
FULL PAPER

Novel Concepts in Directed Biaryl Synthesis, 80[°]

Synthesis of Axially Chiral Biaryls by Atropo-Diastereoselective
Cleavage of Configurationally Unstable Biaryl Lactones with

Menthol-Derived O-Nucleophiles

Gerhard Bringmann,*[a] Matthias Breuning,[a] Rainer Walter,[a] Andreas Wuzik,[a]

Karl Peters,[b] and Eva-Maria Peters[b]

Dedicated to Prof. Pierre Potier on the occasion of his 65th birthday

Keywords: Axial chirality / Biaryls / Atropisomerism / Dynamic kinetic resolution / Asymmetric synthesis

Configurationally unstable lactone-bridged biaryls 4 are 5 possibly formed (if at all) can be recycled (“axially chiral
economy”) by cyclization back to the lactone 4. For thecleaved atropo-diastereoselectively using chiral menthol-

derived alkali metal alkoxides, to give axially chiral biaryl preparation of larger amounts of enantiopure biaryl alcohols
9, an efficient reaction sequence was developed: alcoholysisesters of type 5 in high yields and excellent diastereomeric

ratios of up to . 99:1. The method permits the optional of 4 R in situ reduction R crystallization. The synthetic value
of these alcoholysis reactions for asymmetric biaryl synthesispreparation of each of the two atropisomers from the same

lactone precursor (“atropo-divergence”), simply according to is illustrated by the transformation of 5 into a broad series of
enantiopure biaryls of type 6 with various functional groupsthe choice of the appropiate mentholate or its enantiomer as

the O-nucleophile – or by the use of the mentholate in ortho to the axis.
solution or in suspension. Undesired minor atropisomers of

coupling reactions, which led to (inseparable) mixtures ofIntroduction
all four possible stereoisomers of 3. [9]

Axially chiral biaryl compounds play an important role
As nearly ideal model lactones without stereocenters for

as useful ligands or reagents for asymmetric synthesis [1] and
(overall) atropo-enantioselective ring-opening reactions, [4] [5]

as pharmacologically potent natural products. [2] [3] A highly
benzopyranones of type 4 (Scheme 2) can be easily con-

efficient strategy for the directed, i.e., regio- and atropose-
structed from their monomeric “halves” by esterification

lective synthesis of even complex and highly functionalized
and PdII-catalyzed intramolecular aryl coupling in excellent

biaryls is the “lactone method”, [4] [5] which is based on the
yields.[4,10,11] Due to the steric demand of the substituent R

atropisomer-differentiating ring cleavage of configura-
ortho to the biaryl axis, the lactones 4 are helically dis-

tionally unstable lactone-bridged biaryls with chiral N-, O-
torted, with rapid interconversion of the two enantiomeric

and H-nucleophiles or, if additional stereocenters are pre-
forms, (M)-4 [12] [13] and (P)-4. [4] [10] With chiral hydride or

sent in the molecule, also with achiral reagents. The broad
isopropylate transfer reagents, these configurationally labile

applicability of this principle has been demonstrated in the
lactones 4 can be cleaved atropo-enantioselectively to give

total synthesis of axially chiral catalysts [4] [6] and more than
stereochemically stable target biaryls with good to excellent

20 naturally occurring biaryls, [2] [3] mainly naphthylisoquin-
enantiomeric ratios (e.r.) of up to 98.5:1.5. [14] [15] Likewise

oline alkaloids. An early example is ancistrocladisine [(P)-
possible are atropo-diastereoselective ring-cleavage reac-

3, Scheme 1], an alkaloid of Ancistrocladus heyneanus, [7]

tions with metal-activated chiral 1-arylethylamines as cheap
which was obtained in a highly atropo-diastereoselective

N-nucleophiles, giving d.r.9s (d.r. 5 diastereomeric ratio) of
ring opening (d.r. 5 95:5) of the lactone precursor 1 with

up to 95:5. [16]

potassium isopropylate as a cheap, achiral O-nucleophile. [8]

Preliminary investigations revealed the potential ofThis goal was not reached by later intermolecular biaryl
atropo-diastereoselective lactone-cleavage reactions with
chiral alkoxides as O-nucleophiles. [17] In this paper, we de-[°] Part 79: Ref.[16]
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Scheme 1. The stereochemical key step in the synthesis of ancistrocladisine [(P)-3]: the atropo-diastereoselective ring opening of the biaryl
lactone 1 with potassium isopropylate

thesized atropo-diastereo- or -enantiodivergently from the KH, leading to clear solutions of the alkali metal (1S)-men-
tholates (S)-7b, c, and d in the solvents used (THF, CH2Cl2,same lactone precursor 4, by simply using the appropiate

mentholate R*OM or its enantiomer ent-R*OM; “wrong” Et2O, and toluene). With these alkoxides, the ring opening
of 4 proceeded cleanly and in good conversions (> 80%), tostereoisomers can be recycled, and that a broad spectrum

of further functionalized enantiopure biaryls 6 or ent-6 are give the configurationally stable esters 8 (Scheme 3).
available by subsequent transformations of 5.

Scheme 3. Atropo-diastereoselective ring opening of 4 with solu-
tions of the alkali metal (1S)-mentholates (S)-7b-d, to give the con-
figurationally stable biaryl esters 8

The d.r.9s were measured by (quantitative) reduction of
the esters 8 to the corresponding biaryl alcohols 9 and
atropo-enantiomer analysis by HPLC on a chiral phase

Scheme 2. Enantioselective synthesis of the axially chiral biaryl (Scheme 4).
esters 5 (or, optionally, ent-5) by ring cleavage of the configuratio-
nally unstable lactones 4 with chiral alkoxides R*OM (or ent-R*
OM) and further derivatization of 5 to the target biaryls 6

Results and Discussion

Atropo-Diastereoselective Ring Opening of Biaryl
Lactones 4 with Alkali Metal Mentholates

The alcoholysis reactions of 4 were performed with the
cheap and simple O-nucleophile (S)-(1)-menthol [(S)-7a], Scheme 4. Stereoanalysis of the esters 8 by reduction to the alco-

hols 9which was activated by deprotonation with LDA, NaH, or
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Table 1. Stereoselective cleavage of 4 with solutions of the alkali metal (1S)-mentholates (S)-7b2d[a]

Entry Biaryl lactone Mentholate Solvent T [°C] d.r. (config.)[b]

1 4a (S)-7b (M 5 Li) THF 278 55:45 (M)
2 4a (S)-7b (M 5 Li) CH2Cl2 278 80:20 (M)
3 4a (S)-7b (M 5 Li) PE/Et2O[c] 278 70:30 (M)
4 4a (S)-7b (M 5 Li) Et2O 230 66:34 (M)
5 4a (S)-7c (M 5 Na) Et2O 230 2[d]

6 4a (S)-7d (M 5 K) Et2O 230 50:50 (M)
7 4a (S)-7b (M 5 Li) toluene 278 R 240 81:19 (M)
8 4a (S)-7c (M 5 Na)[e] toluene 278 R 240 66:34 (M)
9 4a (S)-7d (M 5 K) toluene 278 R 240 63:37 (M)

10 4b (S)-7b (M 5 Li) toluene 278 R 240 84:16 (P)[f]

11 4b (S)-7c (M 5 Na)[e] toluene 278 R 240 81:19 (P)[f]

12 4b (S)-7d (M 5 K) toluene 278 R 240 79:21 (P)[f]

[a] Reaction conditions: 1.8 equiv. of (S)-7b, 7c, or 7d, 1.0 equiv. of 4a or 4b, 1212 h, conversions > 80%. 2 [b] Determined by HPLC on
a Chiralcel OD-H phase after reduction to the alcohol 9 (cf. Scheme 4). 2 [c] Petroleum ether/Et2O, 10:1. 2 [d] No solution of (S)-7c in
Et2O obtained, but a suspension (see Table 3, entry 2). 2 [e] The suspension of (S)-7c in toluene initially attained in the deprotonation
reaction, was heated for 16 h to 80290°C prior to use, resulting in a clear solution. 2 [f] Note that only for formal reasons (CIP
notation[12]), the stereochemically identical esters (P,S)-8a/(M,S)-8b and (M,S)-8a/(P,S)-8b have different descriptors at the biaryl axis.

In a first series of ring-cleavage reactions of 4a, the sol- was obtained by heating the reaction mixture for 16 h to
80290°C prior to use (Table 1, entries 8 and 11). Thesevent was varied and lithium mentholate (S)-7b was the O-

nucleophile (Table 1, entries 124 and 7). The best (but still sodium alkoxide suspensions were found to be very useful
for the lactone cleavage, as exemplified by 4a (Scheme 5 andonly moderate) d.r. of (M,S)-8a/(P,S)-8a 5 81:19 was ob-

tained in toluene as the solvent (Table 1, entry 7). Table 2). In this case, the enantiomeric sodium (1R)-(2)-
mentholate [(R)-7c] was used, which was anticipated to de-The diastereoselectivities of all ring-opening reactions of

4a and 4b in Et2O and toluene were significantly dependent liver the enantiomeric ester (P,R)-8a as the main product.
Unexpectedly, however, the atropo-diastereomeric esteron which alkali metal of the alkoxide was used (Table 1,

entries 4212): While moderate to good d.r.9s of up to 84:16 (M,R)-8a was formed preferentially in these slow (125 d)
but highly stereoselective alcoholysis reactions. When ring-(Table 1, entry 10) were obtained with the more covalently

bonded lithium (1S)-mentholate [(S)-7b], the stereodifferen- opening reactions of 4a are carried out with suspensions of
(R)-7c, the asymmetric inductions are reversed relative totiation decreased with the more ionic sodium (1S)-men-

tholate [(S)-7c], and there was no asymmetric induction at when mentholates in solution are used [e.g., solution of (S)-
7c in toluene: (M,S)-8a/(P,S)-8a 5 66:34 (cf. Table 1, entryall in the cleavage of 4a with (S)-7d (M 5 K) in Et2O (Table

1, entry 6). This behavior is in contrast to the related amin- 8); vs suspension of (R)-7c in toluene: (P,R)-8a/(M,R)-8a 5
21:79 (Table 2, entry 2)].olysis reactions of 4 with metalated 1-arylethylamines as N-

nucleophiles, where the d.r.9s (of up to 95:5) increased in The excellent stereoselectivities achieved (d.r.9s of up to
94:6, cf. Table 2, entry 3) were significantly higher than allthe series Li << Na < K.[16]

The influence of the substitution pattern in the phenolic of the asymmetric inductions obtained if the alcoholyses
were performed with alkali metal mentholate in solutionpart of 4 (and thus of the steric hindrance at the biaryl

axis) is only low. Slightly increased stereoselectivities were [best d.r. 5 81:19 (cf. Table 1, entry 7)].
Under the optimized reaction conditions (solvent: Et2O,obtained for lactone 4b (R 5 OMe), whose ring opening

gave the best d.r.: (P,S)-8b/(M,S)-8b 5 84:16 with (S)-7b 0°C), both lactones 4a (R 5 Me) and 4b (R 5 OMe) were
cleaved on a preparative scale (> 1 g of 4), delivering the(M 5 Li) in toluene (Table 1, entry 10).

Deprotonation of (1S)-menthol [(S)-7a] in toluene or esters 8a (d.r. 5 93:7, 95% yield) and 8b (d.r. 5 88:12, 97%
yield) in high optical and chemical yields (Table 3). ForEt2O with NaH led to the formation only of suspensions of

the sodium alkoxide (S)-7c. With toluene, a clear solution each ester, the diastereomers were separated by column

Scheme 5. Atropo-diastereoselective alcoholysis of 4 with sodium (1R)-mentholate [(R)-7c] as a suspension in Et2O or toluene
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Table 2. Alcoholysis of 4a with suspensions of sodium (1R)-men- plete asymmetric induction in the stereoselective transform-
tholate [(R)-7c] in Et2O and toluene[a]

ation of 4a into (M,R)-11a (d.r. > 99:1). These results con-
firm the anticipated high stereocontrol by the menthol α-

Entry T [°C] d.r. (config.)[b] d.r. (config.)[b]

alkyl group. The extraordinarily high optical and chemical(solvent: Et2O) (solvent: toluene)
yields obtained underline the remarkable efficiency of the
“lactone method”.[4] [5]1 278 2[c] 2[c]

2 230 79:21 (M) 89:11 (M)
3 0 94:6 (M) 89:11 (M)
4 20 87:13 (M) [d]

In Situ Reduction of the Intermediate Esters: Overall
Atropo-Enantioselective Lactone Cleavage[a] Reaction conditions: 1.8 equiv. of (R)-7c, 1.0 equiv. of 4a, 125

d, quantitative. 2 [b] Determined by HPLC on a Chiralcel OD-H
phase after reduction to the alcohol 9 (cf. Scheme 4). 2 [c] No Apart from the use of sodium 8-phenylmetholate as a
reaction. 2 [d] Reaction not performed. chiral O-nucleophile, another practicable way of obtaining,

for example, (M)-9a in a virtually enantiopure form, is to
make use of its excellent crystallizing properties, to avoidchromatography on silica gel, to give the main atropisomers
the (sometimes time-consuming) diastereomer separationsin stereochemically homogeneous form (d.r. > 99:1 in both
at the level of the intermediate esters (e.g., 8a). Thus, a reac-cases) and in good yields [87% for (M,R)-8a and 82% for
tion sequence was elaborated: ring cleavage of 4a with (R)-(P,R)-8b]. In this procedure, even the minor atropisomer is
7c or (R)-10c, in situ reduction of the resulting esters 8a ornot lost: For example, for 8a, (P,R)-8a was quantitatively
11a with LiAlH4 to give the enantiomerically enriched al-cyclized back to the lactone 4 (95%) by HBr in HOAc[18]

cohol 9a, followed by crystallization of 9a from petroleum(cf. Scheme 5). This useful recycling of undesired atropi-
ether (PE)/Et2O to deliver the enantiopure alcohol (M)-9asomeric byproducts is another significant advantage of the
(e.r. > 99:1) as white crystals in 81% and 88% yield (Scheme“lactone concept” over other known stereoselective biaryl
7). If necessary (e.g., for valuable substrates), the almostcoupling methods. [19] [20] The alcoholysis of 4 with sodium
racemic mother liquor material can be reused, after oxidat-mentholates (R)-7c or (S)-7c in suspension constitutes a
ive cyclization back to the corresponding lactone, as alreadymost efficient and versatile approach even to larger
demonstrated in the total synthesis of related naphthyliso-amounts of enantiopure axially chiral biaryl esters.
quinoline alkaloids. [22] With this overall atropo-enantiose-
lective reductive ring-cleavage reaction, an efficient access

Ring Cleavage of 4a with Suspensions of Sodium was found to the biaryl alcohol (M)-9a or, optionally, to
(1R)-8-Phenylmentholate [(R)-11c] (P)-9a (mainly by the choice of the enantiomeric men-

tholate reagent), which is even applicable to the preparation
Even better asymmetric inductions were expected when a of larger amounts.

bulkier group than the (probably decisive) isopropyl sub-
stituent of (1R)-menthol [(R)-7] is employed, by using the
commercially available (1R)-8-phenylmenthol [(R)-10a], [21] Determination of the Absolute Configuration at the
with its voluminous dimethylbenzyl group. The methyl-sub- Biaryl Axis
stituted lactone 4a underwent ring-opening reactions with
sodium (1R)-8-phenylmentholate [(R)-10c] under the above From X-ray structure analyses of the ring-cleavage prod-

ucts (P,S)-8a and (M,S)-8b, the relative configuration at theoptimized (cf. Scheme 5) reaction conditions, to give the
ester 11a in 95% yield as a single product (Scheme 6). For centers vs axes was established and thus, given the stereo-

chemically known menthol part, as well as the absolute con-the determination of the d.r., the crude mixture was submit-
ted to an acidic workup and freed from excessive (R)-10a figuration at the axes (Scheme 8). If these two esters were

reduced, the axial configuration of the biaryl alcohols (P)-by distillation. Quantitative reduction with LiAlH4 gave the
alcohol 9a (cf. Scheme 4), whose HPLC analysis on a Chir- 9a and (M)-9b could also be established. This in turn made

it possible to assign the 8-phenylmenthyl ester 11a, whichalcel OD-H phase showed an e.r. of 99:1. This e.r. measured
was identical with that of (1R)-8-phenylmenthol [(R)-11a] can be reduced to ent-(P)-9a 5 (M)-9a, to have (M) con-

figuration at the axis.used for the ring cleavage, thus hinting at a virtually com-

Table 3. Preparative alcoholysis of 4 with a suspension of (R)-7c[a]

Entry Biaryl lactone t [d] Yield [%][b] d.r. (config.)[c] Yield of main diastereomer [%][d]

1 4a 1 95 93:7 (M) 87
2 4b 5 97 88:12 (P)[e] 82

[a] Reaction conditions: 1.8 equiv. of (R)-7c as a suspension in Et2O, 1.0 equiv. 4a or 4b, 0°C, 125 d, quantitative. 2 [b] Yield of the
crude esters, after acidic workup. 2 [c] Determined by HPLC on a Chiralcel OD-H phase after reduction to the alcohol 9 (cf. Scheme 4).
2 [d] Yield after chromatographic separation of diastereomers (d.r. > 99:1). 2 [e] Note that only for formal reasons (CIP notation[12]),
the stereochemically identical esters (M,R)-8a/(P,R)-8b and (P,R)-8a/(M,R)-8b have different descriptors at the biaryl axis.
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Scheme 6. Virtually complete stereocontrol in the atroposelelective ring cleavage of 4a with a suspension of sodium (1R)-8-phenylmentho-
late [(R)-10c] to give the ester (M,R)-11a; further reduction to (M)-9c

deliver (M) [25]-13a, whose o-hydroxy-o9-methylbiaryl substi-
tution pattern is present in a broad series of natural prod-
ucts[4] [5] (see also Scheme 1). Furthermore, (M)-13a is a pre-
cursor to the monodentate phosphane ligand (M)-14a. [26]

Protection of the phenolic OH function of (P)-9a and
subsequent activation of the C1 unit by OH/Br exchange
resulted in the bromide (P)-15a, which reacted readily with,
for example, diverse amines to give, after deprotection, the
amino phenols (P)-16a which are highly efficient catalystsScheme 7. An overall atropo-enantioselective reductive pathway to

the atropisomerically pure biaryl alcohol (M)-9a for enantioselective diethylzinc additions to aldehydes. [23]

New reactions aiming at an enlargement of the C-skel-
eton, e.g., by alkylation of the ester (P)-8 with EtMgBr, ledBiaryl Esters 8 2 Valuable Precursors for C1-
to the tertiary alcohol (P)-12a, while transformation of theSymmetric Axially Chiral Auxiliaries
protected bromide (P)-15a to the corresponding Grignard

The axially chiral auxiliary 1,19-binaphthalene-2,29-diol reagent and its addition to MeCOCMe2OBzl gave the triol
(BINOL) is widely used, but the application of its deriva- (M) [25]-17a (d.r. 5 69:31) after deprotection. The appli-
tives as catalysts or reagents in asymmetric synthesis is cation of the biaryl alcohols (P)-9a, (P)-12a, and (M)-17a
often severely limited by their sometimes problematic prep- as chiral ligands in enantioselective LiAlH4 reductions is
aration, e.g., by the exchange of the phenolic OH groups of currently under investigation.
BINOL against other functionalities, especially when two With all these transformations, the easily accessible en-
different heteroatoms are to be introduced.[1] The ester antiopure esters 8 constitute versatile precursors for C1-
function of 8, by contrast, is a C1 unit that can be easily symmetric axially chiral auxiliaries, whose application in
further modified. This is demonstrated in Scheme 9, which asymmetric synthesis has only just begun.
shows some known and new transformations of (P)-8a,
which all proceed without any loss of optical purity. The Conclusion
known reduction of (P)-8a, [23] which can also be done in
situ (see Scheme 6), gives the diol (P)-9a in 91% yield. [24] The atroposelective ring cleavage of configurationally un-

stable biaryl lactones 4 with chiral mentholate-derived O-Its benzylic OH function can be removed in two steps to

Scheme 8. X-ray structure analyses of (P,S)-8a and (M,S)-8b and assignment of the absolute axial configurations of 9a, 9b, and 11a
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being applied as chiral catalysts or reagents in asymmetric
synthesis.

Experimental Section
General Remarks: Melting points (uncorrected): Kofler hot-stage
apparatus. 2 IR spectra: Perkin2Elmer 1420 infrared spectropho-
tometer. 2 Optical rotations: Perkin2Elmer 241 MC polarimeter.
2 1H- and 13C-NMR spectra: Bruker AC 200 or Bruker AC 250
instrument. 2 Mass spectra: Finnigan MAT 8200 mass spec-
trometer, measured at 70 eV in the EI mode. 2 Combustion analy-
ses: LECO CHNS-932 apparatus in the microanalytical laboratory
of the University of Würzburg. 2 HPLC: Waters M 510 HPLC
pump, U6K injector, Chiralcel OD-H column (Daicel Chem. Ind.,
4.6 mm 3 250 mm), ERC-7215 UV-detector, Shimadzu Integrator
C-R6A Chromatopac. 2 Thin layer chromatography (TLC): DC
aluminium sheets, silica gel 60 F254 (Merck). 2 Column chroma-
tography: silica gel, 0.06320.200 mm (Merck). 2 Short-path distil-
lation: Kugelrohr GKR-50 (Fa. Büchi). 2 The petroleum ether
(PE) used had a boiling range of 40260°C. 2 THF was distilled
from potassium directly before use, Et2O and toluene from sodium,
and CH2Cl2 from P2O5. 2 NaH and KH were washed with dry PE
prior to use. 2 All reactions were carried out under a dry inert
gas using the Schlenck-tube technique. 2 (1R)-(2)- and (1S)-(1)-
menthol [(R)-7a and (S)-7a] and (1R)-(2)-8-phenylmenthol [(R)-
10a] were purchased from Aldrich, the lactones 4a and 4b, [10] the
bromine (P)-15a, [23] and 3-benzyloxy-3-methyl-2-butanone (MeC-
OCMe2OBzl) [27] were prepared according to literature procedures.

General Procedure for the Ring Cleavage of Lactones 4 with Alkali
Metal Mentholates on Analytical Scale: According to the reaction
conditions given in Tables 1 and 2, LDA (2.0  in n-heptane/THF/
ethylbenzene, 180 µL, 360 µmol), NaH (8.64 mg, 360 µmol), or KH
(14.4 mg, 360 µmol) was added at 0°C to a solution of (1S)- or
(1R)-menthol [(S)-7a or (R)-7a, 62.5 mg, 400 µmol] in the solvent
indicated (5.0 mL). After 30 min of stirring, the reaction mixture
was adjusted to the temperature given, the lactone 4 (200 µmol)
was added and stirring continued for 16 h25 d. The mixture was
hydrolyzed with water (10 mL), slightly acidified with 0.1  HCl

Scheme 9. New and already described useful further transforma- (5 mL), and extracted with Et2O (3 3 10 mL). The combined or-
tions of the biaryl ester (P)-8a: facile synthetic access to various

ganic layers were dried with MgSO4 and the solvent was removedaxially chiral auxiliaries
in vacuo. The crude esters 8 were obtained after column chroma-
tography (PE/Et2O 5:1). For the determination of the d.r. of 8, the
residue was dissolved at room temp. in anhydrous Et2O (5 mL) and

nucleophiles of type 7 and 10 is a highly efficient and practi- LiAlH4 (38.0 mg, 1.00 mmol) was added. After 30 min of stirring,
cable access to axially chiral biaryl esters of type 8 and 11 the reaction mixture was worked up as described above. Column
in d.r.9s of up to > 99:1. The synthetic value of these al- chromatography or semi-preparative TLC (PE/Et2O, 1:1) gave the

alcohol 9, the e.r. of which was analyzed by HPLC on chiral phasecoholysis reactions is enhanced by the preparation of the
(Chiralcel OD-H, detection at 280 nm, flow rate: 1 mL/min; 9a:atropisomeric esters 8 with (M) or, optionally, (P) configu-
solvent: n-hexane/iPrOH, 95:5; retention times tR: 16 min for (M)-ration by simply starting with either the (R)-mentholate or
9a and 22 min for (P)-9a; 9b: solvent: n-hexane/iPrOH, 92:8; tR:its (S)-enantiomer, or, additionally, by performing the ring
20 min for (P)-9b and 23 min for (M)-9b]. (Note: With the excep-cleavage either in solution or in suspension (“atropo-diver-
tion of the sodium mentholate suspensions formed in toluene and

gence”). Furthermore, the smooth, directed recyclization of
Et2O, all other alkali metal mentholates gave clear solutions in the

8a back to the lactone 4a allows the recycling of an unde- solvents used.)
sired minor isomer (chiral economy). Both advantages,

Ring Cleavage of 4a with (R)-7c on Preparative Scale: To a suspen-which are not present in other biaryl coupling meth-
sion of sodium (1R)-mentholate [(R)-7c], prepared from (1R)-men-ods, [19] [20] underline the high preparative potential of the
thol [(R)-7a, 2.53 g, 16.2 mmol] and NaH (350 mg, 14.6 mmol) in

atroposelective ring opening of 4 with chiral O-nucleophiles Et2O (100 mL) at 0°C, the lactone 4a (2.22 g, 8.10 mmol) was ad-
and, more generally, of the “lactone concept” itself. Sub- ded after 30 min of stirring. The cloudy mixture was stirred for 1
sequent modification of the ester function of (P)-8a pro- d at 0°C, then hydrolyzed with water (100 mL), slightly acidified
vides an easy access to axially chiral biaryls with two differ- with 1  HCl (20 mL), and extracted with Et2O (3 3 100 mL). The

combined organic layers were dried with MgSO4 and the solventent functional groups ortho to the axis, which are currently
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evaporated in vacuo. Excessive menthol was removed by short-path (10.8 mg, 450 µmol) in Et2O (5 mL), was stirred for 30 min at 0°C.

The lactone 4a (68.6 mg, 250 µmol) was added and the cloudy sus-distillation under reduced pressure and the resulting crude esters
8a were (3.31 g, 7.69 mmol, 95%, d.r. 5 93:7) separated by column pension was furthermore stirred for 5 d at 0°C. The reaction mix-

ture was hydrolyzed with water (10 mL), slightly acidified with 0.1chromatography (PE/Et2O, 30:1 R 3:1) to give, in the order of elu-
tion, (P,R)-8a (174 mg, 404 µmol, 5%, d.r. > 99:1) and (M,R)-8a  HCl (5 mL), and extracted with Et2O (3 3 15 mL). The com-

bined organic layers were dried with MgSO4 and the solvent was(3.03 g, 7.04 mmol, 87%, d.r. > 99:1) as white solids. The spectro-
scopic data of both atropo-diastereomeric esters 8a are fully ident- evaporated in vacuo. The resulting crude ester (M,R)-11a [d.r. 5

99:1, determined after reduction to the alcohol (M)-9a, see generalical with those of the previously obtained materials. [23]

procedure] was purified by column chromatography (PE/Et2O, 1:1)Ring Cleavage of 4b with (R)-7c on Preparative Scale: According to
to give (M,R)-11a (120 mg, 237 µmol, 95%, d.r. 5 99:1) as a whitethe method for the ring cleavage of 4a described above, the lactone
solid. 2 M.p. 156°C. 2 [α]D

20 5 247.9 (c 5 0.20, CHCl3). 2 IR4b (1.00 g, 3.26 mmol) was stirred at 0°C for 5 d with a suspension
(KBr): ν̃ 5 3400 cm21 (OH), 2920 (CH), 1660 (C5O). 2 1H NMRof (R)-7c, prepared from (R)-7a (1.02 g, 6.52 mmol) and NaH
(250 MHz, CDCl3): δ 5 0.5021.99 (m, 8 H, menthyl-H), 0.79 (d,(141 mg, 5.87 mmol) in Et2O (50 mL). After acidic workup and
J 5 6.7 Hz, 3 H, menthyl-CH3), 1.23, 1.29 [s, s, 3 H each,removal of the excessive menthol, column chromatography of the
CPh(CH3)2], 1.77 (s, 3 H, 69-CH3), 2.33 (s, 3 H, 49-CH3), 4.30 (br.crude esters 8b (1.44 g, 3.11 mmol, 97%, d.r. 5 88:12) (PE/CH2Cl2,
s, 1 H, OH), 4.96 (dt, J 5 10.7 Hz, J 5 4.3 Hz, 1H, 199-H), 6.70,2:1 R 1:1) gave, in the order of elution, (M,R)-8b (156 mg, 337
6.76 (s, s, 1 H each, 39-H and 59-H), 7.06 (mc, 1 H, Ar2H),µmol, 10%, d.r. > 99:1) and (P,R)-8b (1.23 g, 2.66 mmol, 82%, d.r.
7.1227.28 (m, 4 H, Ar2H), 7.3727.48 (m, 3 H, Ar2H), 7.56 (mc,> 99:1) as white solids.
1 H, Ar2H), 7.83 (d, J 5 8.5 Hz, 1 H, Ar2H), 7.90 (d, J 5 8.2 Hz,

(M,R)-8b: M.p. 150°C. 2 [α]D
20 5 276.6 (c 5 0.28, EtOH). 2 IR 1 H, Ar2H). 2 13C NMR (63 MHz, CDCl3): δ 5 19.95, 21.35,

(KBr): ν̃ 5 3380 cm21 (OH), 2940 (CH), 1660 (C5O). 2 1H NMR 21.71, 26.49 (CH and CH3), 26.82 (CH2), 26.94, 31.08 (CH and
(200 MHz, CDCl3): δ 5 0.6222.00 (m, 9 H, menthyl-H), 0.67 (d, CH3), 34.43, 40.00, 40.86 (CH2), 50.25 (CH or CH3), 75.34 (C-199),
J 5 6.9 Hz, 3 H, menthyl-CH3), 0.82, 0.88 [d, d, J 5 6.8 Hz each, 113.7, 121.7, 122.9, 125.2, 125.5, 125.6, 126.5, 127.2, 127.7, 128.0,
3 H each, CH(CH3)2], 3.55 (s, 3 H, 69-OCH3), 3.86 (s, 3 H, 49- 128.1, 128.4, 130.7, 132.3, 133.8, 134.9, 138.0, 138.8, 151.2, 152.9
OCH3), 4.96 (dt, J 5 10.7 Hz, J 5 4.3 Hz, 1 H, 199-H), 6.20, 6.30 (Ar2C), 167.0 (C5O). 2 MS; m/z (%): 506 (8) [M1], 292 (39)
(d, d, J 5 2.2 Hz each, 1 H each, 39-H and 59-H), 7.3827.66 (m, [C19H14O3

1], 274 (100) [C19H14O2
1], 232 (11) [C16H24O1 (8-phe-

3 H, Ar2H), 7.8528.00 (m, 3 H, Ar2H). 2 13C NMR (50 MHz, nylmenthol)], 231 (14) [C16H23O1]. 2 C35H38O3 (506. 68): calcd. C
CDCl3): δ 5 16.19, 20.83, 22.07, 23.28, 26.04, 31.32, 34.26, 40.35, 82.97, H 7.56; found C 83.38, H 7.72.
46.84 (menthyl-C), 55.36, 55.60 (49-OCH3 and 69-OCH3), 75.07 (C-

“Reductive” Ring Cleavage of 4a with (R)-7c and LiAlH4: According199), 107.0, 125.7, 126.7, 127.1, 127.6, 128.1, 128.6, 131.0, 131.9,
to the method for the ring cleavage of 4a with (R)-7c described133.1, 135.0, 154.9, 158.6, 161.5 (Ar2C), 167.9 (C5O). 2 MS; m/z
above, the lactone 4a (400 mg, 1.46 mmol) was stirred at 0°C with(%): 462 (30) [M1], 324 (66) [M1 2 C10H18], 306 (100) [M1 2
a suspension of (R)-7c, prepared from (R)-7a (456 mg, 2.92 mmol)C10H20O]. 2 C29H34O5 (462. 59): calcd. C 75.30, H 7.41; found C
and NaH (63.1 mg, 2.63 mmol) in Et2O (20 mL). After quantitative75.56, H 7.50.
conversion into the esters 8a (1 d, detected by TLC), LiAlH4

(P,R)-8b: M.p. 159°C. 2 [α]D
20 5 229.7 (c 5 0.22, EtOH). 2 IR (556 mg, 14.6 mmol) was added at 20°C and stirring was continued

(KBr): ν̃ 5 3350 cm21 (OH), 2940 (CH), 1660 (C5O). 2 1H NMR for 30 min. The reaction mixture was cautiously hydrolyzed with
(200 MHz, CDCl3): δ 5 0.6522.00 (m, 9 H, menthyl-H), 0.72 (d, water (20 mL), slightly acidified with 1  HCl (20 mL), and ex-
J 5 6.9 Hz, 3 H, menthyl-CH3), 0.83, 0.87 [d, d, J 5 6.6 Hz each, tracted with Et2O (3 3 40 mL). The combined organic layers were
3 H each, CH(CH3)2], 3.56 (s, 3 H, 69-OCH3), 3.86 (s, 3 H, 49- dried with MgSO4 and the solvent was evaporated in vacuo. Excess-
OCH3), 4.80 (dt, J 5 10.6 Hz, J 5 4.3 Hz, 1H, 199-H), 6.21, 6.28 ive menthol was removed by short-path distillation under reduced
(d, d, J 5 2.3 Hz each, 1 H each, 39-H and 59-H), 7.3827.65 (m, pressure to yield the crude alcohol (M)-9a (385 mg, 1.38 mmol,
3 H, Ar2H), 7.8528.05 (m, 3 H, Ar2H). 2 13C NMR (50 MHz, 95%, e.r. 5 94:6) as a pale yellow oil, which gave colorless crystals
CDCl3): δ 5 15.88, 21.04, 22.01, 22.98, 25.77, 31.32, 34.23, 40.38, of (M)-9a (328 mg, 1.18 mmol, 81%, e.r. > 99:1) from PE/Et2O. The
46.90 (menthyl-C), 55.30, 55.60 (49-OCH3 and 69-OCH3), 75.01 (C- spectroscopic data of (M)-9a are fully identical with those of mate-
199), 107.0, 126.0, 126.9, 127.0, 127.7, 128.1, 128.6, 131.3, 131.5, rial obtained previously. [23]

133.2, 135.0, 154.7, 158.7, 161.4 (Ar2C), 167.8 (C5O). 2 MS; m/z “Reductive” Ring Cleavage of 4a with (R)-10c and LiAlH4: Accord-
(%): 462 (29) [M1], 324 (64) [M1 2 C10H18], 306 (100) [M1 2 ing to the method for the reductive ring cleavage of 4a with (R)-7c
C10H20O]. 2 C29H34O5 (462. 59): calcd. C 75.30, H 7.41; found C described above, the lactone 4a (200 mg, 730 µmol) was stirred at
75.63, H 7.43. 0°C with a suspension of (R)-10c, prepared from (R)-10a (343 µL,
Cyclization of the Ester (P,R)-8a Back to the Lactone 4a: A solution 339 mg, 1.46 mmol) and NaH (31.6 mg, 1.31 mmol) in Et2O
of the ester (P,R)-8a (22.0 mg, 51.1 µmol) in acetic acid (0.7 mL) (10 mL). After quantitative conversion into the esters 11a (5 d, de-
and hydrobromic acid (48%, 0.7 mL) was refluxed at 120°C for tected by TLC), LiAlH4 (139 mg, 3.65 mmol) was added at 20°C
12 h. After cautious addition of a saturated Na2CO3 solution and stirring was continued for 30 min. The reaction mixture was
(3 mL), the reaction mixture was extracted with CH2Cl2 (3 3 cautiously hydrolyzed with water (10 mL), slightly acidified with 1
3 mL). The combined organic layers were dried with MgSO4 and  HCl (10 mL), and extracted with Et2O (3 3 20 mL). The com-
the solvent evaporated in vacuo. Purification of the residue by col- bined organic layers were dried with MgSO4 and the solvent was
umn chromatography (PE/Et2O 10:1) afforded the lactone 4b evaporated in vacuo. The excess of (R)-10a was removed by short-
(13.3 mg, 48.5 µmol, 95%) as a pale yellow solid. The spectroscopic path distillation under reduced pressure to yield the crude alcohol
data of 4b are identical to those of the material used for the ring- (M)-9a (193 mg, 694 µmol, 95%, e.r. 5 98:2) as a pale yellow oil,
opening reactions described above. which gave colorless crystals of (M)-9a (179 mg, 642 µmol, 88%,

e.r. > 99:1) from PE/Et2O.Ring Cleavage of 4a with (R)-10c: A suspension of sodium (1R)-8-
phenylmentholate [(R)-10c], prepared from (1R)-8-phenylmenthol Ethylation of the Menthyl Ester (P,R)-8a: To a solution of the ester

(P,R)-8a (1.65 g, 3.83 mmol, d.r. > 99:1) in Et2O (15 mL), EtMgBr[(R)-10a (e.r. 5 99:1), 117 µL, 116 mg, 500 µmol] and NaH
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(1.0  in Et2O, 15.3 mL, 15.3 mmol) was added dropwise at room Table 4. Crystallographic data
temp. and the solution was stirred for 6 h. The reaction mixture was
cautiously hydrolyzed with water (20 mL), slightly acidified with 1 (P,S)-8a (M,S)-8b
 HCl (20 mL), and extracted with Et2O (3 3 30 mL). The com-
bined organic layers were dried with MgSO4 and the solvent was Empirical formula C29H34O3 C29H34O5

Molecular mass 430.59 462.59evaporated in vacuo. The menthol formed was removed by short-
Crystal system orthorombic orthorombicpath distillation under reduced pressure. Column chromatography
Space group P212121 P212121(PE/Et2O, 3:1) gave the tertiary alcohol (P)-12a (1.14 g, 3.41 mmol, a [Å] 11.793(3) 14.413(6)

89%) as colorless crystals with an e.r. of 99.5:0.5, as determined by b [Å] 20.851(6) 17.917(8)
c [Å] 10.452(4) 9.976(5)HPLC on a chiral phase [Chiralcel OD-H, detection at 280 nm,
V [Å3] 2571(1) 2576(2)flow rate: 1 mL/min, solvent: n-hexane/iPrOH, 98:2; retention times
Z 4 4

tR: 11 min for (M)-12a and 13 min for (P)-12a]. 2 M.p. 47248°C. d(calcd.) [g cm23] 1.112 1.193
2 [α]D

20 5 153.4 (c 5 1.1, CHCl3). 2 IR (KBr): ν̃ 5 3340, 3230 Crystal size [mm] 0.65 3 0.65 3 0.2 0.7 3 0.7 3 0.5
Scan mode Wyckoff scan Wyckoff scancm21 (OH), 2960 (CH). 2 1H NMR (200 MHz, CDCl3): δ 5 0.84,
Θ range [°] 1.75227.5 1.75227.50.86 [t, t, J 5 7.4 Hz each, 3 H each, C(CH2CH3)2], 1.7022.10 [m,
hkl range 0/15, 0/27, 0/13 0/18, 0/23, 0/12

4 H, C(CH2CH3)2], 1.85 (s, 3 H, 69-CH3), 2.15 [s, 0.8 H, Reflections collected 3375 3369
C(CH2CH3)2OH], 2.38 (s, 3 H, 49-CH3), 4.54 (s, 0.8 H, 29-OH), Unique reflections 3347 3344

Refl. observed [F > 3σ(F)] 2735 28736.75, 6.78 (s, s, 1 H each, 39-H and 59-H), 7.16 (d, J 5 8.6 Hz, 1
Lin. absorpt. coeff. [21] 0.7 0.8H, 5-H), 7.33 (dt, J 5 6.9 Hz, J 5 1.4 Hz, 1 H, 6-H or 7-H), 7.47
Absorption correction ψ scan ψ scan

(dt, J 5 6.7 Hz, J 5 1.3 Hz, 1 H, 6-H or 7-H), 7.52 (d, J 5 8.9 Hz, Ratio Fobs/parameters 9.40 9.36
1 H, 8-H), 7.8227.95 (m, 2 H, 3-H and 4-H). 2 13C NMR R, Rw 0.052/0.047 0.066/0.060

Largest diff. peak/hole 0.14/0.16 0.41/0.38(63 MHz, CDCl3): δ 5 8.49, 8.73 [C(CH2CH3)2], 20.17, 21.41 (49-
[eÅ23]CH3 and 69-CH3), 34.38, 34.89 [C(CH2CH3)2], 80.09

[C(CH2CH3)2OH], 114.0, 122.6, 123.5, 125.0, 126.2, 127.0, 127.8,
128.4, 132.6, 133.6, 138.5, 139.5, 143.6, 153.3 (Ar2C). 2 MS; m/z

75.59, 77.56 (C-299 and C-399), 114.9, 123.4, 123.6, 125.5, 125.7,(%): 334 (2) [M1], 316 (18) [M1 2 H2O], 287 (100) [M1 2 C2H7O],
126.4, 127.4, 127.9, 129.3, 132.6, 132.8, 134.2, 135.1, 137.7, 138.7,259 (61) [C19H15O1]. 2 C23H26O2 (334.46): calcd. C 82.60, H 7.84;
153.6 (Ar2C). 2 MS; m/z (%): 364 (3) [M1], 346 (1) [M1 2 H2O],found C 82.56, H 8.03.
305 (24) [M1 2 C3H7O], 287 (14) [M1 2 C3H9O2], 262 (100)

Synthesis of the Diastereomeric Triols (M)-17a: A solution of the [C19H18O1]. 2 C24H28O3 (364.48): calcd. C 79.09, H 7.74; found
protected bromide (P)-15a (1.14 g, 2.64 mmol) in Et2O (10 mL) was C 78.30, H 7.80.
added dropwise to Mg (69.8 mg, 2.91 mmol) in Et2O (10 mL) at

(M)-17a-B: M.p. 66268°C. 2 [α]D
20 5 231.7 (c 5 1.1, CHCl3). 2room temp. Traces of (CH2Br)2 were added and the reaction mix-

IR (KBr): ν̃ 5 360022700 cm21 (OH), 2960 (CH). 2 1H NMRture was refluxed for 5 h until complete conversion into the Grig-
(200 MHz, CDCl3): δ 5 0.95, 1.07, 1.10 (s, s, s, 3 H each, 3 3nard compound had occurred (detected by TLC after quenching
CCH3), 1.82 (s, 3 H, 69-CH3), 2.37 (s, 3 H, 49-CH3), 2.66, 2.97 (d,with HCl). The yellow solution was cooled to 0°C and MeCOC-
d, J 5 13.9 Hz each, 1 H each, 2-CH2), 6.72, 6.76 (s, s, 1 H each,Me2OBzl (846 µL, 761 mg, 3.96 mmol) was added. After warming
39-H and 59-H), 7.3627.41 (m, 2 H, Ar2H), 7.46 (mc, 1 H, Ar2H),up to room temp. within 2 h, the reaction mixture was hydrolyzed
7.75, 7.86 (d, d, J 5 8.6 Hz each, 1 H each, 3-H and 4-H), 7.88 (d,with water (20 mL), slightly acidified with 1  HCl (5 mL), and
J 5 7.8 Hz, 1 H, 8-H). 2 13C NMR (50 MHz, CDCl3): δ 5 19.89,extracted with Et2O (3 3 20 mL). The combined organic layers
21.34, 24.37, 24.65 (CH3), 38.62 (C-199), 75.68, 77.65 (C-299 and C-were dried with MgSO4 and the solvent was evaporated in vacuo.
399), 113.6, 121.7, 123.3, 125.6, 125.8, 126.7, 128.0, 128.1, 129.8,Column chromatography (PE/Et2O, 8:1 R 3:1) gave a (chromato-
132.1, 132.5, 132.7, 136.8, 138.2, 139.1, 153.1 (Ar2C). 2 MS; m/zgraphically inseparable) mixture of the diastereomeric addition
(%): 364 (2) [M1], 346 (2) [M1 2 H2O], 305 (26) [M1 2 C3H7O],products (1.21 g, 2.22 mmol, 84%). For debenzylation to the triols
287 (14) [M1 2 C3H9O2], 262 (100) [C19H18O1]. 2 C24H28O3(M)-17a, Pd/C (10%, 100 mg) was added to a solution of 1.10 g of
(364.48): calcd. C 79.09, H 7.74; found C 78.68, H 7.75.this mixture (2.02 mmol) in CH2Cl2 (20 mL). After 12 h of hydro-

genation (H2 pressure: 1 bar) at room temp., the catalyst was re- X-ray Crystallographic Study: [28] The single crystals of (P,S)-8a and
moved by filtration through Celite with CH2Cl2 (20 mL) and the (M,S)-8b that were measured were obtained from PE/Et2O. The
solvent was evaporated in vacuo. The resulting triols (M) [25]-17a cell parameters were determined on the basis of 70 reflections. The
were separated by column chromatography (PE/acetone, 9:1 R 3:1) number of measured reflections reported in Table 4 were obtained
to give the diastereomers (M)-17a-A (471 mg, 1.29 mmol, 64%, with Mo-Kα radiation (0.71073 Å) and 2θmax 5 55° (graphite
more rapidly eluting, d.r. > 99:1) and (M)-17a-B (214 mg, 587 monochromator). All data were collected at room temp. with a Sie-
µmol, 29%, more slowly eluting, d.r. > 99:1) as slightly yellow oils. mens P4 diffractometer. The SHELXTL-PLUS program pack-
From PE/Et2O, (M)-17a-A (408 mg, 1.12 mmol, 55%) and (M)-17a- age[29] was employed. The structures were solved by direct methods
B (188 mg, 516 µmol, 26%) were obtained as colorless crystals each. and refined anisotropically by the least-squares method. The

weighting scheme for Rw is 1/σ2. The positions of the hydrogen(M)-17a-A: M.p. 66267°C. 2 [α]D
20 5 229.7 (c 5 0.96, CHCl3).

atoms were calculated by the riding model and included with iso-2 IR (KBr): ν̃ 5 360022500 cm21 (OH), 2960 (CH). 2 1H NMR
tropic descriptions.(200 MHz, CDCl3): δ 5 1.01, 1.12, 1.24 (s, s, s, 3 H each, 3 3

CCH3), 1.70 (s, 3 H, 69-CH3), 2.35 (s, 3 H, 49-CH3), 2.64, 3.00 (d,
d, J 5 13.3 Hz each, 1 H each, 2-CH2), 6.71, 6.75 (s, s, 1 H each,
39-H and 59-H), 7.2327.39 (m, 2H, Ar2H), 7.44 (tm, J 5 7.2 Hz, Acknowledgments
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