  the CT complexes oBiph22—44 with tetracyanoethylene
for the open-shell species were performed at the unrestricted(Figure 8, left). Similar results were also obtained for the
DFT-D/TZV2P level as mentioned above (Table 3). In the complexes with benzoquinone and with chloranil (see Figures
neutral form, theaSisomer is slightly favored foBiph44, but S14 and S15 in Supporting Information). However, the observed
the aS/aRratio was found to be unity for the radical cation. Cotton effect was very sensitive to the shape of the CT complex
The twist angle between the two aromatic planes becomesformed. Thus, the CD spectra Biph22—44 complexes with
slightly smaller to give better electronic resonances between dimethylviologen were shown to be highly dependent on the
the aromatic units in the oxidized forms. Although #1 value donor structure (Figure 8, right). The ground-state geometry of
was not significantly changed fdBiph33 by oxidation, the the CT complex of dimethylviologen and 4Mdiphenol was
greater preference of the syn-isomer over the anti-isomer in therecently optimized at the B3-LYP/6-311G(d) level, and the result
radical cations is evident (Table 3). This is probably due to the indicates that the two aromatic planes in each component are
larger resonances between the aromatic rings in the syn forms.coplanar to each other and that the deracceptor pair is placed
The difference in twist angle was found to be smah-8r) in a face-to-face configuratiotf.A similar configuration is also
between the neutral and radical cationic species. The largestexpected for a complex diph44 with dimethylviologen but
geometrical changes upon oxidation are expected to occur fornot for complexes oBiph22 andBiph33 because of the twisting
Biph22, and indeed the calculated change of the twist angle nature and steric requirements of the ground-state conformations
was found to be quite large (18nd 46 for aR- andaSisomers, of biphenol ethersBiph22 and Biph33. Although detailed
respectively). Accordingly, the preference for the less strained investigations of the CD spectra of the complex remain to be
aSisomer in the radical cation form is considerable. Thus, the elucidated, such Cotton effects observed at the CT band of chiral
relatively low oxidation potential oBiph22 can be ascribedto  CT complex contain the wealth of structural information and
the higher strain in the neutral form. would be potentially useful for the structural analysis of the
Donor—Acceptor Complexation of the Chiral Ethers with complex in solution.
Various Electron Acceptors. Biph22-44 can form donot+
acceptor (or charge transfer) complexes with electron acceptors4, Summary and Conclusions
Accordingly, addition of various acceptors to solutions of ] _ _
Biph22—44 led to colorful solutions as shown in Figure 8 In the present study, we have comprehensively investigated
(bottom) (also see Figure S16). Subtraction of the reference the chiroptical properties of three chiral biphenyl derivatives
spectra of free donor and acceptor from that of the mixed (Biph22—44) both experimentally and theoretically. It was
solution reveals the CT bands in the visible region. The pattern found that our static approach (on the basis of the thermally
of the CT transitions critically depends on the choice of donor Populated conformers of minimum energies) to predict CD
and acceptor. The HOMELUMO transition (the first CT spectra is very robust and applicable even to these conforma-

transition) always appears at longer wavelengths ndBijoin22 tionally flexible systems. The following findings are crucial:
or Biph33 but for Biph44, which is, however, not the most (1) A pair of small peripheral chiral auxiliaries induce
easily oxidizable substrateBiph22 has a lower oxidation  noticeable axial chirality in biphenylsB{ph22—44). The
potential). The shape of the CT bands obtained \Biiph22 observed Cotton effects are very small in intensity because of

andBiph33 was quite similar to each other for all the acceptors the cancellation of the signals among the rotamers, giviag
examined (see Figure S13 in Supporting Information). These = 2~8 for Biph22 and Ae ~ 1 for Biph33 and Biph44. In
observations indicate that large geometrical changes in donorBiph22, chiral groups are located much closer to the axes of
structure, which are significantly different amoBgph22—44, the biphenyl than ifBiph33 or Biph44, which induces stronger
should be accompanied upon CT complexation. Cotton effects in CD.

We have recently demonstrated that the Cotton effects (2) The calculation at the dispersion-corrected DFT-D-B-
observed for the CT transitions in doraacceptor complexes  LYP/TZV2P level is suitable for the geometry optimizations
can be utilized to detect the conformational and configurational of Biph22—44. The interplanar angles of the optimized geom-
changes of the complé?3” Despite the large differences in  etries are in good agreement with the experimental values
color (or in excitation energy), the CD spectra observed for the reported for analogous biphenyl derivatives. The following
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Figure 8. CD spectra of CT complexes. Top, left: Tetracyanoethylene (TCNE, 0.1 M) witBi22 (50 mM), (b) Biph33 (10 mM), and (c)
Biph44 (10 mM) in dichloromethane at 2. Top, right: Dimethylviologen (MV, 50 mM) with (aBiph22 (0.4 M), (b)Biph33 (0.2 M), and (c)
Biph44 (0.2 M) in acetonitrile at 25C. Bottom: Color changes for the CT complex formation betwBgh22—44 with TCNE or MV.

single-point SCS-MP2/TZVPP energy calculations revealed that in pattern and relative intensity. However, the observed rotatory
the geometries obtained by DFT-D method are accurate enoughstrengths are always smalléfst-/,0) than the theoretical values.
to further simulate the chiroptical properties. The empirical This is probably due to the ignorance of the dynamic behavior,
dispersion correction in DFT was found to be important in which leads to the incomplete cancellation, in our static
particular forBiph22, where the most significant intramolecular approach, where the vibrational wavefunctions are not consid-
steric interactions are anticipated. The steric hindrance of the ered.
alkoxy groups inBiph22 also affects the electrochemical (4) Both the experimental and theoretical CD spectra indicate
behavior. Thus, the oxidation diph22 is irreversible and that R R)-Biph33 and R R)-Biph44 slightly favor the M)-
occurs at a potentiaEox(I) = 1.28 V) smaller than that for  isomers in solution, whileR,R)-Biph22, possessing the same
Biph33 or biph44 (Eox(l) > ~1.4 V). chiral auxiliaries, prefers the opposit®){isomer, probably

(3) From the results of the TD-DFT simulation of CD owing to the more severe steric hindrance.
spectrum on the basis of the SCS-MP2 energies of all possible (5) Solvent effects are insignificant on both experimental and
conformers oBiph22, we can conclude that the effect of minor theoretical CD spectra. Consequently, the use of the COSMO
conformers on the averaged WWVis/CD spectrum is trivial. model in the calculations of relative energy and population gives
Hence, only theTg+, Tg- and G+t conformers being taken  better fits to the experimental CD spectra in acetonitrile.
into account, the UWvis/CD spectra and optical rotations of (6) Biph22—44form CT complexes with a variety of electron
respective conformers are calculated at the TD-DFT-BH-LYP/ acceptors in solution. The geometry of the complex and thus
TZV2P and BH-LYP/aug-cc-pVDZ levels to give satisfactory the observed CD spectral shape of the CT band are highly
results. Most interestingly, the pairs of rotamers yield almost dependent on the combination of the donor and the acceptor.
mirror-imaged CD profiles (except for theg- conformer of The CD spectral changes associated with the CT complex
Biph22). From the comparison of the SCS-MP2 energies, it formation are potentially useful for obtaining the conformational
turned out that most of the rotamers (with the same conformation information of the complexes as well as the parent molecules
of the alkyl group) have very similar stability, but a slight in the condensed phase.
preference for one of the rotamers is exaggerated in the overall Despite the fact that biphenyl molecules are in dynamic
averaged CD spectrum. Most crucially, the calculated CD equilibrium with varying interplanar angles in solution, our static
spectra are in excellent agreement with the experimental onesapproach simply on the basis of the pairs of rotamers at the
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local minima can nicely reproduce the experimental CD spectra.
In the present case, the slight preference for one rotamer is easil
deduced by a comparison of the experimental and theoretical

J. Phys. Chem. A, Vol. 111, No. 20, 2004233

(9) For recent examples, see: (a) Carosati, E.; Cruciani, G.; Chiarini,
.; Budriesi, R.; loan, P.; Spisani, R.; Spinelli, D.; Cosimelli, B.; Fusi, F.;
Frosini, M.; Matucci, R.; Gasparrini, F.; Ciogli, A.; Stephens, P. J.; Devlin,
F. J.J. Med. Chem2006 49, 5206-5216. (b) Kuppens, T.; Herrebout,

CD spectra. We conclude therefore that the combined use ofw.; van der Veken, B.; Bultinck, Rl. Phys. Chem. 2006 110, 10191

the geometry optimization by DFT-D, single-point energy
calculation by SCS-MP2, and CD simulation by TD-DFT with
basis sets of (properly polarized) tripleguality is a robust and

potent protocol for the conformational analysis of flexible chiral

molecules in solution executable at quite reasonable computa-

tional cost and therefore has bright perspective for further
applications.
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