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Abstract: Absolute configurations and conformations of selected cis-1,2-dihydrodiols, isolated from bacterial
enzyme-catalyzed arene dihydroxylation, have been examined by comparison of experimental and DFT-
calculated CD spectra and confrontation with the results of X-ray diffraction studies in the crystalline phase.
The equilibrium between the diene P and M conformers in cis-dihydrodiols is strongly dependent on the
intramolecular OH—OH, OH—x, and OH—F hydrogen bonding pattern and is crucial in determining the
sign and magnitude of the long-wavelength diene 7—x* transition Cotton effect. The differences originate
from a dominant contribution of either P-helical (1b, X = Me) or M-helical conformers (1d, X = F), or are
due to M and P low-energy conformers, both contributing a positive rotational strength (1c, X = Br).
Computations show that cis-dihydrodiol 1e (X = CF3z) has only one M conformer stabilized by an
intramolecular O—H---F hydrogen bond. cis-Dihydrodiol 1f (X = CN) shows a Cotton effect of the sign
opposite to the sense of helicity of the dominating conformer. The results of the computations highlight the
inadequacy of the Diene Helicity Rule and the Allylic Chirality Rule to correlate observed Cotton effects
with dihydrodiol absolute configuration. A reliable model is presented to predict the absolute configuration
of substituted benzene dihydrodiol derivatives from CD spectra, based on the confrontation of DFT-computed
and experimental CD spectra. For 3-alkyl derivatives, a simple noncomputational model is offered, which
is based on the contributions of the allylic hydroxy groups and the diene core in P and M conformers.

1. Introduction stereoselectivity (yielding the § enantiomer of diolB

exclusively in all cases with one exception,=XF) (Scheme
Several oxidative metabolic pathways are available for the 1).

biodegradation of monocyclic aromatic ringsin the environ- Eukaryotic metabolism (fungi, animals, plants) often occurs

ment (Scheme Iy Prokaryotic (bacterial) metabolism often ;i3 monooxygenase-catalyzed (CYP-450) epoxidation of the
occurs via initially formedtis-dihydrodiol derivative® resulting monosubstituted arene ring. Regioselectivity can often be
from regio- and stereoselective ring hydroxylating toluene ariaple yielding different arene oxide regioisomérand the
dioxygenase-catalyzed (TDO-catalyzet-dihydroxylation at  correspondingrans-dihydrodiols D after epoxide hydrolase-
the 2,3-bond of a monosubstituted benzene #ng¢ This catalyzed hydrolysis. Although a greater degree of regioselec-
metabolic pathway has been studied extensively using mutanttivity has been observed in fungal oxidations, where a preference
and recombinant bacterial strains containing the TDO enzyme, appears to be found for epoxidation at the 1,2=6(CO,Me)?2

and >50 examples ofcis-1,2-dihydrodiol derivativesB of or 2,3-bonds (X= Cl and Brf® of monosubstituted benzenes
monosubstituted benzene ringshave been isolated. ¢ TDO- A, in mammalian liver metabolism, where a wide range of CYP-
catalyzed oxidation of aren& results in a remarkable degree 450 enzymes is available, the regioselectivity is lower. The
of regioselectivity (yieldingis-dihydrodiol B exclusively) and metabolitesC may then result from epoxidation at each of the
1,2-, 2,3-, and 3,4-bonds of monosubstituted benzAresyield

* A. Mickiewicz University. the corresponding arene oxid€sld-"3 Relatively few substi-

#The Queen’s University of Belfast. tuted benzene oxide§?2 andtrans-dihydrodiols D52 ¢ have
§King’s College London.
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Scheme 1. Oxidative Metabolism of Arenes in Prokaryotic and Eukaryotic Metabolism
X X
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been isolated via biocatalysis. Chemoenzymatic methods usingwavelength Cotton effect in the absence of any obvious
enantiopurecis-dihydrodiols B have, however, been used to structural chang® which again is not consistent with tidene

obtain the corresponding racemic benzene ox&feandtrans
dihydrodiols D.” trans-Dihydrodiols are available also by
chemical method%?

Helicity Rule An experimental and theoretical study of 5-alkyl-
1,3-cyclohexadienes by Lightner et !alfor the first time
provided a dissection of the contributions of various structural

The 1,3-cyclohexadiene chromophore is common to both the elements to the cyclohexadiene 260 nm Cotton effect. The sign

cis-B and trans-dihydrodiol ©) xenobiotic metabolites of
monosubstituted benzene substrag&sdnd is also frequently

of the contribution due to thes-cis-diene moiety alone is
opposite to that predicted by ti@ene Helicity Ruldor 5-alkyl-

encountered in the structures of secondary metabolites (e.g.,1,3-cyclohexadienes, and the sign and magnitude of the Cotton
terpenes and steroids). A marked increase in the number ofeffect are apparently dominated by the contributions of axial
reports of the isolation and application of new enantiomise allylic bonds (groups). Very recently, a more advanced ab initio
andtrans-dihydrodiols, containing the 1,3-cyclohexadiene moi- calculation by Hansen and B&kin the random phase ap-
ety, has occurred over the past 15 years, and this has requiregoroximation (RPA) using an aug-cc-pVTZ atomic basis set
the development of reliable methods for absolute configuration provided important confirmation of the earlier findings on the
determinatiora-"3 Despite a continuing interest in the correla- role of allylic substituents. The effects of the allylic methyl
tion of both absolute configuration (skegcis-diene) and groups were found to follow a quadrant rule being almost
substitution pattern with chiroptical phenomena (optical rotation, additive, while contributions from axial substituents are sig-
ORD, CD) over a period of 40 years, attempts to rationalize nificantly larger than those from equatorial groups.
the experimental observations in a reliable manner have only The electronic spectroscopy of the plaras-diene chro-
met with partial succes$.The originalDiene Helicity Rulg! mophore has been discussed based upon CD measuréfiients.
although successful for sonsecisterpenoid dienes, was unable Thex—x* nature of the transition centered around 275 nm has
to account for the long-wavelength Cotton effect of many other been confirmed. However, evidence for Rydberg and other
polycyclic conjugateds-cisdienes. valence transitions was reported at shorter wavelengths{(250
To overcome the inadequacy of tBéene Helicity Rulethe 200 nm). In the experience of the authors, the chiroptical
concept of allylic axial substituent contributions to the deter- properties of Rydberg and valence transitions are independent
mination of optical activity of conjugated dienes was proposed of each other and are effectively additff&. The solvent
by Burgstahler and co-workeral{ylic Axial Chirality Rulg).12ab behavior of the CD spectra of tleés-diene diols presented here
According to this concept, the sign of the long-wavelength preclude the presence of Rydberg transitions at wavelengths
Cotton effect of conjugated dienes is primarily due to the above 250 nm. CD spectra below 250 nm are generally more
contribution of allylic axial substituents, such as alkyl groups. difficult to interpret, being the result of other valence transitions,

The sign of the contribution is determined by the helicitydr
—) of the Gaxia—Carly—C=C bond system. A corollary of this

Rydberg transitions, and conformational lability.
The chiroptical properties of conjugated dienes with allylic

rule is the low contribution of the helical conjugated diene hydroxy substituents have been the subject of relatively few

chromophore to the rotational strength of thes* transition.

studies.trans-1,2-Dihydroxy-3,5-cyclohexadien®( X = H)

Certain substituents attached to one of the diene carbon atomss one of the initial intermediates in benzene metabolism, formed
(e.g., the CN group) can cause sign reversal of the long- through the enzyme-catalyzed hydration of benzene dXide.
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(6) Boyd, D. R.; Sharma, N. D.; Dalton, H.; Clarke, D. A.Chem. SocChem.
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2901. (b) DeMarinis, R. M.; Filer, C. N.; Waraszkiewicz, S. M.; Berchtold,
G. A.J. Am. Chem. S0d.974 96, 1193-1197.

(9) Hentemann, M.; Fuchs, P. Qrg. Lett.1999 1, 355-357.

(10) For recent reviews, see: (a) GawronskiHhuben-Weyl Methods of
Organic Chemistry4th ed.; G. Thieme: Stuttgart, 1995; Vol. E21a, pp
499-533. (b) Salvadori, P.; Rosini, C.; Di Bari, L. lhe Chemistry of
Dienes and Polyene&apoport, Z., Ed.; J. Wiley: New York, 1997; Vol.
1, pp 11%147. (c) Gawronski, J. I€ircular Dichroism: Principles and
Applications Berova, N., Nakanishi, K., Woody, R. W., Eds.; Wiley-
VCH: New York, 2000; pp 305335.

(11) Moscowitz, A.; Charney, E.; Weiss, U.; Ziffer, B.Am. Chem. Sod961
83, 4661-4663.

(12) (a) Burgstahler, A. W.; Barkhurst, R. &.Am. Chem. So¢97Q 92, 7601~
7603. (b) Burgstahler, A. W.; Weigel, L. O.; Gawronski, J.JXAmM. Chem.
Soc.1976 98, 3015-3016.

experimental study, including variable temperature CD spec-
troscopy, has shown that both diequatorial and diaxial conform-

(13) Lessard, J.; Ruest, L.; Engel, Ch.@®an. J. Chem1972 50, 1433-1437
and references therein.

(14) Lightner, D. A.; Bouman, T. D.; Gawronski, J. K.; Gawronska, K.;
Chappuis, J. L.; Crist, B. V.; Hansen, A. E.Am. Chem. S0d.981, 103
5314-5327.

(15) Hansen, A. E.; Bak, K. LJ. Phys. Chem. 200Q 104 11362-11370.

(16) (a) Browne, A. R.; Drake, A. F.; Kearney, F. R.; Mason, S. F.; Paquette,
L. A. J. Am. Chem. Socl983 105 6123-6129. (b) The absorption
maximum wavelength of a Rydberg transition is very sensitive to pressure
in the gas phase or “internal solvent pressure” in solution. The wavelength
of maximum absorption of a valence transition is relatively insensitive to
pressure (or solvent density). Going from the gas phase to solution, from
high to low temperatures, or less dense to more dense solvents, Rydberg
transitions move progressively and markedly to shorter wavelengths, even
passing through a valence transition feature without disturbing the valence
transition. The CD at any particular pressure is the sum of the CD of the
Rydberg and the valence contributions as though the transitions were from
different molecules. Oppositely signed CD components can produce
different extents of overlap cancellation and apparent spectral changes.

(17) Snyder, R.; Longacre, S. L.; Witmer, C. M.; Docsis, J. JAthances in
Experimental Medicine and Biology: Biological Reaetilntermediates
Il/Chemical Mechanisms and Biological Effec&nyder, R., Park, D. V.,
Kocsis, J. J., Jollow, D. J., Gibson, C. G., Witmer, C. M., Eds; Plenum:
New York, 1982; Vol. 136A, pp 245256.
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ers of D (X = H) produce a positive Cotton effect at 260 nm. ties are determined from the linear response of the molecules
The more stable conformer with equatorial hydroxy groups has to an external continuous wave field, has became an important
a rotational strength one order of magnitude lower than that of tool for the theoretical treatment of molecular electronic
the less stable diaxial conforme. excitation spectrd> 28 The TD-DFT method provides results
The large pool of chiral (®-cis-1,2-dihydroxy-3,5-cyclo- that are more reliable than those obtained from Hartfemck
hexadiene derivative8( Scheme 1), available through micro-  (HF)-based methods or the configuration interactions with single
bial oxidation of benzene derivativés’ represents a formidable  excitations (CIS) method and allows the calculation of electronic
challenge for absolute configuration determination by chiroptical excitation spectra (UV/VIS) and chiroptical propertiés4
methods. Earlier studies of Ziffer et #l.on the absolute  Recently, Diedrich and Grimme have systematically investigated
configuration determination of several benzersedihydrodiols modern quantum chemical methods for prediction of electronic
relied on the correlation of CD data within a narrow range of cjrcular dichroism spect®.Unfortunately, there are no “golden

alkyl-substituted homologues as well as on chemical correlation jes” for the combination of functional and basis set to obtain
and the application of thBibenzoate Exciton Chirality Rul® the best results in each case.

hydrogenated molecules. In another study, an empirical cor-
relation between CD spectra os-dihydrodiol tricarbonyliron
complexes and absolute configuration has been prog8sed.
Apart from obvious shortcomings (e.g., preparation of such
complexes), the sign of the long-wavelength Cotton effect in A . - .
this ?nstan():e depe%ds not onlygon the abgsolute configuration Ry = Im(C¥ ot Wi Wl MW 0Y = |zl o[ M| +COSftgi M)
but also on the polarity of the substituent X in dihydrodo?°

The enzymatic process involveddis-dihydrodiol synthesis ~ Wherei andm are the electric and magnetic dipole operators,
from monosubstituted benzene substraesvith few excep- respectively. Because rotatory strengths are signed quantities,
tions, has been shown to be highly enantiospecific, leading to the €lectric and magnetic transition momeni; (and M,
productsB of the same absolute configuration regardless of the respectively), the angle between both moments as well as the
nature of substituent X in the aromatic rifty However,cis- excitation energies has to be determined with higher accuracy
dihydrodiolsB obtained from benzene derivatives by incubation than in UV/VIS spectroscopy. There are no functionals explicitly
with Pseudomonas putidgiffer not only in magnitude but also ~ designed as yet for the excited states; however, in the literature,
in the sign of optical rotation, depending on the nature of there are at least two main approaches to address this issue.
substituent X2 The differences in optical rotation most probably ~ Stephens et &t highly recommend a combination of a B3LYP
originate from two sources: (i) the position of equilibria between hybrid functional with a large basis set augmented with diffuse
P or M diene conformers, and (ii) the sign and magnitude of functions (for example, aug-cc-pVTZ). Grimme and co-
the rotational strength of eaéhor M conformer (see discussion  workers-37 use relatively smaller basis sets in combination
below). We therefore decided to study the correlation between with various hybrid functionals differing in a fraction of “exact”
the absolute configuration/conformation and CD spectra by Hartree-Fock exchange (HFXC), or they combine density
computation of the structure and rotational strengths of indi- functional theory with the multireference configuration interac-
vidual conformers of representatiees-dihydrodiolsB bearing tion method (DFT/MRCI). The most appropriate functional can
either nonpolar or polar substituents X. A major objective was be found experimentally by testing calculations of the excited
to clarify the role of the hydroxy groups and other heteroatom states for model compounds. Fortunately, both approaches give
substituents in hydrogen bond stabilization of the conformers resuits which can reproduce well the experimental data. This
as well as to determine their contribution to the rotational gjjows the use of TD-DFT calculations for predicting a priori

strength of individual conformers. the absolute configuration (or conformation) of chiral organic
Methods based on density functional theory were found to mgjecules as well as metal complex®s.

be attractive in terms of accuracy and computational effort,

which hold true not only for ground states but also for (5 ryrche, Fa. chem. Phys2001 114 5982.

electronically excited stat€$:24 Nowadays, many different  (26) Casida, M. E.; Jamorski, C.; Casida, K. C.; Salahub, 0. Rhem. Phys.

functionals are available in commercial software, but to the best (7 %??a%nfggnflg%_; Scuseria, G. E.; Frisch, Ml.Chem. Phys1998 109

)

of our knowledge, until now, no functionals have been designed 8218.
(28) (a) Runge, E.; Gross, E. K. Bhys. Chem. Letll984 52, 997. (b) Gross,

The most important quantity in CD spectroscopy is the
rotatory strength K), theoretically defined for a transition
between statefVand Y| as

explicitly for excited states. The time-dependent density func- E. K. U.: Kohn, W.Adv. Quantum Chem99q 21, 255. (c) Gross, E. K.
i - i i i - - U.; Dobson, J. F.; Petersilka, Nop. Curr. Chem1996 181, 81.
tional theory (TD-DFT) method, in which excited-state proper (29) Bauernschmitt, R.; Ahlrichs, RChem. Phys. Lettl996 256, 454.
(30) Neiss, C.; Saalfrank, P.; Parac, M.; Grimme JSPhys. Chem. 2003
(18) Gawronski, J.; Gawronska, K.; Buczak, G.; Katrusiak, A.; Skowronek, P.; 107, 140.
Suemune, HTetrahedron: Asymmetr§996 7, 301-306. (31) (a) Stephens, P. J.; McCann, D. M.; Devlin, F. J.; Cheeseman, J. R.; Frisch,
(19) (a) Ziffer, H.; Jerina, D. M.; Gibson, D. T.; Kobel, V. M. Am. Chem. M. J.J. Am. Chem. So2004 126, 7514. (b) Stephens, P. J.; McCann, D.
S0c.1973 95, 4048-4049. (b) Ziffer, H.; Kabuto, K.; Gibson, D. T.; Kobal, M.; Butkus, E.; Stofius, S.; Cheeseman, J. R.; Frisch, M1.JOrg. Chem.
V. M. Tetrahedron1977, 33, 2491-2496. 2004 69, 1948.
(20) Stephenson, G. R.; Howard, P. W.; Taylor, S.JCChem. So¢cChem. (32) Autschbach, J.; Ziegler, T.; van Gisbergen, S. J. A.; BaerendsJECem.
Commun.1991, 127-129. Phys.2002 116, 6930.
(21) Boyd, D. R.; Dorrity, M. R. J.; Hand, M. V.; Malone, J. F.; Sharma, N. D.  (33) Yabana, K.; Bertsch, G. Phys. Re. A 1999 60, 1271.
J. Am. Chem. S0d.991], 113 666-667. (34) Autschbach, J.; Patchkovskii, S.; Ziegler, T.; van Gisbergen, S. J. A,;
(22) Koch, W.; Holthausen, M. CA Chemist’'s Guide to Density Functional Baerends, E. 1. Chem. Phys2002 116, 6930.
Theory Wiley-VCH: Weinheim, Germany, 2000. (35) Diedrich, C.; Grimme, SJ. Phys. Chem. 2003 107, 2524.
(23) Adamo, C.; di Matteo, A.; Barone, V. From Classical Density Functionals (36) Furche, F.; Ahlrichs, R.; Wachsmann, C.; Weber, E.; Sobanski, Aytl&,0
to Adiabatic Connection Methods. The State of the ArtAldvances in F.; Grimme, SJ. Am. Chem. So200Q 122 1717.
Quantum ChemistryLéwdin, P.-O., Ed.; Academic Press: New York, (37) Grimme, S.; Mennicke, W.; \gile, F.; Nieger, MJ. Chem. So¢Perkin
1999; Vol. 36. Trans. 21999 521.
(24) Geerlings, P.; De Proft, F.; Langenaeker,@%em. Re. 2003 103 1793. (38) Autschbach, J.; Jorge, F. E.; Ziegler,Ifiorg. Chem.2003 42, 2867.
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Chart 1 representations. According to Grimme, the length representation
X X X provides better results in most cases, compared to the velocity

OH OAc © representation. Length and velocity rotatory strengths are equal and
origin-independent at the complete basis set limit. In the present study,

OH OAc the differences between the length and velocity calculated values of

rotatory strengths were quite small (see Supporting Information). The

1a X=H 2a X=Me 3a X=H CD spectra were simulated by overlapping Gaussian functions for each
1b X=Me 2b X=Br 3b X=Me transition according to the procedure described by Grimme %t al.
1c X=Br 2c X=F 3c X=Br 2.4. Conformational Analysis. Conformational analysis of the
1d X=F 2d X=CF; 3d X=F benzeneis-dihydrodiol 1a was carried out in two ways. First, on the
le  X=CF, 3e X=CF, basis of the results obtained by a conformational search with the use
1 X=CN 3 X=CN of both MM3 molecular mechanics force field and AM1 Hamiltonian,
WOH the lowest-energy conformer dfa(P) was obtained® This structure
©\ was further fully optimized using, at first, a hybrid functional B3LYP
X with a small basis set 6-31g(d) and then was reoptimized with the use
4a X =OH of an enhanced basis set 6-3%tg(d,p) and a B3LYP functional. A
4 X=H second systematic conformational search was carried out using a B3LYP

functional and the large 6-3%t-g(d,p) basis set, starting from the
structure optimized by the B3LYP/6-31-g(d,p) method, to find the
relationship between the energy of the molecule and conformations of
2.1. Source of Dihydrodiols.The enantiopure @-cis-dihydrodiols the hydroxy substituents. For this reason, torsion angle®HC*—H
of general structur8 (hereupon identified individually as compounds  were rotated in 30steps to give 144 different structures foa(P). A
1b—1f, Chart 1) have all been isolated as bacterial metabolites using single point energy at the B3LYP/6-3%(d,p) level was calculated
the parent monosubstituted benzene substratesP theutida UV4 for each structure, and this allowed the construction of the PES for
mutant strain, and the whole-cell biotransformation procedures reported 1a(P). From a total number of 144, those conformations having relative
earlierta39-41 energies ranging from 0.0 to 1.5 kcal mblwere selected and fully
The methods used for the determination of enantiomeric excess optimized at the B3LYP/6-3tt+g(d,p)//B3LYP/6-3%+g(d,p) level
values ¢&98% ee) and absolute configurations of thedihydrodiols of theory. In the case of th&a(P) set of conformers, all optimized
in the current study were as reported eadie¥ 42 These include (i) structures converged to the conformer representing the global energy
formation of cycloadducts witiN-phenyltriazolinedione and NMR minimum. For this structure, frequency calculations were carried out
analysis of the corresponding diMTPA esters, (ii) chiral stationary phase at the B3LYP/6-3%+g(d,p) level of theory to establish that the
HPLC, (iii) formation of chiral boronate derivatives and NMR analysis, conformation is stable. Due to the mirror symmetry of conformations
(iv) X-ray crystallography, (v) CD spectroscopy, and (vi) stereochemical l1a(P) and 1a(M), the lowest-energy M) conformer of 1a was
correlation. constructed from the lowest-enerdgy) (conformer ofla
2.2. SpectroscopyUV and CD spectra were measured of cax 5 The lowest-energ andM conformers of the achirais-dihydrodiol
103 M solutions in appropriate high-purity solvents in a 0.05 cm strain- lawere then used as starting points for computing thermally accessible
free, fused-silica, cylindrical cell (Hellma) using a Jasco J700 spec- P andM conformers of the chiratis-dihydrodiols 1b—1f. First, the
tropolarimeter. Data were processed according to Arvinte € al., vinylic hydrogen atoms at C3 in conformets(P) and 1a(M) were
allowing the simultaneous measurement of absorption and dichroism. replaced by Me, Br, F, G or CN substituents to giv® and M
The diols were only sparingly soluble in cyclohexane, and care was conformers oflb, 1c, 1d, 1e or 1f, respectively. Then, full structure
taken to ensure complete solubilization. The cyaisediol 1f was not optimizations were performed for all compounds at the B3LYP/6-
sufficiently soluble in cyclohexane to allow reliable measurement. 31++9(d,p) level, followed by a systematic conformational search at
2.3. Computational Methods.In our computations, all excited-state  the B3LYP/6-31#+g(d,p) level for each previously optimized struc-
calculations have been performed based upon the ground-state geomture, according to the procedure described for the conformational
etries of single molecules with the use of a Gaussian program patkage. analysis ofla(P). Moleculeslc, 1d, and 1f were found to have one
Thus, the results correspond to vertical transitions, and the excitation stable conformer o helicity and two stable conformers bf helicity.
energies can be compared with the band maxima in the experimentalln the case of diolle, only one stable conformer dfl helicity was
spectra. Rotatory strengths were calculated using length and velocity found, whereas for compourid, the stable conformers included one
with P and one withM diene helicity.
(39) Boyd, D. R.; Sharma, N. D.; Hand, M. V; Kerley, N. A.; Dalton, H.; Chima, The conformational search ftnrans-dihydrodiol4awas based upon

(40) ‘]B'i)%‘egraéf‘ gha%;:hﬁfnb.sog'ﬂgmé.Cﬂngﬂqd“m,wggaw,ﬁ;gn% 5 F. the X-ray diffraction datd? For the diaxial conformerR)-4a, OH-+-x

2. Materials and Methods

Sheldrake, G. N.; Blacker, J.; Dalton, Bl. Chem. Sog¢Perkin Trans. 1 interactions andC, symmetry were assumed. After geometry optimiza-

1998 1929-1933. i B} i i
(41) Boyd, D. R.; Sharma, N. D.; Bowers, N. |.; Duffy, J.; Harrison, J. S.; Dalton, tion at the B3L.YP/6 31—+g(d,p) level, systematic con'formatlonal

H. J. Chem. SogPerkin Trans. 1200Q 1345-1350. search was carried out according to the protocol described above.
(42) PI?SGEQICK S. M.; Torok, D. S.; Gibson, D. J..Org. Chem1995 60, 3546~ For all compounds, percentage populations were calculated on the
(43) Arvinte, T.; Bui, T. T. T.; Dahab, A. A.: Demeule, B.; Drake, A. F.; Elhag, basis of AE anq A(_B \_/aIL_Jes, using Boltzmann statistics r_;ﬂﬁd= 298

D.; King, P.Anal. Biochem2004 332, 47—57. K. Due to their similarity, onlyAE values were taken into further

(44) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M. consideration4s
A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr.; Stratmann, T . . .
R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A. D.; Kudin, 2.5. The Rotational Strength Calculations.To test which combina-
K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi, M.; Cammi, tj i ; i i
R.: Mennucei. B Pomell. C.: Adamo. C.. Clifford. S.. Ochterski, I tion of functional/basis set performs better in the case of calculations
Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Salvador, P.;
Dannenberg, J. J.; Malick, D. K.; Rabuck, A. D.; Raghavachari, K.; (45) CaChe Ws Pro 5;0Fujitsu Ltd.
Foresman, J. B.; Cioslowski, J.; Ortiz, J. V.; Baboul, A. G.; Stefanov, B. (46) A very recent paper (Lattanzi, A.; Viglione, R. G.; Scettri, A.; Zanasi, R.

B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi, |.; Gomperts, R.; Martin, J. Phys. Chem. 2004 108 10749) points out the need of using values

R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng, C. Y.; Nanayakkara, rather thamAE values for calculation of conformer distributions. However,
A.; Challacombe, M.; Gill, P. M. W.; Johnson, B.; Chen, W.; Wong, M. we note that Boltzmann distributions based AfE values are well

W.; Andres, J. L.; Gonzalez, C.; Head-Gordon, M.; Replogle, E. S.; Pople, established in the literature. See, for example: (a) Voloshina, E.; Raabe,
J. A. Gaussian 98 and Q3Gaussian, Inc.: Pittsburgh, PA, 2001. G.; Estermeier, M.; Steffan, B.; Fleischhauer]rit. J. Quantum Chem.

J. AM. CHEM. SOC. = VOL. 127, NO. 12, 2005 4311



ARTICLES Gawronski et al.

of CD spectra of benzerss-dihydrodiols, three different functionals ~ Scheme 2. Diastereomeric P and M Conformations of
(B3LYP, mPW1PW91, and BHandHLYP) with an increasing fraction ¢/S-Dihydrodiols 1 and their Acetates 2

of HFXC (20, 25, and 50%, respectively) have been employed. The Ho H\o
toluenecis-dihydrodiol 1b(P) was selected as a model molecule to test 6 L1 3X L2
calculations because of its structural similarity to the parent benzene H/H — H /H
cis-dihydrodiol 1a and the availability of experimental CD data. The 4 O 5 % L0
lowest-energy conformelb(P) was assumed to contribute significantly H H

to the CD spectrum; so in the test computations, the contribution of P M
the higher-energytb(M) conformer was omitted.

The results obtained by the TD-DFT computations were compared Me e
to those obtained with the CIS method. The CIS and TD-DFT (B3LYP (oo} x@ 0
and mPW1PW91) methods were used in conjunction with basis sets H H
ranging from rather small without diffuse functions (6-31g(d), 155 —
contracted functions) up to cc-pVTZ (410 contracted functions). The O)_Me O)_Me
BHandHLYP functional was used only in combinations with the H o Ho
6-311++g(2d,p) basis set. P M

Selected results are collected in Table A in the Supporting Informa- torsion angles:
tion, whereas Figure A (see Supporting Information) shows the CD a = H-C2-O-H
spectra ofib(P) calculated by the different methods. For clarity, all p=H-C1-O-H

spectra calculated by the CIS method were shifted to 278 nm to fit the = C3-C4-C5-C6

experimental absorption band. Generally, all methods predicted correctly o ) .

the sign of the lowest-energy transition, but differences were observed 2Ugmented with diffuse functions, still better overall agreement was

in the calculated excitation energies. In the case of the mPW1Pwg1 obtained with the use of mPW1PW91 hybrid functional and 6+3tg-

and B3LYP functionals, there are only small differences in the (2d.p)basis sets. This method was subsequently used for the calculation

calculated transition energies, due to a similar amount of HFXC (25 ©f the spectra ola—1f, 3a—3f, 4a and4b. _

and 20%, respectively). Increasing HFXC to 50% (BHandHLYP) It is well-known that the mPW1PW91 hybrid functional generally

caused a shift of the calculated transition into a higher-energy region, Provides results which are close or even better than those obtained with

whereas the CIS method overestimated the transition energy regardleséhe widely used B3LYP method, both for the ground as well as for the

of the basis set used. excited state$349 This functional provides especially good results for
The calculated spectra in relation to the experimental spectrum of difficult cases, such as those involving van der Waals and covalent

. e
1b show changes depending on the method used. The TD-DFT method'nteraenoné . .
in conjunction with the basis sets having no diffuse functions The computed oscillator strengths and rotational strengths were

overestimated the rotatory strength of the second transition and Convertedto UVand CD spectra by fitting to Gaussian shape absorption
underestimated the rotatory strengths of the transitions at shorter CUrves: No correlation for the medium dielectric constant was imple-
wavelengths. Addition of diffuse functions significantly improved the mented. _ ]

shapes of the calculated CD curves. The addition of the diffuse functions ~ 2:6- Single-Crystal X-ray Diffraction Analyses. These were

to the doubleg basis set is apparently more important than upgrading Performed orcis-dihydrodiol metabolitedc and1d at 150(2) K on a

to a triple< basis (as in the triad: cc-pVDZ, aug-cc-pVDZ, cc-pVT2). Bruker CCD are_a-'detector diffractometer using graphlte-monqchro-
This observation is in good agreement with the results obtained by Mated Mo K radiation ¢ = 0.71073 A) andg/o scans. Data reduction
Lynch et al*” who suggest additionally that diffuse functions are much Was performed with the Bruker SAINT prograif,and data were
more important for DFT than for Hartredock calculations. The  corrected for absorption (SADABS). The structures were solved by
addition of diffuse functions is known to improve the CIS calculations direct methods and refined “S'”lg the XS and XL programs, respectively,
of Rydberg excited states. Excitation to a Rydberg state involves a Within the SHELXTL packagé:® Non-hydrogen atoms were refined
very diffuse terminating orbital, whereas states which are termed anisotropically using weighted full-matrix least squares Rsn Al
“valence” are less diffuse. This distinction can be vague since some hydrogen atoms were located in difference Fourier syntheses but were
valence states are said to possess Rydberg chath&enzenecis- included in the final cycles at positions calculated from the geometries
dihydrodiolsla—1f, trans-dihydrodiol 4a, cyclohexadiene8a—3f and of the molecules, using the riding model.

dihydrophenol4b have _the Iowest-_e_nergy trgnsitions_in\/_olving on_ly 3. Results and Analysis

HOMO and LUMO orbitals. Transitions at higher excitation energies S ) _

involve occupied orbitals of an energy lower than HOMO and virtual ~ 3.1. Geometry Optimization of the Dihydrodiols la-1f
orbitals of an energy higher than LUMO. The CIS method reproduced and 4a. cis-Dihydrodiols 1b—1f each exist as an equilibrium
the CD sign of the lowest-energy transition well, but not the mixture of diastereoisomeric diene conformersPofand M

experimental transition energy. The TD-DFT methods in conjunction helicity. The P and M conformers ofla are enantiomers
with the basis sets having no diffuse functions overestimated the rotatory (Scheme 2).

strengths for the transition around 240 nm. On the other hand, addition

of diffuse functions caused an underestimation of the rotatory strength . _. . .
of the transition around 240 nm, whereas the CIS method predicted anfaIrIy well approximated from the earlier X-réyand compu

. P . .
incorrect sign for this transition rotational strength. Although each tational studies; the precise role of substituent X and the

experimental spectrum was reproduced well by both B3LYP and NYdroxy groups in shifting th® = M equilibrium toward either
mPW1PW91 hybrid functionals in conjunction with the basis sets

Whereas the geometry of the cyclohexadiene ring can be

(49) Adamo, C.; Barone, VJ. Chem. Phys1998 108 664.
(50) See, for example: (a) Kafafi, S. A. Phys. Chem. A998 102, 10404.

2004 100, 1104. (b) Stephens, P. J.; Devlin, F. J.; Cheeseman, J. R.; Frisch, (b) Yao, X.-Q.; Hou, X.-J.; Jiao, H.; Xiang, H.-W.; Li, Y.-WJ. Phys.
M. J.; Bortolini, O.; Besse, PChirality 2003 15, 57. (c) Devlin, F. J.; Chem. A2003 107, 9991. (c) Li, Q.; Yin, P.; Liu, Y.; Tang, A. C.; Zhang,
Stephens, P. J.; Scafato, P.; Superchi, S.; Rossind, €hys. Chem. A H.; Sun, Y.Chem. Phys. LetR003 375, 470. (d) Tsuzuki, S.; Lihi, H. P.
2002 106, 10510. J. Chem. Phys2001, 114, 3949.
(47) Lynch, B. J.; Zhao, Y.; Truhlar, D. G. Phys. Chem. 2003 107, 1384. (51) (a) SAINT; Program for Data Collection and Data Reduction; Bruker-
(48) Foresman, J. B.; Head-Gordon, M.; Pople, JJAChem. Phys1992 96, _AXS: Madison, WI, 1998. (bSHELXTL version 5.0; A System for
135. Structure Solution and Refinement; Bruker_AXS: Madison, WI, 1998.
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Figure 1. Computed PES foP andM conformations ofla—1f. The coordinates belonging to the low-energy conformers are labeledM$&, and M2
(lower-energy conformeM is labeledM1).

side remained obscure at the outset of this study. It could be Intramolecular hydrogen bonding, if any, could provide a strong
argued that alkyl X substituents favor theconformer with an conformational bias to one of the low-energy conformers.
axial OH group next to the X group due to steric repulsion (for ~ The torsion angles necessary to define the rotamers due to
the absolute configuration, as shown in Scheme 2). On the otherthe rotation of the €0 bonds were defined asfor H—C2—
hand, heteroatom X substituents could shift the equilibrium O—H andp for H—-C1—0O—H atom chains (see Scheme 2). The
toward theP conformer, with the equatorial OH group engaged DFT calculation of the PES as a function@fand for each

in intramolecular hydrogen bonding with the proximate polar of the two helical P, M) conformations otis-dihydrodiolsla—

X group. A further goal of our computational study was to 1f yielded rather surprising but consistent results (Figure 1).
determine the preferred conformation and hydrogen bonding It can be seen that the rotation of each hydroxy group around
pattern for each of the two hydroxy groups in different structural the C-O bond has a profound effect on the PES of the
(X substituent) and conformationalP,( M) arrangements.  molecules. The PES shapes for the dihydrodiols are distinctive
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for the substitution pattern. The conformations of the parent
moleculesla and4areach higher energies along the diagonals
connectinge. = —18C°, g = 180 anda = 180, = —180C.
Similar PES are displayed by dihydrodidls 1d, and1f bearing

a heteroatom substituent and also, to some extent, by the methyl-

and trifluoromethyl-substitute® conformers of dihydrodiols
1b and1f. Within the P helical diene family of conformations,
the low-energy conformers invariably correspond to &imi
H—O—C—H bond arrangements, with slight deviation of the
OH groups away from the X substituent &ndg in the range

of —150 to —16C°). Theanti (trans) conformation of H-O—
C—H bonds in secondary alcohols was also found to be the
most stable in calculations carried out by Polavarapu &% al.
and Izumi et aP?

Hydrogen bond lengths inis-dihydrodiols la—1e are cal-
culated to be in the range of 2.138.200 A. There is
an indication of a strong intramolecular hydrogen bond
0O2—H---01 in theP conformerslb(P), 1c(P), 1d(P), and1f-
(P), with the equatorial O2H group as a donor and the O1
atom as an acceptor. The only exception is the trifluoromethyl-
substituted dihydrodioll(g) for which no thermally accessible
P conformer AE < 3 kcal mol) was found by the computa-
tion. A similar hydrogen bond stabilizéd helical conformers
1b(M), 1c(M1), 1c(M2), 1d(M1), 1d(M2), 1eM), 1f(M1), and
1f(M2), with the equatorial OtH group as a donor and axial
02 as an acceptor. An additional stabilizing force FoandM
conformers is provided by an axial-€H---zr hydrogen bond.

In the case oP conformers, this is due to O(&H---7(6), with

the calculated H-C(6) distance of 2.4332.470 A, whereas
the bonding due to O(2)H---7(3) is weaker, as a result of a
longer H--C(3) distance (2.4752.496 A). The effect of €H-

+«7r bonding with the participation of an axial methyl group on
the conformational and chiroptical properties of monoalkenes
and dienes has been discus&k®etails of the structures of
the low-energyP andM conformers are shown in Figure 2 and
Table 1.

The M helical conformers can be subdivided into two types.
One type (middle column in Figure 2) refersdati rotamers
of both H-O—C—H bond systemsanti, anti), as in the case
of P (left column in Figure 2), but with positive values of
andp in the range of 15316C°. The second type (right column
in Figure 2) is accessible only for compounds bearing a polar
X substituent (Br, F, Ck CN). The O2-H bond is now
arranged parallel to the-€X bond due to the stabilizing dipote
dipole interaction. Consequently, the-#€2—0O—H bond ar-
rangement is no longaanti but syn (angleca. in the range of
46—56°). Conformers of thisgyn anti) group are characterized
by slightly shorter (0.020.03 A) intramolecular hydrogen
bonds (2.156-2.169 A) compared to those @inti, anti M
conformers (2.1852.200 A). The distance between the-€12
proton and substituent X is very different; the longest (3.70 A)
is the H-N distance in conformetf(M1), followed by H-Br
(3.20 A) distance inc(M2) and H-F (2.91 A) in1d(M2). Only
for 1e(M) does the distance HF (2.41 A) and G-H:-F
geometrical arrangement support the notion of conformer
stabilization by an intramolecular @H---F hydrogen bond.

(52) Wang, F.; Polavarapu, P. . Phys. Chem. 200Q 104, 10683-10687.

(53) lzumi, H.; Yamagami, S.; Futamura, S.; Nafie, L. A.; Dukor, RJKAm.
Chem. Soc2004 126, 194-198.

(54) Araki, S.; Seki, T.; Sakakibara, K.; Hirota, M.; Kodama, Y.; Nishio, M.
Tetrahedron: Asymmetry1993 4, 555-574.
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Figure 2. Computed low-energy conformers of dihydrodidls—1f and
4a, arranged in columns according to structural similarity, with intramo-
lecular hydrogen bonds shown.

The organic fluorine atom accepts a hydrogen bond with
difficulty, 3® but the case discussed here may be exceptional due
to the favorable geometry and intramolecular character of the
interaction between a soft hydrogen donor and a hard fluorine
acceptor.
There is some regularity observed with regard to the
computed energies of the low-energy conformersast 1f. For
le a single M conformer is thermally accessible. In the
remaining cases, the conformers are distributed more evenly
(see Table 1), but with the preference for eitfiRenonpolar
Me substituent) oM (polar Br, F, and CN substituents).
Nevertheless,AE differences within the chosen energy
window do not exceed 0.7 kcal mdlfor a given compound;
therefore, all of these dihydrodiol conformers in Table 1
contribute significantly to the chiroptical properties of the bulk
compounds. Within the family of heteroatom-substituted dihy-
drodiols 1c, 1d, and 1f, an interesting difference between

(55) (a) Dunitz, J. D.; Taylor, RChem—Eur. J.1997 3, 89-98. (b) Desiraju,
G. R Acc. Chem. Re2002 35, 565-573.
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Table 1. Calculated B3LYP/6-311++g(d,p)//B3LYP/6-31++g(d,p) Relative Energies (AE) and Structural Parameters (w, a, 3, and u) for

Low-Energy Conformers of 1a—1f, 4a, and 4b?

AE (AG) population® ) o B u f(Amax) R
conformer [keal mol=4] [%] [deg] [deg] [deg] [D] [nm] [x10739 esu? cm?]
laP) 0.00 (0.00) 50 (50) 11 —152 —160 2.75 0.083 (278) 4.62
1b(P) 0.00 (0.00) 63 (64) 10 —150 —158 2.37 0.135 (281) 8.38
1b(M) 0.31(0.34) 37 (36) =11 165 154 2.76 0.115 (281) —2.22
1c(P) 0.45 (0.65) 22 (14) —156 —158 3.25 0.181 (294) 5.46
lc(M1) 0.00 (0.02) 47 (42) -11 161 154 2.57 0.147 (295) 2.30
1c(M2) 0.23 (0.00) 32 (44) -11 54 160 1.35 0.153 (292) 0.34
1d(P) 0.36 (0.51) 27 (18) —154 —154 3.42 0.095 (279) 6.66
1d(M1) 0.00 (0.00) 50 (42) -11 162 153 251 0.081 (279) —4.18
1d(M2) 0.45 (0.02) 23 (40) -9 47 160 1.16 0.085 (278) —5.61
leM) 0.00 (0.00) ~100 (~100) -11 56 159 1.65 0.117 (281) —2.29
1f(P) 0.64 (0.97) 15 (11) 11 —155 —160 5.92 0.188 (298) —2.57
1f(M1) 0.00 (0.00) 47 (58) —10 46 159 2.70 0.199 (302) 4.08
1f(M2) 0.12 (0.37) 38 (31) -11 161 153 4.61 0.180 (303) 6.23
4aP) 0.70 (1.24) 17 (6) —164 —164 3.16 0.058 (275) 19.54
4a(M1) 0.00 (0.00) 57 (58) —13 68 —-171 231 0.073 (284) 5.70
4aM2) 0.47 (0.28) 26 (36) —13 62 —47 2.21 0.083 (278) 2.68
4b(P) 0.00 (0.00) 92 (88) 10 —168 1.69 0.128 (261) 12.63
4b(M) 1.45(1.17) 8(12) —-13 —178 1.72 0.099 (275) 5.57

a| owest-energy transition oscillator strengtlis dnd rotational strengths})( are calculated at the mPW1PW91/6-31tg(2d,p) level of theory® In
parentheses are populations calculated on the bagissofalues.c The other 50% is due to enantiomehlt conformer.
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mmmmm 3
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Figure 3. Computed PES foP andM conformations o#a.
computed dipole moments of the low-energy conformers is
observed. The largest value of the dipole moment is found for ,
the P conformers, the lowest for the third colurivhconformers.
The high value of the dipole moment computed for the |
conformers seems to indicate the participation of the axial OH 1 1d

group at C1 in the interaction with the dieneslectrons at C6.
In fact, (O)H--7 distances are in the range of 24349 A,
shorter forP, longer forM conformers.

The lowest-energyM1 conformer oftrans-diol 4a is the
diequatorial one, with a 2.49 A intramolecular-®---O bond.
The arrangement of the-HC—O—H bonds with the acceptor
oxygen atom isnti, and with the hydrogen donor g/n The

Figure 4. X-ray diffraction determined structures of substituted benzene
cis-dihydrodiols.

pounds exist exclusively as tiv conformers in the solid state,

and thus the OH groups on C2 and C1 are axial and equatorial,
respectively (Figure 4; see also Scheme 2). The packing of
molecules, however, differs between the two compounds, with

energy of the molecule increases upon rotation of the former cis-dihydrodiol1d having two crystallographically independent,

bond system t@yn(conformerM2). The diaxialP conformer
is of still higher energy AE = 0.70 kcal mot?), with no
intramolecular hydrogen bond (Table 1 and Figure 3).

3.2. X-ray Diffraction Determined Structures of Substi-
tuted Benzenecis-Dihydrodiols. To examine the molecular

but conformationally indistinguishable, molecules in the unit
cell. In metabolitelc, the torsion angles, 3, andw (as defined
in Scheme 2) aret+6.8, +57.4, and—11.6°, respectively. In
compoundld, the corresponding angles for the two crystallo-
graphically independent molecules ar&2.7-62.6, +63.9/

conformations in the solid state, single-crystal X-ray analyses +63.9, and—10.0/~10.2, respectively. The presence of two

have been performed on the bromie)(and fluorobenzenel ()

independent molecules in the unit cell is likely to be due to

bioproducts. The analyses confirmed both compounds as enaneoptimizing the intermolecular hydrogen bonding required for

tiopure, and application of the anomalous dispersion X-ray
method to the analysis ofc independently confirmed the
absolute configuration for this compound a$)(1Both com-

crystal growth.
3.3. Computed and Experimental Electronic Transitions.
The computed lowest-energy transitions and their oscillator
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Table 2. Calculated B3LYP/6-311+-+g(d,p)//B3LYP/6-31-++g(d,p)
Torsion Angles (w) of the Lowest-Energy P Conformers of 3a—3f2

Table 3. Experimental CD and UV Data for cis-Dihydrodiols
1b—1f in Cyclohexane, Dichloromethane, Acetonitrile, and Water

Solutions
w f (Amax) R
[deg] [nm] [10-% esu? cm?] First Transition Second Transition
3a 14 0.117 (268) 0.29 compound solvent UV, € (A nm) CD, Ae (A nm) CD, Ae (A nm)
gb ig gégf (%? 122-37 1b CeH»  5075(270.6) +2.88(273) —5.6(211.8)
¢ ! 29 (2 7) L (1S2R) CH.Cl, 5162 (270)  +1.05(277) —ve
ge 1i 8- 153 EZ% 0-32 CH:CN 5050 (267) +0.88 (276.5) —3.4(214.5)
af 1 0246 (205) 304 H.0 5150 (265.5) J_rg:gi ging) —4.0 (214)
) ) 1c CeHiz  6674(278.6) +1.53(283) —7.7(214)

a Oscillator strengthg) and rotational strength&] of the lowest-energy (1S29 CHCl, 6720 (277) +2.23(279.5) —ve
transition were calculated at the mPW1PW91/6-849(2d,p) level of CH:CN 6600 (274.5) +2.22(279.5) —8.6(217.5)
theory. H.O 6665 (272.6) +2.01(279.5) —9.9 (216)

1d CeHiz  3915(264)  +0.05(297) —1.7(215)

strengths {max andf) for each of the low-energy conformers  (1S29 —2.50 (262)
la—1f, 4a, and4b are given in Table 1. The lowest-energy CHCl, 3810 (263.5) +2-gi> (ggz) —ve
singlet transition was the center of attention being of defined CHCN 3837 (260) 543 22572 ~2.2(2135)
character, well-separated from other electronic transitions, and H,0 3880 (260) —2.92(257) —1.7(211)
previously used for spectrastructure correlations of numerous  1le CeHip  3120(268.5) —2.58(264.5) —4.2(224)
cis-dienesi® Higher-energy (shorter wavelength) transitions (S2®)  CHCl> 3080 (266.4) —151(265) ~ —3.1(221.5)

. . . . CHCN  3115(265.5) +0.10(298.5) —4.5(224.5)
obtained by computation (see Supporting Information) are of —1.41 (258)
complex character (see below). H.0 3185(264)  +0.23(293) —4.6(217.5)

According to our computations and previously collected L ChCh 6564 (285 J—rg-gg (gg;-g)
knowledge, the lowest-energy singlet transition in cyclohexa- (1S2R) 22 (285) 117 (2(46)' ) —ve
dienes is primarily of ther—a*-type, involving HOMO— CHsCN 6510 (284)  +2.27 (286.5) —ve
LUMO orbitals of the system. This is the only component of +1.3 (258)
the computed transitions of 1,3-cyclohexadieBa) (and its H20 6486 (285) Ig-gé ggg; —ve

monohydroxy derivative4b) in the longest wavelength absorp-
tion envelope. However, a contribution from a HOM&()—
LUMO transition is found for dihydroxy-substituted 1,3-
cyclohexadiene derivatives, including dihydrodigbs—1f and
4a from this study. This transition is of—xz* character, as
previously computed for 5-methyl-1,3-cyclohexadiéhend
involves the C-O bond(s) of the dihydrodiol moiety. In general,
the presence of the-80 bond lowers the excitation energy of
the diene, more in the case of equatorial rather than axi@C
bonds, producing a shift to longer wavelengths (cf. Tables 1
and 2).

A comparison of the computed (Tables 1 and 2) and
experimental data (Table 3) shows the significant effect of the
X substituent on thémax and emax Of the diene chromophore.
Both values increase in the order<<CF; < Me < Br < CN.
The effect of the cyano substituent is best explained by
conjugation with the additionat orbitals. Transition energy

a Insufficient solubility in cyclohexane.

Table 4. Experimental CD and UV Data for cis-Dihydrodiol
Diacetates 2a—2d in Acetonitrile Solution

First Transition Second Transition
compound UV, € (A nm) CD, Ae (A nm) CD, Ae (A nm)
2a 4300 (262) +0.6 (278) —2.3(208)
—0.4 (245)
2b 4440 (270.5) —2.5sh (248) —13.0(212)
2c 4200 (257.5) —4.8 (260) —2.7 (213)
2d 4220 (260.5) —6.7 (255) —4.3(214.5)

3.4. Computed and Experimental Circular Dichroism
Spectra of Dihydrodiols. In this section, the experimental and
computed chiroptical data focis-dihydrodiols 1a—1f are
compared to account for the distribution of conformers at

and probability in the other cases appear to be correlated with€quilibrium (= M) and for the rotational strengths of
the acceptor/donor properties of the substituent, with the caseindividual conformers (see Table 1). The experimental CD data
of the bromine substituent being less clear, however. A study for dihydrodiols of the same @ configuration ((B2R) or

of the solvent effect (Table 3) reveals a significant effect of
solvent polarity. In all casetb—1f, the Amax values decrease
4—6 nm with increased solvent polarity (cyclohexanevater).

In addition, the computedinax values for isolated molecules
are higher than the experimental values. Apparenthgvarse
solvent effect on the—ax* transition (blue shift with increased

(1S29), Figure 5 and Table 3) are frequently controlled by
overlap cancellations of the bisignate CD curves and show a
positive long-wavelength Cotton effect of the first transition for
Me (1b)-, Br (1¢)-, and CN (Lf)-substituted diene chromophores,
whereas a negative main Cotton effect is observed for the F
(1d) and CF (1€ diene substitutions. The sign of the underlying

solvent polarity) can be rationalized by the presence of the Cotton effects is not altered by the solvent used (cyclohexane,

intramolecular G-H---zr hydrogen bond in a nonpolar environ-

dichloromethane, acetonitrile, or water), but the magnitude is.

ment (see computed structures in Figure 2), which is broken in A change in magnitude of the Cotton effect reflects the solution

aqueous solution. This-€H---r hydrogen bond is expected to

equilibrium betweerP andM conformers. In general for the

stabilize the excited state of the diene chromophore. Furtherwhole series, a positive CD is found in the first absorption region

support is obtained from the inspection of data@acetylated
derivatives2a—2d (Table 4); in the absence of the OH groups,
the Amax values are blue shifted {3 nm) compared to the data
for 1b—1f (in acetonitrile solution).

4316 J. AM. CHEM. SOC. = VOL. 127, NO. 12, 2005

peaks at the U¥axor at longer wavelength, whereas a negative
CD is found either at the UMax Or at shorter wavelength. This
suggests that théna, for the P conformer is at slightly longer
wavelength tharmax for the M conformer.
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Table 5. CD Data for Other cis-Dihydrodiols 1 in Acetonitrile
Solution
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Figure 5. Experimental CD and UV curves fais-dihydrodiols1b—1e
(in cyclohexane) andf (in dichloromethane).

Dihydrodiol 1b in water solution gives a positive Cotton effect

compound X Ae (nm)

1g (1S2R) n-Pr +1.20 (273) —3.8(216)

1lh (1S2R) i-Pr +1.80 (273) —3.5(215)

1i (1S2R) n-Bu +0.83 (272) —3.2(213)

1j (1S2R) i-Bu +2.33 (273) —3.1(218)

1k (1S2R) sBu +0.67 (278) —3.5(219)

1l (1S2R) t-Bu +3.10 (272) —1.7 (219)

im (1S2R) n-CsH11 +2.27 (276) —3.0(219)

1n (1S2R) CHz-t-Bu +6.45 (270) —5.0(218)

lo (1S2R) CH.CN +1.77 (264) —1.8 (205)

1p (1S2R) COMe +7.3(298) —9.7 (231)

1q (1S2R) COOMe +1.9 (298) —2.6 (220)

1r (1s29 Cl +1.4 (280) —5.5(218)

1s (1s29 | +3.2 (282) —8.6 (235)

1t (1s29 OMe +0.34 (298) —1.7 (218)
—0.36 (263)

1u (1s29 OEt +0.44 (297) —1.9(219)
—0.29 (262)

1v (1s29 SMe +0.50 (304) —3.5(209)
—0.04 (267)

1w (1s29 SEt +1.4 (311) —7.8(209)
+1.1 (250)

1x (1s29 Si-Pr +0.9 (323) —7.5(209)
+1.8 (255)

ly (1s29 St-Bu +1.1 (330) —6.0 (215}
+7.5(272)

1z (1S2R) Ph +6.5 (314)

a Shoulder.

at 280 nm, accompanied by a weaker negative one at 248 nm,

whereas negative Cotton effects bfl and 1e are associated
with very weak positive long-wavelength maxima in cyclohex-
ane or dichloromethaneld) and acetonitrile or waterlg)
solutions. Significantly, short-wavelength (20825 nm) Cotton
effects for all of these dienes are consistently negative. The
experimental sign of the long-wavelength Cotton effect may
appear difficult to correlate with dihydrodiol absolute config-

uration; however, the computed results provide a clue to the pA
e

puzzling CD data.

Dihydrodiol 1b (as well asla) presents a rotational strength
(R) with a sign that correlates with diene helicity, including the
axial C1-0 bond. The lower-energy conformer has a much
higher (4-fold) rotational strength compared to that of ke
counterpart; hence, the net Cotton effect is positive, as in the
experiment. In water solution, a negative CD band appears at
248 nm due to increased population of tleconformer oflb
in polar solution, as a result of breaking the-B8--- hydrogen
bond and stabilizing th® conformer.

In the bromo derivativelc, all conformers P and M) are
characterized by a positive net Cotton effect, which is, therefore,
independent of conformer equilibrium and positive, as in the
experiment.

The fluoro derivativeld presents a CD in accord with diene
helicity, as in the case of thas-dihydrodiol 1b. However, in
this case, the distribution of conformers is in favoivbEpecies,
and a net negativ® value is calculated corresponding to a
negative experimental Cotton effect.

The trifluoromethyl derivativé e presents the only conformer
of M helicity, which was found by computation to have a

negative CD, again in agreement with the measured negative

Cotton effect in nonpolar solvents. In polar water solution,
experimental data suggest the presenceRtanformer forle
with positive CD, apparently resulting from the breaking of the
O—H---F hydrogen bond stabilizing thlee(M) conformer.

The computed rotational strength of the individual conformers
of 1f is of considerable interest, as the signRois oppositeto
that expected based upon diene helicity. This result provides a
computational foundation for the previously noted exception
to theDiene Helicity Rulénduced by the cyano grodg Since
the computed population & conformers ofLf amounts to 85%,
the net computed rotational strength is positive, again in
agreement with the experimentally determined positive Cotton
ect.

A number ofcis-dihydrodiol metaboliteslg—12) of similar
(19 configuration obtained from the corresponding benzene
derivatives have been characterized by CD spectra (Table 5).
In view of present findings, the experimental CD spectra confirm
the (1IS2R) configuration assigned to various 3-alkyl derivatives
(1g—1n) on the basis of their positive long-wavelength Cotton
effect, as in the case dib. On the other hand, the $9)-3-
OR cis-dihydrodiol derivatives 1t and 1u) exhibit distinct
bisignate long-wavelength Cotton effects due to complex
conformational equilibri&® 7z-Conjugated derivatives, with the
carbonyl ((p and1q) or aryl (12) substituents at C3, display a
positive long-wavelength Cotton effect, apparently in analogy
to a positive Cotton effect of the-conjugated cyanodienk.

Finally, for comparison purposes, rotational strengths of the
conformers of therans-dihydrodiol 4a have been calculated.
For a given absolute configuration3)l all low-energy con-
formers shown in Table 1 are characterized by a posRivalue
of differing magnitude. A very higiR value (19.54x 10739
esif cn¥) was computed for thE conformer with diaxial allylic
hydroxy groups. It was more than 3 times higher compared to
that of the most abundaM1 conformer R = 5.70 x 10739
esf cn), in which the hydroxy groups are diequatofialThe

(56) Preliminary computational data for the 3-methaisydihydrodiol 1t indicate
the presence of tw® and oneM conformers in the equilibrium. In the
lowest-energyP conformer, the stabilizing effect is due to a bifurcated
0O1-H---02—H-:-O(Me) hydrogen bond.
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Figure 6. Computed CD spectrax(L0~3° esi¥ cn?) of dihydrodiols1b—
1f and4a after Boltzmann averaging due to conformer population.

diequatorial M1 and M2 conformers differ mainly by the
preferred relative orientation (angl® of one hydroxy group.
In the case oM1, anglef corresponds to thenti arrangement,
and in the case di2, it is syn yet the value oRR is double
that of the former. Thus, the rotational strength of the lowest-
energy transition Cotton effect dfa is positive, regardless of
the conformer population. This computational result is in
agreement with the earlier experimental dafaom which a
much higher (positive) rotational strength was assigned to the
diaxial conformer compared to that of the diequatorial one.
Finally, the computed Boltzmann weighted CD spectra of
dihydrodiols1b—1f and 4a are shown in Figure 6 (for direct
comparison with the experimental CD spectra of individual
compounds, see Supporting Information).

A good overall agreement has now been found between the

experimental (Figure 5 and ref 18) and computed signs of the
Cotton effects. This correlation applies not only to the long-
wavelength Cotton effects but also to those in the range of210
225 nm, which have not been invoked previously for absolute
configuration-spectra correlation.

A comparison of the CD spectra afs-dihydrodiols (a—
1d) and their diacetate2é4—2d) (Table 4) indicates that the
CD spectra of diacetateza—2d show two Cotton effects in
the range of 206300 nm, as do the CD spectra of the parent
dihydrodiols 1b—1e The difference between the long-wave-
length Cotton effects of the diacetas—2d and diolslb—1e
can be accounted for by adding a negative contribution to the
Cotton effect of the corresponding dihydrodidls—1e Thus,
the Cotton effect of the diacetaa is bisignate, rather than
positive, as in the case of didb, whereas the Cotton effect
for 2b is negative, in contrast to the positive observedfar
In the case of diacetat@s and2d, negative Cotton effects are
more intense than those of the corresponding didigndle

In the absence of hydrogen bonding in diacetates, the
conformer equilibrium® = M) (C=0 bondsynto C—H bond;
see Scheme 2) is shifted in the direction of Meconformer.
This provides a negative contribution to the long-wavelength
Cotton effect of diacetateza—2d. The short-wavelength Cotton
effects of diacetateBa—2d are in all cases negative, as are the
corresponding Cotton effects of dialb—1e

4. Discussion

Experimental CD and X-ray diffraction data, in combination
with the results of DFT computations, indicate that the confor-

(57) Support for a dominant diequatorial conformatiorirahs-dihydrodiols is
obtained from theitH NMR spectra: Jy; p2 = ~10 Hz.
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Table 6. Characterization of Dihydrodiols 1b—1f from Both
Computational and Experimental Data (Amax, €max, and R data for
the lowest-energy transition)

conformer
X Dl B

population
CN M>P +>—
Br M>P + only
Me P>M +>-
F M>P ->+
CE M -

mational and chiroptical properties of dihydrodiol molecules
are intimately dependent on the interplay of interactions related
to the hydroxy groups at C1 and C2 and the substituent X at
C3. This includes hydrogen bonding{®i---O, O—H---s, and
O—H---F in 1e), dipole—dipole interactions, and steric effects,
all of which influence the conformational equilibrium between
P and M conformers. The free energy of the dihydrodiol
molecule has been found to be strongly dependent on the
conformation of the hydroxy groups resulting from rotation
around the GO bonds (see Figure 1). In addition, the
conformation of the hydroxy groups influences the rotational
strength of the electronic transitions of the dihydrodiol molecules
(see Table 1 and Supporting Information). A further complicat-
ing factor is the nature of substituent X at C3 of the dihydrodiol
molecule; substituents such as Br or CN reverse the rotational
strength of the long-wavelength transition for a given diene
conformer (see Tables 1 and 2). It is therefore justified to say
that both the conformational and the chiroptical properties of
dihydrodiols1b—1f are governed by the heteroatom substituents
X and hydroxy groups. A concise characterization of dihydro-
diols 1b—1f is presented in Table 6.

The present study indicates that there is no existing empirical
model that can fully account for the experimental CD data of
all cis-dihydrodiols, including thé®iene Helicityand theAllylic
Chirality Models In the Diene Helicity Model the rotational
strength contribution from a helical cyclohexadiene chro-
mophore is in any case weak and, in certain cases (Br, CN
substituents at C3), does not correlate with the sign of diene
torsion angle. In théllylic Chirality Model, the failure results
from mutually canceling contributions due to allylic hydroxy
groups, both axial and equatorial, in conformersPoand M
helicity. A prudent way to assign the configuration/conformation
of a cis-dihydrodiol is to critically confront the experimental
CD data with the computed rotational strengths of the diene
electronic transitions for all contributing conformers. However,
it is tempting and possible to offer a simplified model to
reconcile the experimental and computational results. First, both
experimentally and computationally, aik-dihydrodiols of the
(19 configuration (a—12) show a secondiegatve CD band
in the region of 246-200 nm. Although the origin of this CD
band is not adequately understood, most probably it results from
overlap of several transitions of presumabtys* (or 7—0o*)
character. Second, since the computed rotational strength of the
long-wavelength transition in nonhydroxylated cyclohexadienes
is low (Table 2), an approximate contribution of hydroxy
substituents can be obtained by subtracting the rotational strength
R values of Table 2 from the data of Table 1 for the
corresponding conformer. The obtainadR values (Table C,
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Scheme 3. Estimated Contributions to Computed R (x10739 esu?
cm?) of P and M Conformers

tuted benzeneis-dihydrodiol compounds (unpublished data).
All are enantiopure, with a @ configuration, and seven of

alkyl a'kgH ax -4 them have exclusiveli helicity. The single exception (X
_ OHeq -4 SOPh) exists as an equal mixtureMfandP conformers, but
diene +2 diene -2 OHeq +4 with the same configuration. One of these eight compounds,
OH ax +10 other thanlc, contains a fluorine atom (% CH(OH)CFs), but
P M this shows no intramolecular hydrogen bonding, where a seven-
net R +8 netR -2 membered ring is possible, and no intermolecular interaction

involving fluorine. Etter's Rule&® state that all good proton

Supporting Information) show a dominant contribution of acceptors (e.g., F) should be used in hydrogen bonding and that
conformers with the axial hydroxy groups over those with the Six-membered ring intramolecular hydrogen bonds form in
equatorial ones#@ and4b), while the sign of the contribution ~ preference to intermolecular hydrogen bonds. Despite several
remains unchanged for either conformer in the same configu- attempts, our failure to form suitable crystals of compoted
rational series. Ircis-diols 1a—1f, an axial hydroxy group at (X = CF), in which a six-membered intramolecular hydrogen
C1 (conformeiP) contributes more strongly than does a hydroxy bond is possible and is predicted by the computational studies,
group at C2 (conformeM). For C3-alkyl-substituted dihy- might suggest that intramolecular bonding predominates and
drodiols (e.g.,1b and 1g—1n, such as those in Table 5), the thus minimizes the intermolecular bonding needed for crystal
estimated contributions due to individual conformers are shown growth.
in Scheme 3. The work reported here for the CEabsolute configuration

In the case of the CN-substituted dihydroditi)( the hydroxy analysis ofcis-dihydrodiols is being extended to encompass
groups of all conformers contribute weakly to the rotational other disubstituted benzene derivatives.
strength, whereas the parent cyanocyclohexadiérshows a
moderate rotational strength with a sign opposite to that expected
based upon diene helicity. The dominating effect of the
cyanodiene chromophore obtained by DFT computation pro-
vides a rationale for the previously noted abnormal CD behavior
of CN-substituted dienes.

The X-ray analyses indicate that neither dihydrodiolnor
1d shows intramolecular hydrogen bonding in the solid state.  supporting Information Available: Results of testing cal-
In compoundLd, a five-membered intramolecular ring involving  culations for1b(P); calculated energies of conformeta—1f,
fluorine is possible, but the hydroxyl hydrogen is pointing away 4a, and 4b; relative contributions of hydroxy substituents to
from the fluorine atom in both crystallographically independent the rotational strength; Cartesian coordinates of all optimized
molecules. Neither is the fluorine atom involved in intermo-  stryctures; calculated oscillator strengths and calculated rotatory
lecular interaction. Both OH groups in each moleculecisf strengths for all optimized structures; crystal data forand
diols 1d and inlc are involved in intermolecular interactions,  1d; experimental CD spectra dib—1f and 2a—2d measured
as both hydrogen donors and hydrogen acceptors, although then different solvents; a comparison of the experimental and
resulting networks are different for the two compounds. In calculated CD spectra for individual dihydrodidls—1f; and
metabolitelc, molecules pack to form infinite hydrogen-bonded  a comparison of the length and velocity representations of the
chains, whereas in compoutid, they bond in cross-linked pairs  cD spectra of the lowest-energy conformerslaf-1f. This
to form a three-dimensional network. In these laboratories, X-ray material is available free of charge via the Internet at
analyses have been performed on a total of eight monosubsti-http://pubs.acs.org.
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