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Abstract The complete mechanistic sequence of the atropo-diastereoselective ring opening reaction of
configuratively unstable lactone-bridged biaryls with the chiRgbR-1-lithio-2,5-dimethylpyrrolidine

was calculated using the semiempirical PM3 method. It was shown that the stereochemically deciding
key step of the reaction sequence is the first attack of the chiral nucleophile to the carbon atom of the
lactone moiety. The diastereoselectivity of this synthetically useful and mechanistically challenging
biaryl synthesis was found to originate from a dynamic kinetic resolution of the axially chiral, but
configuratively unstable lactone substrates. For a further understanding of the complex stereochemical
process, the geometries resulting from IRC-calculations have been visualized and are presented as an
Quicktime-movie.

Keywords Biaryls, Stereoselective synthesis, PM3, Lactones, CRualicleophiles, Dynamic kinetic
resolution, Video visualization

Introduction

The directedi.e. regio- and stereoselective construction of
stereochemically hindered and thus chiral biaryl compounds
h s ) is of increasing importance to organic synthesis, because of
Present addressiripos GmbH, Martin-Kollar-Str. 13, the growing number of known axially chiral bioactive natu-
D-81829 Munchen, Germany ral products and useful biaryl auxiliaries for synthetic chem-
‘Present addressc/o Prof. R. Hoffmann, Baker istry [1,2]. We have desloped a novel procedure for the
Laboratory, Department of Chemistry, Cornell University, efficient stereocontrolled synthesis of axially chiral biaryls,
Ithaca, NY 14853-1301, USA in which, for the first time, the formation of the crucaC-
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Scheme 1The ‘lactone method’ for the stereoselective synthesis of axially chiral biaryl compounds by separation of the
C,C-bond formation4) and the asymmetric induction at the a83 (

bond, viz. the biaryl axis, is separated from the introductioconcave-twisted and thus likewise chiral enantiomeric tran-
of the asymmetric induction at this axis (Scheme 1). Accorgtion states [8].
ing to this principle, the two coupling partners are first pre- This substrate can be attackeither in itsM- or its P-
fixed via an ester bridge as in compouhdnd are then cou- helical form, with the nucleophile coming either from the
pled intramolecularly to give the stereochemically unstalfRe or from theSi-side, thus in principle giving rise to four
lactones?2 (StepA). Using chiral nucleophiles, the lactongossible stereoisomeric formslof of which selectively one
functionality can then be cleaved such that selectively omhight originateg.g.only R,P-Il - through a selectively axial
one of the - now configuratively stable - atropisomeric biargttack toP-1 from theReside. The ring strain of these inter-
products3 (here:P-3) is formed in high selectivity [3,4]. mediates and the high electronic pressure of both the nitro-
This preparatively and conceptually novel separation @én- and theexaoxygen functions on the benzylic carbon
the coupling step\ from the introduction of stereochemicabhtom (orvice versathe stereodynamic stability of the reac-
information at the axis, stdfy thus allows a separate optimition products) should lead to a rapid and irreversible ‘burst
zation of the two reaction gi& The melanistically inter- open’ of the central heterocycle and thus to a stereocontrolled
esting steB, apparently an enantiomer-differentiating nuformation of only one of the two atropisomeric formdIof
cleophilic attack to the carbonyl group, can kbeimede.g. (heree.g only P-lIl).
with chiral metallatedd-, O-, or N-nucleophiles [3-7], some-  Within this reaction cascade, the role of the intermediates
times leading to very high asymmetric inductions. [l is, however, not yet known. Should they be long-living
For this unprecedented foal ‘twisting’ of a previously enough - as previously stated for the primary lactolate reac-
(nearly) flat biaryl axis, we have established a mechanidign products arising from an attack of Emucleophile [9-
working hypothesis, which is outlined in Scheme 2. Accord4] - then they might undergo an atropisomerization (here
ingly, lactonel (as a generalized form @) occurs as a pair e.g to giveR,M1), which, through the again possible ring
of helically twisted, non-planar and thus chiral atropaieavage (here now likewise giviidrlll ), would lead to the
enantiomersP-1 and M-l. Depending on the steric demandormation of both atropisomeric produd®s and M-111 and
of the ortho-substituents next to the axis, these helimengould thus give rise to a loss of the initially attained
lactones rapidly interconvert (‘helimeeiy via two convex/ stereoselectivity, in the sense of a posadd4,5] ‘stere-
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Scheme 2Mechanistic working hypothesis for the atropisathe CIP denotion, the generalized substituents (marked as 0)
mer-selective ring cleavage of configuratively labile biarylave arbitrarily been attributed lower priority compared with
lactoned to give configuratively stable acid amidéls. For the concrete ones

ochemical leakag. A cydization reaction of the productsresults for the description of this class of molecules and reac-
Il (heree.g of P-lll ) back to the intermediatdis (heree.g tions. This encouraged us to likewise calculate the complete
also toS,RIl), helimerization at the biaryl axis, and subsenechanistic course of the reaction of the lact@oe(see
quent cleavage to any of the two isomeric formdlofvould Scheme 3) with R,5R-1-lithio-2,5-dimethylpyrrolidine 4)
likewise destroy the stereochemical purity once attaine@s a chiralN-nucleophile, using the semiempirical PM3
provided sufficiently high reactivity of the carbonyl group afmethod.
the ring cleavage pductP-III . Our particular interest was due to the identification of the
For a more profound understanding of this stereochemate- and selectivity-determining step of the reaction as well
cally challenging and synthetically efficient type of reactioms the stereochemical behavior of the interntedis(Scheme
we have already performed quantum chemical investigatic@)s corresponding tb in Scheme 2. The reaction course us-
on structures and dynamics of the lactone-bridged substraigsN-nucleophiles is expected to be straightforward, since
2 [8] and on their ring cleavage using oxazaborolidine-actiempound6, the formal reaction product, is an unreactive
vated borane as an iefent H-nucleophile [9,11]. These in-amide, which would make a reaction baclkbte and thus a
vestigations showed that semiempirical calculations give gamtondary isomerization — improbable. An argument for the
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Scheme 3The investigated reaction of lactoe with the chiral nucleophil@

use of a rigid GsymmetricN-nucleophile, existing in only cleophile as a monomer and to neglect any solvent effects.
one conformation, was that it does not increase the numbkese considerations will be subject to future investigation.
of competing transition states during the course of the indi- Only little theoretical work has been done on the reactiv-
vidual reaction steps by its conformational flexibility. ity of lithium amides - and dfi-nucleophiles in general. Loew
Numerous previous theoretical investigations on the stret-al. [16-18] calculated the reaction of ammonia and gly-
tures of lithium amides [12-15] reveal a strong tendency @he with formic acid. These investigations revealed the ex-
such lithium compounds to form oligomers and to coordstence of two distinct mechanistic possibilities for the at-
nate to solvent molecules. The results suggest that the infack of the amino group, which can take place either in two
ence of the solvent — the reaction under investigation is cgteps according to an addition/elimination mechanisana
ried out in dry THF — and additional nucleophile moleculg¢strahedral intermediate, or in one step by nucleophilic sub-
may be of importance. Due to the complexity of the reactiatitution and direct cleavage of the C-O-bond. The latter pos-
however it was required in the present work to treat the raibility was found to be energetically less favorable, espe-

Scheme 4The first step of scene 1 scene 2
the investigated reaction is an

adduct7 formation of the lac-
tone 2c with the nucle-

ophile4 OO
O

M
Me (@)
R
Li—N
Me M-2¢c R
Me 4
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Table 1 Relative heats of formatiofiH; [kcal/mol] and rela- analyses were carried out with theNRomSEARCH method
tive energies of the involved intermediates [a] as part of the SYBYL program package [20], using the im-
plemented Tipos force field [21]Semiempirical PM3 cal-
culations were performed using the molecular orbital pack-

adduct7[b] age VAMP 5.0 [22]. Minima structures were optimized by
the EF algorithm with a gradient norm specification of 0.01
M-7 P-7 mdyn/A, whereas transition structures were optimized by the
AH® -17,2 -17,1 NSO01A algorithm [23] and a gradient norm of 0.1 mdyn/A
AE =0 0,1 using the corresponding keywordsthe& \AMP program
package. Starting geometries to optimize the transition struc-
intermediatess [b] tures TSY — 5] were obtained from the corresponding con-
formations of5 applying the GRID technique, by variation
R.P5 R.M5 of the C-N- and theC-O,,,;bonds in steps of 0.1 A. Starting

AHel 109 91 geometries for the qptimizatio_n of the transition structures
f ' ’ TS[5 - 6] were obtained by slightly stretching teO,

ndo
ﬁll-zsubstituent g)&i‘;I equ atzo’rzi al bond. Every stat@onary point was validated by calculating its
normal frequencies. In all cases, the correspondence of tran-
sition structures to their local minima was determined by IRC
S.R5 S,M5 calculdions. All heats of formation were calculated relative
to the sum of the heats of formation of the free lactdne
AH/® -8,0 -11,3 and the free nucleophifeand are corrected by the zero point
AE 3,3 °0 energy.
N-substituent equatorial axial
products6 [b] Results and discussion
P-6 M-6 For a better illustration, the energetically favored reaction
AH e -38,8 -36,0 course as resulting from the calculations, was visualized as
AE =0 2,7 MPEG1-movie (see Movie 1), using the IRC geometries as

obtained by the PM3 method. The presentation thus corre-
Ponds to the series of geometries on the potential
ypersurfaces of the heat of formatifH,. In the following,

the reaction course is discussed in detail, following the ‘movie

scenes’. The gictures of the calculated intermediates and

transition structures are available as PDB files.

[a] all heats of formation are values relative to the sum
the heats of formation of the frégctone 2c and the free
nucleophile4

[b] only the conformers lowest in energy are presented

cially when homogeneous catalysis by a second nucleophile . :

molecule was taken into account. @cehneml. ZSltrlmf:tturertand dynamics of the lactone substrate 2c
Corresponding results were found by test calculations L(J§C eme 4, left part)

ing lithium amide as the nucleophile [19]. Therefore we

sume an addition/elimination mechanism in this work [a a‘Fhe isomerization process of the two atropisomeric lactone

‘substratesP-2 and M-2, has already been intensively inves-
tigated using semiempirical aad initio methods, in the past
[8]. Accordingly, the activation barrier for the interconversion
Computational methods of P-2c andM-2c is 18.3 kcal/mol (PM3). This corresponds

to a rapid enantiomerization of the compouwid two
The calculations were performed on Silicon Graphics I)@nantiomorphous transition structures, MSIc = P-2c],
DIGO (R4000) and LinuX workstations. The conformationa@nd TSM-2c = P-2c];, at room temperature.

Scene 2: Structure and dynamics of the nucleophile-lactone

[a] Despite extensive attempts, we were not able for tAgduct M/P7

authentic system to localize the transition state for the direct ) ) ) ]
attack. The corresponding potential surface obtained usihge calculated reaction course begins with thiiatf, which
the GRID approach is very steep in the corresponding araformed/originates from the lactone substrageand the

Therefor the transition state does either not exist at all, opcleophile4 (Scheme 4). In the gas phase the formation of
is of very high energy. this adduct, which was found at the endpoint of IRC calcula-
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Scheme 5The second step of
the investigated reaction is
the intramolecular attack of
the nucleophile on the lac-
tone moiety

tions starting from the corresponding transitiortestal S  There are four principal possibilities fthis C,N-bond for-

- 5], occurs without significant barrier. Although similamation: The attack can occur out of thke or the P-helical
adducts have already been reported in the literature [24], fimen, with the nitrogen atom coming from tiRe or from
existence o7 is very likely to be related to the neglect of anheSi-side, the stereocombinatiodf&RkeandM,Si correspond-
solvent effects. Like the lactone substrate itself (Schemeny to an axial attack and the combioas P,Siand M,Re

left part), also the atlict 7 undergoes a rapid atropisomerileading to an equatorial position of the nitrogen in the pri-
zation (Scheme 4, right part). mary four-memberd adduct transition structures7TS[5].

As a consequence of the Lewis acid character [25,26] of The calculations indicate that this step is rate- and thus
the coordinating nucleophile, the activation barrier of thselectivity-determining, consequently the overall stereoselec-
helimerization was found to be somewhat lower (14.8 kcél/ity is predetermined at this early point. The calculations
mol, see Table 2)han for the enantiomerization of the freéurthermore reveal that in principle an axial attack should be
lactone substrat2c (18.3 kcal/mol, see above [8]). The twdavored over an equatorial one, by 2-3 kcal/mol (Table 2).
transition structures to be overcome for this now atroplgtoreover, an attack from theside is by 1-3 kcal/mol more
diastereomerizatioM-7 = P-7 are consequently no longerffavorable than fronthe Si-side. The energetically most
enantio- but now diastereomorphous, yet with no major steréaorable reaction is thus the attack to Erssomer from the
differentiation, the energetic difference between the two trdReside and consequently leads to a preferential formation of
sition structures T$)-7 < P-7], and TSM-7 < P-7], be- the intermediat&?,P5, with P-configuration at the axis and
ing only 0.1 kcal/mol (see Table 2). R-configuration at the newly generated stereocenter. The rela-

tive heats of formation of the four transition structures/TS[
- 5] are mostly determined by the steric interactions be-
Scene 3: Stereoselective (atropisomer- and diastereofacigeen the pyrrolidine residue of the nucleophile and the

differentiating) intramolecular attack of the nucleophile tobenzonaphthopyran fragments. The lithium atom diminishes
the carbonyl group the energetic differentiation somewhat by stabilizing the equa-

torial transition sties. The heats of forrtian are summa-
The now following rate-determining step is the intramolec{jzed in Table 2. _ o
lar attack of the amino function to the carbonyl C-atom of A central question was the stereochemical stability of the
the adluct 7, with formation of a new stereogenic centefitermediate bridged biary with respect to its axial con-
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Table 2 Relative heats of formatiofiH,® [kcal/mol], relative energieg\E [kcal/mol], imaginary frequencieg [ixcm-1] of
all transition structures[a]

Transition structures TS[M-= P-7]

TS[M-7 = P-7], TS[M-7 = P-7]g
AHfreI -2.4 -25
AE 0.1 =0
AH? 14.8 [b] 14.9 [b]
V. 75.0 74.4

Transition structures T3[— 5]

P-R.P P-S.P M-S.M M-R.M
Attack Re Si Si Re

axial equatorial axial equatorial
AH/ 5.4 8.5 6.8 7.8
AE = 3.1 1.4 2.4
AH! 225 25.6 24.9 23.9
v, 302.6 304.6 300.4 311.0

Transition structures TS[-= P-5]

[RM = R.P], [RM = R.PL [S.M = S.P}, [SM = S.P],
AH/ 4.9 8.2 9.4 5.7
AE =0 3.3 4.5 0.8
AH? 14.0 [c] 17.3 [q] 20.7 [d] 17.0 [d]
v 61.6 89.6 100.9 61.9

Transition structures TS[- 6]

R.P-P S.M-M S.P-P R.M-M
AH/ -9.3 -11.7 -4.3 -0.9
AE 2.4 °0 7.4 10.8
AH? 1.6 -0.47 3.7 8.2
v, 296.2 130.5 250.6 251.8

[a] all heats of formation are values relative to the sum of thig relative to M-7
heats of formation of the free lacto@e and the free nucle- [c] relative to R,M5
ophile 4 [d] relative to S,M5

figuration (Scheme 5).e. the calculation of the atropisomeri-Scene 4: The cleavage of 5 - rapid enough to avoid a

zation barrier of this species and a comparison with the castereochemical loss by atropisomerization and thus to

peting (desired) ring opening reaction (Table 2). If the acfenserve the asymmetric induction

vation enthalpy for this isomerization (or for the reaction back

to the starting materials) was lower than for the ring cleavapge ring cleavage of the central heterocycle, with destruc-

to give the desired final product amide, this would possildgn of the previously constructed transient stereocenter and

lead to a loss of the stereoselectivity attained in the first regignultaneous ultimate fixation of the stereoinformation at the

tion step (the ‘stereochemical leakage’). biaryl axis, is the last step of the overall reaction (Scheme 6).

Investigations gave very low activation enthalpies for this

important last reaction step for all of the four imaginable
stereoisomeric forms of the intermedi&teT hus, the activa-
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Scheme 6The last step of the scene 4
reaction is the opening of the
central pyranone ring under
conservation of the stere-
ochemical information at the

axis. s
slow
very
rapid
_—

L i Me P-6

configuratively stable

tion enthalpy folS,M-TS[5 — 6], taken into account the zeromer initially formed. The resulting — Tt* interaction thus
point vibrational energy, is -0.47 kcal/mol (Table 2). Fdeads to a destabilization on t8¢0,,,;bond, already for the
stereoelectronic reasons, this ring cleavage is distinctly esfresponding conformer &
sisted by the lone electron pair on the nitrogen atom: if that = Based on the activation enthalpies obtained, the ex-
electron pair cannot adopt the required antiperiplanar pgsected stereoselectivity can be calculated using the Boltzmann
tion as inR,M-TS[5 - 6], the activation enthalpy for thestatistic, with neglect of the activation entropy. Thus, a ratio
ring cleavage is increased up to 11.1 kcal/mol. of the two product atropisomers of

This spontaneous ‘burst open’ process of the stereochemi-
cally important central auxiliary bridge is distinctly more rapidl -6 _ e
than any other imaginable competing reaction. Thus, the ag-—_ g ~ -oH(T -7~ RP5))/ RT, -A fi Tfs 7~ ,S)/ RT
tivation enthalpy for the reaction backTt is 14.7 kcal/mol € te
and for the isomerization at the axismofi.e. R,P-5 = R,M
5) is by 14.2 kcal/mol higher than the activation barrier f@an be calculated, here leading to a predicted diastereoselec-
the cleavage ofhe C,0,,,sbond. In contrast to the corre-tivity of 92% in favor ofP-6 at 273 K.
sponding intermediate in the atropisomer-selective ring cleav-
age of lactones by chirél-nucleophiles [9], a ‘stereochemi-
cal leakage’ by a possible atropisomerization of the interrrg—“gmmary
diate 5 can thus be excluded for the reaction investigate
her_?k.]e geometry of the transition structures S| 6] dis- The stereochemigally complex mechgnistic course qf the
tinctly depends on the coordination of the lithium cation,3ropselective ring opening reaction of the axially
two-fold coordination of lithium to thexo and to theendo- Prostereogenic blaryl'lactoﬁewnh_the gh_lraN-nucIeophlle
oxygen atom being most favorable. The cleavage of thavas calculated using the semler_nplrlcal PM3 methpd. It
endocytic C,0-bond is, in addition, accelerated by the fa¥¥@S found that the overall reaction is a very exothermic an'd
that the lone electron pair on the nitrogen can be positioﬁé@lghtforward process. The relative stabilities of th_e. transi-
antiperiplanar to the endocycl&,0-bond, for theR,P-5 iso- tion structures TS[ - 5] and thus the stereoselectivity of

-OH(TY M-7- R M-5])/ RT, o8 H 7B M7~ swg)/ RT
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Figure 1 Geometries (PM3) of the transition structures TS[ 5]

the intramolecular attack were determined by steric interand Dr. K.-P. Gulden for fruitful discussions and valuable

tions between the benzonaphthopyran ring system and téwhnical support, and Dr. O. Schupp for proofreading the

pyrrolidine residue on the one hand, and by the extent of thanuscript.

coordination of the lithium atom on the other. This step is

followed by a fast and irreversible ring opening reaction 8upplementary material available statementFor a better

the intermedites 5 with very low activation eneigs. As a illustration, the energetically favored reaction course as re-

consequence of the fast ring opening reaction, the ovegilting from the calculations, was visualized as MPEG1-

stereoselectivity is influenced by the first reaction step, erovie (see Movie 1), using the IRC geometries as obtained

clusively. Despite the as yet required neglect of dimer or dly the PM3 method. The structures of the calculated inter-

gomer formation of lithiated species and of solvent effectagdiates and transition structures are available as PDB files

the calculations do give valuable insight in the mechaniséis listed below.

details and the nature of stereocontrol of this remarkable typeermediates:

of reaction. 0165s01.pdb  M-7; P-7,
0165s03.pdb  R,P-5; 0165s04.pdb S,P
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