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Abstract: A nonracemicy-arene complex?) was prepared fromR)-(+)-methyl-2-phenoxypropionate and
pentaammineosmium(ll) with high coordination diastereoselectivi§:.{). Complex2 was then treated with

HOTT, an acetal, or a Michael acceptor to generdteokonium complexes at low temperature. These products
were then combined with a nucleophile (silylketene acetal or hydride) to form stable alkoxydiene complexes.
Further reaction of these complexes with triflic acid yielded isolable enonium complexes, and subsequent
hydrolysis formed substituted cyclohexenone complexes. Upon oxidative decomplexation, these materials
provided substituted cyclohexenones isolated with high ee’s&8@0). The reaction of cycloenonium complexes

with hydride led to the formation of cyclohexenyl ether complexes, and their oxidative decomplexation yielded
substituted cyclohexenyl ethers with de and ee val@8%. Treatment of a cyclohexenyl ether complex with
triflic acid gave an isolabler-allyl complex. The reaction of this material with a nucleophile followed by
decomplexation affordecis-1,4,5-trisubstituted cyclohex-2-enes with ee’s ranging from 80 to 90%. The increase
in the steric bulk of the alkyl group of the alkoxy chiral auxiliary (methyl vs isopropyl) led to a more complete
transfer of chirality.

Introduction asymmetric variants, have been exploited in organic syntHe&is.
. L ) In contrast, the 16esystem [Os(NH)s]?" is electron-rich and
The asymmetric dearomatization of aromatic molecules has 5.2 arene complexes in which the arene ligand is activated

considerable potential for the preparation of highly functional- 1441 a stereospecific reaction with electrophifeshis metal

ized, stereodefined alicyclic compounds. Thus, reactions suchcener stabilizes the resulting arenium cations to allow their
as the asymmetric Birch reductidenzymatic dihydroxylatio, g nsequent stereospecific reaction with nucleophiles. Thus,
photoc_hemlcal _cycloaddltlo?],and nucleophlllc_ addition to pentaammineosmium(ll) arene complexes have been used as
oxazoline-containing naphthaleridsave seen widespread ap-  qynhons for a broad array of functionalized alicylic compounds,

plication in organic synthesis. Although arenes are easily gten formed as single diastereomers. However, to date these
derivatized through electrophilic and nucleophilic substitution o4 tions could only be carried out in racemic form, owing to
reactions, their conversion to nonaromatic compounds is difficult i, fuxional nature of the2-arene complexe¥: 20 ’

owing to the loss of aromatic stabilization. Indeed, monosubstitutegP-pentaammineosmium(ll) arene
Transition-metal mediated dearomatization methodologies Comp|exes are Chira“ however, a faciletrafacial |inkage

have also shown promise, and two complementary approachessomerization rapidly equilibrates the two enantiomers. Recently

ha.Ve been deve|0ped E|ectr0n-defICIent metal centers can fOI’mwe reported that placement Of a Stereogenic center adjacent to

n®-arene complexes that are activated toward nucleophilc attackihe aromatic ring could influence the coordination site of the

at the arene. Examples of such systems include arene complexegentaammineosmium(ll) arene ufitSpecifically, a lactate

of the 12e systems Cr (CQP~? [Mn(CO)g] *,'® Fe(ArHy* M substituent was shown to direct the coordination of the metal

and Ru(Cpj,**and applications of this methodology, including  through a hydrogen-bond interaction between the ester and the

ammine ligands and a steric interaction between the methyl
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Figure 1. Lactate-mediated stereoselectiy®arene coordination. using the Mitsunobu reaction oBfmethyl lactate (97% ee)
and phenol with complete inversion in 87% yield (Schem&1).
OMe OMe R The enantiomeric excess ffwas analyzed with chiral HPLC
0/\{)( O/I i using a Chiralcel-OD colum?. Reduction of pentaammine-
é © B (O] osmium(lll) with Zn/Hg in the presence df gave [R)- 1%
(os1— = methyl-2-phenoxypropionate] compl&in 95-97% yield. The
E diastereomer ratio for compleéxvaries somewhat with solvent;
however, according tdH NMR studies, the ratio is always
lN”" greater than 10:1.
When arene complef was treated with TfOH at-40 °C,
R* protonation occurred at 4-position to generate tHeokonium
Nuze_$ species and this was followed by nucleophilic addition of a sily!
m(\r[Ez Nup’ g e (Os]i ketene acetal (1-methoxy-2-methyl-1-trimethylsiloxypropene;

(ol MMTP) opposite to the metal center. Vinyl ether complx
E, £y Es was isolated in 7684% yield.!H NMR analysis of comple8
e confirmed it to be a single diastereomer (&l80). Subsequent
' -R'OH protonation of vinyl ether compleXwith TfOH formed isolable
enonium complexX (92—97%) again as a single diastereomer
NUs (0s] Nuz Ny Nz (de >90). Complex4 was characte(ized oAH, 13C,_and DEPT
E2  Nug * ) E, < E2 NMR data. Hydrolysis of the oxonium led to facile removal of
(O]-. — OR  [Os] the chiral auxiliary with retention of configuration (thus it can
Nuy Nug Nuy Nus be recycled if necessary), and this was followed by oxidative
B & & decomplexation by AgOTf/80C or ceric ammonium nitrate
(CAN) to afford enones (60—64%). Enoneb is reported in the
©s] literature as a racemic mixtufé and*H and3C spectral data
for 6 are in agreement with the reported data. GCMS analysis
gave an M of m/z = 196. As can be seen from Table 1 the
Nuy Nug ‘.NU2 . . . . .
, ©:52 enantiomeric excess d for a variety of different reaction

conditions fell in the range of 7382%. The highest ee was
Nug Nug Nuy found to be 82%, representing a reduction of 15% from the
Es aryl-substituted lactaté.

Figure 2. Schematic of lactate-directed dearomatization of arenes. The variation in ee is presumably due to a 5260 2,342

(i.e., intrafacial) linkage isomerization for théldoxonium under
group and arortho ring hydrogen (Figure 1). In principle, if  the acidic conditions required for protonati®rSupporting this
the chiral auxiliary is applied as a single enantiomer, the metal notion, when the concentration of triflic acid or the time allowed
coordination site will be uniquely defined and correspondingly pefore addition of the nucleophile was increased, the ee for the
OrganIC pI’OdUCtS derived from this System will be formed in product was lowered (entnes 2 and 3 in Table 1) However
enantiomeric excess. The following account describes thejncreasing the amount of nucleophile or lowering the tem-
application of this idea. Starting with the lactate-derived Complex perature of the reaction did not have a noticeable effect.
(R)-methyl-2-phenoxypropionatepentaammineosmium(ll), we Racemization of compounél during hydrolysis of oxoniund

sought to prepare a series of functionalized cyclohexenones anthr during decomplexation is also possible, but variation of the
cyclohexenes in high enantiomeric excess. A schematic over-

view of the proposed process is shown in Figure 2.

Ey

(22) Toda, F.; Tanaka, Kletrahedron Lett1988 15, 1807-1810.

(23) Tottie, L.; Baecksthm, P.; Moberg, C.; Tegenfeldt, J.; Heumann,
. . A. J. Org. Chem1992 57, 6579-6587.
Results and Discussion (24) Azzolina, O.; Collina, S.; Vercesi, Dkarmaco 1995 50, 725

. . . 733.
The nonracemicR)-(+)-methyl-2-phenoxypropionate ligand (25) Pearson, A. J.; Khetani, V. D.; Roden, B. A.Org. Chem1989
1{97% ee, {{]"p = 41.2 € 0.76, CHC}), lit?3} was synthesized 54, 5141-5147.
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Reaction Conditions

— 0
reaction conditions \<H ) OMe \<H orte
temp, time/ % ee MeoOC '\, MeoOC
entry TfOH* °C  min® MMTP? oxidant of 6° *

Table 1. Variation in Ee of 5-Substituted-Cyclohexeno®evith \ OSiMe;

1 0.7 —40 10 4.5 CAN 78 : E

2 1.5 —40 60 4.0 CAN 73 [Os] [Os]

3 1.0 —40 30 4.5 CAN 74 l

4 0.7 -6 20 3.5 CAN 76 l

5 0.6 —-40 20 3.5 CAN 74 0

6 0.5 —40 20 3.5 CAN 78

7 05 —40 20 35  AgOTf 82 CoOMe ome

8 05 —40 20 3.5  CAN(0.8equiv) 79 Hy/Pae

~— o

aConcentration in [M].? Time in minutes prior to addition of MMTP. P
¢ee’s were determined by HPLC analysis using a Chiralcel-OD column /0
within £2% and obtained from 97% ee of starting mated&lAN = b
ammonium cerium(lV) nitrate® 30% of unreacted starting material was
recovered.

200
Scheme 2 ® ]
o/'\[(OMe O/‘\n/OMe ¢ CD [mdeg] A
° ° — W
1. TfOH, -40°C o MeOOC
[Os] 2 MMTP (Os] Sl ®
3. 2,6-Lutidine OCH, 2050 300 350 400
2(R) (+) 82% 3 Octant diagram for negative Cotton effect A (nm)
97% 66 >90% de TIOH. -40°C (S)-3-substituted cyclohexanone see ref. 26 CD-Spectrum of enone 6
‘ 96% Figure 3. Determination of absolute stereochemistry for 3-substituted
cyclohexanones.
+o/§\n/OMe Cotton effect aflmax 298 nm in the CD spectrum, and based on
o [ the octant rul®® and upon a comparison with the related
o HyO, CHsCN o compound7a,?® the (§ configuration was confirmed (Scheme
[Os]| )y [Os] 2). Most significantly, the absolute stereochemistry & fully
OCH, . OCH, consistent with our model of the lactate substituent of the arene

directing the metal to th8iface of the coordinated double bond

AGOT!, 70°C, GHACN (see Figures 1 and 3).

or CAN, Ether,H,0 In a similar vein, arene compleXwas first combined with
an acetal (dimethoxy methane) and triflic acid; then a silyl
o Q ketene acetal (MMTP) was added, resulting in the formation
o Ho/Pd-C m of alkoxydiene complex8 (86%). This material was then
T’ protonated 9), hydrolyzed, and decomplexed using AgOTf/70
OCH, OCH, °C to generate 4,5-disubstituted-cyclohexenone derivditive
6 (S) (+) 82% ee 7(5)() in 53% overall yield from the starting arene compxWVhen
60-64% yield Negative Cotton Effect the decomplexation was carried out in the absence of 2,6-
o) lutidine, dienone compountil was isolated (61%) as a result
Configuration of elimination of methanol from the allylic position (Scheme
o gsgigg:;rt;y 3). Compoundsl0 and 11 were characterized biH and 13C
< see ref. 29 NMR and mass spectral data. The 4,5-disubstituted-cyclohex-
7a (R) enone derivativd0{[a]"p 184 (€ 0.31, CHC})} was analyzed

for enantiomeric excess by chiral HPLC. Upon comparison with

oxidant (entries 58) also had no significant effect on the racemic enond0, the ee of chirall0 was found to be 85%.

product ee. The specific rotation for compouhas found to Enonium complexed and 9 were reduced with tetrabutyl-
be +9.9 ( 0.76, CHC}). The CD spectrum of compourl ammonium cyanoborohydride at40 °C and quenched with
was obtained in hexanes at 20 and showed a negative-nr* 2,6-lutidine to form allyl ether complexds2 and13, respectively
Cotton effect atimax 338 nm. From a comparison of the CD  (78—87%). These complexes were characterizedHynd*C
Spectrum of (R)_methy|_2_cyc|ohexenon@’ the @ Conﬂgu_ and DEPT NMR data. Oxidative decomplexation by AgOTf/

ration was assigned to compouBidThe assignment was further 70 °C and pyridine afforded cyclohexenyl! ethés(67%) and
supported by hydrogenating compoudaver H/Pd at room  15(64%) (Scheme 4Compoundl4 was assigned the molecular
temperature to cyclohexanone derivafiie 88% yield. Spectral ~ formula GisH240s by elemental analysis. Analysis # NMR
data for compound” are in agreement with that previously ~spectra for both compounds4 and 15 revealed that these
reported for a racemic mixture of this compoudCompound compounds were isolated with @€7%. Chiral HPLC analysis
7{[a]"> —14.7 € 0.8, CHC})} also showed a negative-r*

(28) Snatzke, GAngew. Chem., Int. Ed. Endl968 7, 14.

(26) Gawronski, J. KTetrahedron1982 38, 3—26. (29) Semmelhack, M. F.; Schmalz, H.-Getrahedron Lett1996 37,
(27) RanjanBabu, T. VJ. Org. Chem1984 49, 2079-2088. 3089.
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Scheme 3
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OCHjs 87% OCHj3
4 12
AgOTf
Pyridine, 70°C
67%
i __OMe £ __OMe
*o Q/\(
B . ©
[Os] Nt Q
OCH;4 OCH,
MeO 9 14 97% de, 98 %ee
. | TBAC, -40°C
78% | 5 6-Lutidine
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of compoundsl4 and 15 determined that these materials were
isolated with an enantiomeric excess of-®8%.

Upon treatment with TfOH, allyl ether comple&3 leads to
the formation of allyl complexX.6 in 94% yield. This material
was characterized biH, 1°C, and DEPT NMR spectral data.

Chordia and Harman

Scheme 5
OMe OMe
[Os] (o] AgOTH, 2,6-Lutidine o
OCHj 70°C OCH,
MeO
€ 17 MeO 18
Overall yield from 16
27%
MeOH, RT

[Os]. o Dimethylmalonate
DIEA, RT
OCH,

MeO™ 16 (94% from 13)
AgOTY,
MMTP, CH.CN, RT 89Tk sorc

o o O
OMe MeO OMe
o

[Os] Q
OCHj, OCHjg
MeO 21 MeO 20

81% ee

CAN, Ether, H
CAN. Ether, H,0 Overall yieid from 13
'

(0]
OMe
0]
OCHj,
MeO
22
NOESY Corelations

shown to react with a wide range of nucleophitésAs
examples, allyl complet6was combined with MeOH to regio-
and stereoselectively generate allyl methyl ether comfléx
Oxidative decomplexation of the metal center with AgOTTf at
70 °C in the presence of 2,6-lutidine gave the free organic
cyclohexenylmethyl ethel8 in 27% overall yield from16
(Scheme 5). Analogous reactions of allyl compl&& with
carbon nucleophiles such as dimethyl malonate/diisopropyl-
ethylamine (DIEA) or silyl ketene acetal (MMTP) followed by
oxidation of the metal center gave the trisubstituted cyclohexenes
20 and 22 as a single diastereomer in 51 and 47% yields,
respectively (Scheme 5). Compourfsand22 were character-
ized on the basis ofH, 13C, and 2D NMR and mass spectral
data. NOESY data of compoura showed strong corelations
between the methylene protons of the methoxymethyl group at
C-2 and thegemdimethyl group at C1. Also, correlations
between protons at C1 and C5 of the cyclohexenyl ring were
observed, confirming thall-cis stereochemistry of the cyclo-
hexene skeleton. These data are consistent with both electro-
philic and nucleophilic additions occurring opposite to the metal
(Scheme 5). Compoun@®{[a]"s = 81.9 € 0.3, CHC})} and
22 {[a]"p = 87.2 € 0.72, CHC})} were analyzed by chiral
HPLC and found to be in 81% and 90% ee, respectively.
ThelH NMR analysis of allyl ethet 8 revealed that chemical
shifts for the olefinic protons are sufficiently close that NOESY

90 %ee
Overall yield
from 16: 47%

MeO

(30) Harman, W. D.; Hasegawa, T.; Taube,lhorg. Chem.1991, 30,

The nB-allyl complexes of pentaammineosmium have been 453.
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2,6-Lutidine, 70°C
OCH,4 OCH;3

o}
N i 0
MeO MeO 2 w[Os]
25 (Racemic) H + H + Os(lll) H
data could not conclusively determine the stereochemistry. Thus,
to rule out the possibility of methanol additisgnto the osmium n Yo n Yo n Yo

(observed for pentaammineosmium(ll) furan complexes in acidic

Scheme 6 Scheme 7
OMe H H
OMe H H
OMe OMe
oY oY
[Os] M [Os]mn % o 1. 2-Cyclic-enone :
2. MMTP, -40°C TfOH, -40°C
3. 2,6-Lutidine OCHs [Os]w _TORAL . jospe
88% MeO 2. Pyridine, -40°C to RT
23 2 H
1. TfOH, CH3CN, -40°C (R)97% ee 26. n=1
: 2, TBAC, -40°C C
Overall yield 34% 3. 2,6-Lutidine "o 27. n=2
79%
?
(:)Me 9Me 1a A N N
AGOT!, CHsCN : i __OMe
e} < PgOTH URgUN [Os] (o} OMe 9/\[(

media)3! trans-allyl ether complexX24 was prepared from anisole i) 2.
according to Scheme 6. Decomplexation2df provided allyl Vield 35-40% Yield 40-44%

ether25in an overall yield of 34% from the anisole complex
(Scheme 6). A comparison 6H NMR spectra revealed that

compounds25 and 18 are diastereomers. This observation
indicates that the addition of MeOH to allyl compl&& occurs

Table 2. Effects of Temperature on Diastereoselectivity of
Michael Addition Reactions

H H ~ OMe

anti to the metal center (as found for carbon nucleophiles), to oy oM o O o/\'é/
form all-cis cyclohexenyl ethed 8. ° 1 2-Enone ©

To see if efficient chirality transfer could occur away from  [os} —Ton " osh —
the arene ring, our studies included the usefefubstituted 3. Pyridine, .
Michael acceptors as electrophileg-Anisole complexes can 2 R
undergo conjugate addition at C4 with a variety a@f- Ao RO
unsaturated ketones, aldehydes and esters, and amides in the
presence of Brgnsted (TfOH) or Lewis aciddn the present _ temp,  de of de of
study, 2-cyclopentenone and 2-cyclohexeneone were used ase"try Michael acceptor °C  complex free ligand
electrophiles in the presence of triflic acid a40 °C with 1  cyclohexenone —40 91 >9:1
complex 2. The resulting #-oxonium complexes were re- 2 cyclohexenone —40 91 8.6:1.4
aromatized with pyridine as a base to form the appropriate 5  cyclohexenone —60 =91
4-substituted aromatic complexez6 and 27, respectively 4 cyclopentenone 18 2:1

e . ’ 5 cyclopentenone —40 2:1 2:1
(Scheme 7). SurprisinglyH NMR analysis of compound26 6  cyclopentenone —60 251
and 27 revealed that the diastereoselectivities of these two 7  cyclopentenone —-80 31 3:1
Michael addition reactions are vastly different. Whereas 2-cy- g g-pengen-g-one —38 2119 21
i -penten-Z-one - .

clopentenone adds to the arene with poor control of stereo- 10 t-4?phenyl-3-buten-2-0ne a0 1141 1141

chemistry at the benzylic carbon (the diastereomeric ratio of
26 is ~2:1), addition of 2-cyclohexenone occurs with good 2de’s were determined byH NMR analysis of complexes in
control (diastereomeric ratio @7 is >9:1). In an earlier studi? acetonitrileel; or acetoneds at room temperaturéd.de’s were deter-
cyclohexanone underwent electrophilic substitution with anisole M"ed by chiral HPLC analysis.

to give two diastereomers in a 1:1 ratio, but the aromatic product created chiral center was far from the chiral auxiliary. The HPLC
in that study was isolated onbfter the metal had been free to analysis for both compound8 and 29 showed that the
adjust its coordination site. It was first assumed that the low djastereoselectivity waklentical to that of their complexes,
diastereoselectivity observed for cyclopentenone was a resultryling out any metal migration.
of intrafacial migration by the metal center upon rearomatization  To determine what factors affect the diastereoselectivity for
(Scheme 7). However, fok the chiral auxiliary is highly  the Michael addition, this reaction was carried out under a
effective in directing the position of metal coordination, and yariety of different conditions (Table 2) with several different
this fact suggested that the Michael addition was to blame for enones. The maximum diastereomer ratio obtained for cyclo-
the poor stereocontrol &6. The latter hypothesis was verified  pentenone was only-3:1, achieved by lowering the reaction
by analyzing the decomplexed ligands. Free liga2@land29 temperature to—80 °C. Other than temperature, adjusting
were obtained when complex@§ and 27 were heated at 70 reaction parameters such as concentration of Michael acceptor,
C in acetonitrile for 3-4 h. UnfortunatelyH NMR analysis  TfOH, addition order, and acid type had virtually no effect on
of free organic compound&§, 29) failed to provide meaningful the diastereoselectivity of this reaction. With the exception of
information about the diastereomeric excess since the neWchyc|Ohexenone, the enones tested delivered poor diastereo-
(31) Chen, H.; Liu, R.; Myers, W. H.; Harman, W. D. Am. Chem. selectivity in their reactions witB. By contrast, earlier studigs
Soc.1998§ 120, 509. with N-methylmaleimide and the anisole complex [Os(NH3)5-
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Figure 4. Possible transition state for Michael addition reaction.

(n?-anisole)}" demonstrated that this Michael acceptor adds to
anisole with high stereocontrol. Using B&s the promoter, the

Chordia and Harman

absolute stereochemistry of the major stereocisomer was assigned
by obtaining 3-phenylcyclopentanon&df from compound26

and HOTf. Compoun80gave a negative optical rotati¢fo]"p

= —45 (c 0.8, CHC})}, and on the basis of previously reported
data in the literatuf®3® the configuration for the major
enantiomer was determined to 18).(

The stereochemistry of the Michael addition reactions with
cyclic Michael acceptors can be rationalized by invoking an
ordered transition state that resembleseaado Diels—Alder
cycloadduct. In fact it is possible that a cycloadduct (like that
isolated for the BE-promoted addition oN-methylmaleimide
and the anisole comple3) may be an intermediate in this
process. Regardless of whether a cycloadduct is part of the
reaction coordinate for the Michael reaction,erdotransition
state with 2-cyclohexenone or 2-cyclopentenone would furnish
the (§-configuration for the benzylic position and could explain
the high diastereoselectivity observed, at least for the former
case (Figure 4).

Next we sought to combine the stereoselective Michael
reactions with those manipulations described earlier for the arene
ring. Thus, 2-cyclohexenone and-methylmaleimide were
chosen as electrophiles to prepaté-dnisolium complexes at
—40°C. Since these electrophiles were more sterically demand-
ing than the acetal described earlier, the addition of a carbon
nucleophile to C3 of the arenium species proved to be difficult.
However, hydride addition at C3, protonation at C2, and hydride
addition at C1 (individual intermediates not isolated) led to the
isolation of cyclohexenyl ether complex88 and 37, respec-
tively. These compounds, upon treatment with triflic acid at 20
°C, formedz-allyl complexes33 and 38, respectively, which
were then combined with a silyl ketene acetal (MMTP) and
oxidatively decomplexed (CAN) to yield 1,4-disubstituted
cyclohexene85and40. Compound5was isolated as a mixture
of diastereomers due to the inadvertent reduction of the carbonyl
group. Given that this additional stereocenter could complicate

Michael reaction yields a boron enolate which undergoes aldol analysis of stereocontrol at the ring, the alcohol functioB3®f

addition at C1 to deliver arendoeycloadduct exclusively

was oxidized back to keton&6 using TPAP/NMO (TPAP=

(Figure 4). Unfortunately, for the present study the ease with tetrapropylammonium perruthenate; NMON-methylmorpho-
which the benzylic hydrogen can epimerize prevented analysisline N-oxide). Overall, compound36 and40 were prepared in

of the simple electrophilic substitution product Nfmethyl-
maleimide and.
For the addition of cyclohexenone &) the assignment of

31% and 18% chemical yields, respectively, fr@rtyields are
unoptimized) (Scheme 8). On the basis!bf and 13C NMR
and GCMS spectral data, these compounds were prepared as

absolute stereochemistry of the newly created benzylic stereo-single diastereomers. More significantly, compou6é$[o]"p

center could provide information about the transition state of
the Michael reaction. Thus, the compl@X was treated with
triflic acid at 20 °C in CHsCN to bring about the oxidative
cleavage of the chiral auxiliary. Taking advantage of an

unexpected reaction originally observed for the anisole com-

plex 33 treatment of substitution complé&7 with triflic acid at
20°C resulted in the formation of free organic produ2gand
3-phenylcyclohexanon&) {[a]"> = —16.5 € 0.57, CHC})}

=42.6 €1.2, CHC})} and40{[a]"p = —7.2 (c 1.6, CHC})}
were formed in 91% and 93% ee, respectively (HPLC), in
reaction sequences that formed three new stereogenic carbons.
The overall reaction sequences presented above demonstrate the
true breadth of the range of reactions fgrarene complexes
that can be stereochemically controlled by a single and
structurally simple chiral auxiliary.

Finally, in an attempt to further optimize the ability of the

in about a 1:1 ratio (Scheme 7). In this process, 1 equiv of Os(ll) chiral auxiliary to direct the metal coordination stereochemistry,
serves as the electron source for the reductive cleavage of thave set out to modify the alkyl group. In our initial study of

chiral auxiliary. Given that the final state of osmium is Os(lll),
only half of an equivalent of the aromatic ligand is reduced.
Inspection of the CD spectrum (negativean* Cotton effect)
and comparison of the sign of specific rotation with the literature
valueé* {[o]"p —21 (c 0.96, CHC})} determined the
configuration for 3-phenylcyclohexanon8lj to be © with
86% ee (HPLC). For cyclopentenone addition prod2&tthe

(32) Kopach, M. E.; Harman, W. Ol. Org. Chem1994 59, 6506.

(33) Winemiller, W. D.; Kopach, M. E.; Harman, W. . Am. Chem.
Soc.1997, 119 2096.

(34) Takaya, Y.; Ogasawara, M.; Hayashi, T.; Masaaki, S.; Miyaura, N.
J. Am. Chem. S0d.998 120, 5579-5580.

chiral anisole complexes of osmium(ll), we determined that the
polar group of the chiral auxiliary (Figure 1) must incorporate
a carbonyl function (i.e., an ester or amide), as it was essential
to set up a hydrogen-bonding interaction with the pentaammine-
osmium unit. However, we did not explore the role of the steric
group in any detail (see Figure 1). The isopropyl! derivative of
1, methyl-2-phenoxy-3-methylbutyratgd), was prepared from
(9-(+)-methyl-2-hydroxy-3-methylbutyrate via a Mitsunobu

(35) Paquette, L. A.; Gilday, J. P.; Ra, C. 5.Am. Chem. S0d.987,
109 6858-6860.

(36) Taura, Y.; Tanaka, M.; Wu, X.; Funakoshi, K.; Sakai, Fetra-
hedron1991, 47, 4879-4888.
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most successful approaches have invovled the use of chiral
auxiliary or a reagent to induce asymmetoitho-lithiation or
nucleophilic addition. In these systems, the arene metal fragment
is achiral prior to reaction. However, limited success has also
gggNAgGC/ been reported in_directly inducing asymmet_ric coordinz?\tion. For
o example, Alexakis et al. showed that the choaho-substituted
benzaldehyde aminals reacted with naphthalenetricarbonylchro-
mium precursor under kinetic conditions to form the asymmetric
arene complex with 96% d@.Complexation of other arenes
containing chiral moieties such as indatteand steroid®¥ and
terpenoid®® have also been accomplished with some stereo-
38 control. What sets the present work apart from the previous
03900 examples is that the?- binding mode displayed by the
Overallyield from 38, 23% pentaammineosmium fragment can adjust its stereochemistry
of coordination without changing the binding facef the
reaction similar to the preparation bexcept that the synthesis aromatic ring and a single substituent is sufficient to deliver
needed to be performed under somewhat harsher conditionshigh selectivity. Thus, whereas achieving high control of
(THF reflux, 2 days, 42%). Unfortunately, HPLC analysis of coordination stereochemistry fgf-arene complexes relies on
compoundla revealed an enantiomeric excess of only 55%. kinetic selectivity, the;?-osmium system is regulated solely by
Nonetheless, complexation with Os(lIl) was carried out to form thermodynamics.
complex2a. Despite the low optical purity of the ligand, NMR )
analysis revealed that the diastereoselectivity was outstandingConclusion

and only a single diastereomer was observabletyNMR  This study demonstrates that a simple chiral auxiliary (lactate)
analysis. Thus, a reaction sequence of protonation and additionattached to an arene may be used to direct the stereospecific
of MMTP was carried out, similar to that performed on complex  ¢oordination to pentaammineosmium(il) and thereby induce high
2, to obtain a smgle dla}stereomer of the enGae('H NMR). _transfer of chirality to C4, C3, and C1 of the arene as well as
However, the bulkier chiral auxiliary apparently retards the acid- e benzylic position at C4. With the exception of the benzylic
ca_ltalyzed hydrolysis such that treatment of the r_eaction mixture position, enantiomeric excesses fall in the range between 80
with CAN produced rearomatized produéd (i.e., a net  and 95% for a wide array of different reactiofie essential
oxidation of the methoxydiene ligand 88) with the alkoxy  feature of this strategy is that the chiral auxiliary directly
moiety still intact (47%) (Scheme 9). Thus, the desired enone jnteracts only with the metal, not with the chemical reagents

6 was obtained in minor amounts (12%). Significantly, chiral pecause the chiral auxiliary interacts with the metal, its location
HPLC analysis of enoné revealed its enantiomeric excess as

0% i i i i (38) Pearson, A. J.; Zhu, P. Y.; Youngs, W. J.; Bradshaw, J. D.;
55%, identical to the value found for the chiral ligatal Thus, ) =0 atm o 20 Sore S 04003 115 10376.10377.
even though the isopropyl chiral auxiliary is at present of little (39 Uemura, M. Miyake, R.; Nakayama, K.. Shiro, M.; HayashiJY.

utility, these experiments indicate that increasing the size of Org. Chem.1993 58, 1238-1244.
the steric group enhances the fidelity of chirality transfer. (40) ':lexgklzy At';F'SAa/QgenceK' P-:SMﬂglgzl-;lﬁO%ez-éV'gli%ngoF-; Rose, E.;
: emra, A.; Robert, . AM. em. S0 3 .
Considerable efforts h‘?‘ve begn made over the past few yearss (41) Onhlsson, B.; Ullenius, C.; Jagner, S.; Grivet, C.; Wenger, E.; Kundig,
to carry out asymmetric variants of the well-established p. E.J. Organomet. Chent989 365 243-267.

MMTP
-—

chromium and manganese arene chemistrs? Generally, the 22((143)9\;\/%065'; Carpenter, G. W.; Sweigart, D. laorg. Chim. Actal 994
(37) Kundig, E. P.; Ripa, A.; Bernardinelli, @ngew. Chem., Int. Ed. (43) Woo, K Willard, P. G.; Sweigart, D. A.; Duffy, N. W.; Robinson,

Engl. 1992 31, 1071-1073. B. H.; Simpson, JJ. Organomet. Chenl995 487, 111-118.
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is primarily on theoppositeface of the ring from the approach to stirring ether {250 mL) at room temperature, giving a precipitate
of chemical reagents; thus, the reaction rates are not noticeablywhich was collected by filtration and dryed in vacuo as a gray solid,
affected in comparison to those of anisole, and the degree of# (395 mg, 96%):'H NMR (CD:CN) 6 5.90 (dt,J = 3.0, 7.2 Hz,
stereoselectivity achieved is not a function of the interaction éﬂ; g-g? ((g}‘]s:lgﬁ)Hsz-géHé 53&6‘ (;125:(37'23&)2-31:5)' (g}-lé ig’ 95
between chiral auxiliary and reagent. Hz, 1H), 2.11 (ddJ = 10.2, 20.7 Hz, 1H), 1.84 (m, 1H), 1.77 (dd,

. : = 7.2 Hz, 1H), 1.72 (dJ = 6.9 Hz, 3H), 1.16 (s, 6H), 0.93 (m, 1H);
Experimental Section 15C NMR (CD,CN) 6 201.7 (CO), 177.6 (CO), 170.7 (CO), 78.9 (CH),
For general methods, please see the Supporting Information and ref61.7 (CH), 57.2 (CH), 55.1 (C§, 52.9 (CH), 45.6 (C), 38.3 (CH),

21. The following abbreviations are used in reporting the spectral 31.0 (Ch), 26.5 (CH), 23.4 (CH), 22.7 (CH), 17.3 (CH).

details: CV= cyclic voltammetry; DHB= 2,5-dihydroxybenzoic acid; [Os(NH3)s(2,349%-5-(1-Carbomethoxy-1-methylethyl)cyclohex-2-
3-HPA = 3-hydroxypicolinic acid; HATR= horizontal attenuated total ene-1-one)](OTf) (5). Complex4 (200 mg, 0.233 mmol) was dissolved
reflectance accessory; OF trifluoromethanesulfonate; [Os} penta- in CH:CN (3.1 g), and water (205 mg) was added in a pressure tube.
ammineosmium(li)triflate. The pressure tube was sealed and heated under a nitrogen atmosphere
(R)-(+)-Methyl-2-phenoxypropionate (1)?% Triphenylphosphine in an oil bath at 70C for 2 h. The reaction mixture was then allowed
(28.8 g, 0.11 mol), phenol (10.4 g, 0.11 mol), ai®ihethyl lactate to cool to room temperature and without isolation used for decom-

(11.0 g, 0.105 mol, 97% ee) were dissolved in dry THF (100 mL), and plexation. Comples in racemic form has been isolated and character-
to this mixture was added dropwise solution of diethyl azodicarboxylate ized previously
(DEAD) (20.0 g, 0.115 mol) in dry THF (25 mL) over period of 30 (9)-(—)-2-Methyl-2-(5-oxocyclohex-3-enyl)propionic Acid Methyl
min at room temperature. The reaction mixture was stirred at room Ester (6). We have reported the decomplexation of racemiwith
temperature for 18 h during which time a white precipitate appeared CAN to give racemid, but an alternate procedure using AgOTf as an
in the mixture; then the solvent was removed under reduced pressure oxidizing agent is as follows: Complex(302 mg, 0.392 mmol) was
The residue obtained was treated with 1:1 ether/hexanes (200 mL) todissolved in CHCN (4.3 g) in a pressure tube, and AgOTf (207 mg,
form a white precipitate of triphenylphosphine oxide. The mixture was 0.807 mmol) was added to it. The tube was sealed, and the mixture
then filtered through a bed of silica geCelite, and the residual solid ~ was heated on an oil bath at 8C for 3 h. The mixture, after cooling
was washed with 1:1 ether/hexanes((25 mL). The combined filtrate to room temperature, was transferred to a round-bottom flask and
was evaporated under reduced pressure, and the resulting syrup wasoncentrated under reduced pressure, and the thick residue thus obtained
purified by column chromatography (silica gel) using initially hexanes was added to stirring ether (25 mL). The resulting slurry was filtered
and then hexanes/ethyl acetate (20:1) to isolate compbasch thick through a bed of silica gel to remove solid, and the residue was washed
transparent oil (87%). ThéH NMR spectrum of compound was with additional ether (25 mL). The combined ethereal filtrate was
identical to that reported in the literati@&Compoundl was analyzed washed with water and brine and dried over anhydrousSNa
for ee by HPLC with a Chiralcel OD-H column (90:10 hexanes/2- Removal of solvent under reduced pressure gave an oil. Purification
propanol; 0.8 mL/min): $-(minor) tr = 5.7 min, R)-(major) tr = of the residue by column chromatography (silica gel) gave compound
13.3 min 97% ee,d]"s 41.2 € 0.76, CHC}). 6 as a colorless oil (49 mg, 64%)a]"s = 9.9 (€ 0.76, CHC})}. The
2,342-[Os(NHs)s-2'-methylphenoxypropionate](OTf), (2). Using ee of enoné was analyzed by HPLC using a Chiralcel OD-H column
the previously reportéd procedure for racemic complexes, the non- (90:10 hexanes:2-propanol 0.8 mL/ming){major)tg = 8.6 min, R)-
racemic complexX2 was prepared (9597%). The coordination dia-  (minor) t = 11.0 min, 82% ee. The CD spectrum for the compound
stereoselectivity of different batches of the complex was assessedwas obtained in hexanes and showed a negative Cotton effeat(n
through'H NMR in CDsCN and always found to be 90%. at Amax 338 nm.
{Os(NHs)s[3,4%-2-(Methyl-2'-oxypropionate)-6-(1-carbomethoxy- (9)-(—)-2-Methyl-2-(3-oxocyclohexyl)propionic Acid Methyl Ester
1-methylethyl)-1,3-cyclohexadieng[(OTf), (3). The 2-methylphe- (7). A solution of enonés (19 mg, 0.094 mmol) in methanol (1.5 mL)
noxypropionate comple® (351 mg, 0.466 mmol) was dissolved in  was stirred in the presence of Pd/C (10 mg, 10%) under an H
CHsCN (3.23 g) and cooled te-40 °C. First TfOH (128 mg, 0.85 atmosphere at room temperature for 2 h. The reaction was monitored
mmol) in CHCN (1.1 g) at—40 °C was added (a color change from by subjecting small aliquots to GCMS analysis. After reduction was
orange-red to dark blue was observed), and then after 20 min MMTP complete, the reaction mixture was diluted with ether (10 mL) and
(869 mg, 4.99 mmol) in CECN (1.1 g) at—40 °C was added. The filtered through a bed of silica gel and Celite to remove Pd/C. Solvents
reaction mixture was allowed to stand-a#0 °C for 16 h, over which were removed from the filtrate under reduced pressure to Yielsla
time the dark blue color slowly discharged to brown. The reaction was colorless oil (17 mg, 88%). The compound was characterizetHby
then quenched by addition of colet40 °C) 2,6-lutidine (227 mg, 1.76 and *C NMR and IR spectral data, which were identical to those
mmol) in CHCN (0.87 g). After standing at40 °C for an additional reported in the literature for the racemic compodh@CMS (EI) mvz
15 min, the mixture was allowed to warm to room temperature and 198 (M") {[a]" —14.7 € 0.8, CHCE)}. The CD spectrum for the
added to stirring ether (100 mL), yielding a yellow oil. The ether layer compound was obtained in hexanes and showed a negative Cotton effect
was decanted and the oil was redissolved iCM (~2.5 g). Addition (n—a*) at Amax 298 Nm.
of this solution to stirred ether/GBlI, (2:1, 300 mL) gave a pale yellow Disubstituted Vinyl Ether Complex 8. Chiral complex2 (362 mg,
precipitate, which was collected by filtration followed by drying in  0.48 mmol) and dimethoxymethane (63 mg, 0.83 mmol) were dissolved
vacuo (331 mg, 82%) (note: the solid returns to an oil if itis not filtered in CH;CN (4.11 g), and the resulting solution was cooled-#0 °C.
quickly from the precipitating solution)’H NMR (CDsCN) 6 4.62 First TfOH (173 mg, 1.15 mmol) in C¥N (1.32 g) at—40 °C was
(g, = 6.8 Hz, 1H), 4.17 (bs, 3H;NH3), 4.14 (d,J = 3.9 Hz, 1H), added (a color change from orange-red to dark blue was observed),
3.78 (d,J = 8.5, 1H), 3.69 (s, 3H), 3.67 (m, 1H), 3.60 (s, 3H), 3.07 and then after 20 min MMTP (880 mg, 5.05 mmol) in &HN (1.47
(br s, 12H) 2.97 (m, 1H), 2.50 (m, 1H), 1.68 (ddi= 2.2,2.4,8.7, g) at —40 °C was added. The mixture was then allowed to stand at

1H), 1.46 (d,J = 6.8, 3H), 1.13 (s, 3H), 1.10 (s, 3H}*C NMR —40°C. Over 16 h, the dark blue color of reaction mixture discharged
(CDsCN) 6 178.2 (CO), 174.5 (CO), 160.5 (C), 121.5 o= 300 Hz, to brown. The reaction was then quenched by addition of celi(
CF), 89.9 (CH), 70.5 (CH), 52.8 (C#), 51.8 (CH), 48.0 (C), 46.1 °C) 2,6-lutidine (227 mg, 1.76 mmol) in GBN (0.87 g). After standing
(CH), 43.4 (CH), 41.1 (CH), 26.2 (CHi 22.0 (CH), 18.4 (CH); CV at —40 °C for an additional 15 min, the mixture was allowed to warm
Epa= 0.70 V (NHE). to room temperature and added to stirring ether (100 mL), yielding a
[Os(NH3)s(2,397%-1-Methyl-2'-oxypropionate-5-(1-carbomethoxy- yellow oil. The ether layer was decanted, and the oil was redissolved
1-methyl ethyl)cyclohex-2-ene-1-oxonium)](OTH (4). Complex3 in CH3CN (3.5 g). Addition of this solution to stirring ether:hexanes/

(350 mg, 0.428 mmol) was dissolved in gEN (3.2 g) and cooled to CHCl, (1:1:0.5,~370 mL) followed by quick filtration and drying in
—40 °C. Cold TfOH (40 °C, 95 mg, 0.63 mmol) in CECN (1.1 g) vacuo gave3 as a pale yellow solid (372 mg, 86%) (note: the solid
was added, and the light yellow solution immediately darkened. After returns to an oil if it is not filtered quickly from the precipitating
10 min the reaction mixture was removed from the cold bath and added solution): 'H NMR (CDsCN) ¢ 4.55 (q,J = 6.8 Hz, 1H), 4.43 (d) =
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6.8, 1H), 4.05 (br s, 3H), 3.90 (d,= 8.4, 1H), 3.67 (dJ = 7.2 Hz,
1H), 3.63 (s, 3H), 3.59 (s, 3H), 3.43 (d#l= 4.4, 5.1 Hz,1H), 3.29 (s,
3H), 3.20 (ddJ = 7.2 Hz, 1H), 3.13 (br s, 12H), 2.55 &= 6.8 Hz,
1H), 1.41 (d,J = 6.8, 3H), 1.23 (s, 3H), 1.02 (s, 3H})C NMR
(CDsCN) 6 179.8 (CO), 174.2 (CO), 161.6 (C), 121.8 §g= 310 Hz,
CF), 94.3 (CH), 74.8 (CH), 71.4 (CH), 59.3 (Ch), 53.2 (CH), 52.5
(CHs), 48.2 (2x CH), 45.4 (C), 44.2 (CH), 40.4 (CH), 26.4 (GH
21.4 (CHy), 18.8 (CH); CV Eya= 0.71 V (NHE).

2H-Oxonium Complex 9.Complex8 (364 mg, 0.405 mmol) was
dissolved in CHCN (4.25 g) and cooled te-40 °C. Cold TfOH (—40
°C, 194.3 mg, 1.29 mmol) in CG}&N (1.23 g) was added and the light
yellow solution immediately darkened. After 10 min, the reaction
mixture was removed from the cold bath and added to stirring ether
(~250 mL) to form a precipitate which was collected by filtration and
dried in vacuo. Produc® was isolated as an off gray solid (407 mg,
96%): 'H NMR (CDsCN) 6 5.78 (dd,J = 2.4, 7.2 Hz, 1H), 5.59 (q,
J=6.8 Hz, 1H), 5.19 (dJ = 7.2 Hz, 1H), 5.09 (br s, 3H), 3.90 (br s,
12H), 3.76 (s, 3H), 3.63 (] = 2.8 Hz, 1H), 3.58 (s, 3H), 3.51 (dd,
= 2.8, 10.4, 1H), 3.21 (s, 3H), 2.57 (m, 1H), 2.47 (m, 1H), 1.80J(d,
= 6.8 Hz, 3H), 1.22 (s, 3H), 1.21 (s, 3HFC NMR (CD:CN) 6 203.8
(CO), 178.0 (CO), 170.3 (CO), 125.8 (C), 121.7Jgs 300 Hz, CF),
79.1 (CH), 73.6 (CH), 65.3 (CH), 59.0 (CH), 57.1 (CHi 55.0 (CH),
52.9 (CHy), 45.0 (C), 40.9 (CH), 38.1 (CH), 31.3 (G 24.5 (CH),
23.3 (CH), 17.2 (CH).

2-(2-Methoxymethyl-5-oxocyclohex-3-enyl)-2-methylpropionic Acid
Methyl Ester (10). Complex9 (347 mg, 0.331 mmol) was dissolved
in CHsCN (3.5 g) and water (100 mg) was added. The solution was
stirred at room temperaturerft h during which time the color lightened
from dark brown to yellow. Without isolation, the resulting mixture

was transferred to a pressure tube and 2,6-lutidine (107 mg, 1.0 mmol)

followed by AgOTf (125 mg, 0.486 mmol) was added. The pressure
tube was sealed and heated in an oil bath & €r 4 h. The mixture

J. Am. Chem. Soc., Vol. 122, No. 12, 29?083

of tetrabutylammonium cyanoborohydride (TBAC)40 °C, 221 mg,
0.784 mmol) in CHCN (1.30 g) was added and the mixture left in a
cold bath for 2 h, during which time a color change to pale yellow
was observed. To this mixture was added a cold solutied0(°C) of
2,6-lutidine (0.107 g, 1.0 mmol, in GEN 1.11 g); after 10 min at
—40 °C the mixture was allowed to warm to room temperature and
precipitated in stirring ether:Gigl, (2:1, 300 mL) to form a light yellow
precipitate. Collection of the precipitate by filtration at reduced pressure
followed by drying in vacuo afforded solidl2 (291 mg, 87%): *H
NMR (CDsCN) 6 4.97 (d,J = 7.9 Hz, 1H), 4.10 (g = 6.8, 1H),
4.07(br s, 3H), 3.68 (m, 1H), 3.67 (s, 3H), 3.60 (s, 3H), 3.50 (i,
6.0, 9.3 Hz,1H), 3.17(br s, 12 H), 3.07 (m, 1H), 2.55 (m, 1H), 2.14
(bs, 1H), 1.76 (m, 1H), 1.51 (dd,= 3.3, 15.8 Hz, 1H), 1.35 (d] =
6.8, 3H), 1.06 (s, 3H), 1.04 (s, 3HYC NMR (CDsCN) 6 178.8 (CO),
174.9 (CO), 121.8 (o) = 315 Hz, CR), 78.9 (CH), 72.0 (CH), 52.8
(CHs), 52.6 (CH), 52.4 (CH), 47.2 (CH), 45.7 (C), 35.9 (CHi 30.4
(CHy), 29.1 (CH), 23.2 (CH), 21.4 (CH), 18.3 (CH); CV Epa =
0.66 V (NHE).

Allyl Ether Complex 13. Repeating the same procedure on complex
9 (471 mg, 0.449 mmol) as that for compléxallyl ether complex.3
was obtained as a pale yellow solid (318 mg, 78%):NMR (CDs;CN)
05.11 (br q,J = 7.2 Hz, 1H), 4.14 (9J) = 6.8, 1H), 4.06 (br s, 3H),
3.68 (m, 1H), 3.66 (s, 3H), 3.63 (s, 3H), 3:38.52 (m, 3H), 3.32 (s,
3H), 3.23 (br s, 12 H), 2.923.14 (m, 2H), 1.82 (m, 1H), 1.59 (m,
1H), 1.36 (d,J = 6.8, 3H), 1.25 (s, 3H), 1.18 (s, 3H})C NMR
(CDsCN) 6 179.5 (CO), 175.2 (CO), 121.9 (4= 300 Hz, CR), 80.9
(CH), 76.1 (CH), 72.7 (CH), 59.3 (Ch), 56.4 (CH), 52.8 (CH), 52.6
(CHs), 47.5 (CH), 45.4 (C), 43.6 (CH), 42.7 (CH), 30.1 (§H26.9
(CHs), 24.4 (CH) 18.6 (CHy); CV Epa= 0.66 V (NHE).

2-[5-(1-Methoxycarbonylethoxy)cyclohex-3-enyl]-2-methylpropi-
onic Acid Methyl Ester (14). Pyridine (139 mg, 1.76 mmol) and then
AgOTf (122 mg, 0.474 mmol) were added to a solution of comg/2x

was then allowed to cool to room temperature, concentrated under (211 mg, 0.233 mmol) in CKCN (2.67 g) in a pressure tube. The
reduced pressure, and added to a mixture of ether and water (1:1, 40pressure tube was then sealed and heated in an oil bath°& &

mL). The ethereal layer was separated, washed with dilute NagHCO
solution and brine, and then dried over anhydrougS@. Removal

2.5 h. The mixutre was then allowed to cool to room temperature, and
solvent was evaporated under reduced pressure to yield a thick residue,

of solvent under reduced pressure gave a pale yellow oil. Further which was added to a mixture of ether and water (1:1, 50 mL). The

purification of crude material on a preparative TLC plate (500,
silica gel, 15:85 ethyl acetate/hexanes) yielded compolMas a
colorless oil (51 mg, 64%):0{]"> 184 (€ 0.31, CHC}); IR (neat, HATR)
cm 11725, 1678, 1459, 1389, 1249, 1193, 1134NMR (CDCl3) 6
6.97 (dd,J = 5.7, 9.9 Hz, 1H), 6.04 (dJ = 10.2 Hz, 1H), 3.68 (s,
3H), 3.52 (d,J = 5.7 Hz, 2H), 3.24 (s, 3H), 2.77 (m, 2H), 2.40 (m,
2H), 1.26 (s, 3H), 1.22 (s, 3H)*C NMR (CDCk) 6 200.2 (CO), 177.2
(CO), 152.2 (CH), 129.3 (CH), 70.7 (GH 58.7 (CH), 51.8 (CH),
44.2 (C), 44.0 (CH), 38.2 (Ch}, 37.1 (CH), 24.8 (CH), 23.2 (CH);
GCMS (El) m/z 240 (M"), 209, 176, 165, 149, 121, 107. The enone
10 was analyzed for ee by HPLC with a Chiralcel OD-H column (90:
10 hexanes/2-propanol; 0.8 mL/min): (majdg)= 7.5 min, (minor)
tr = 9.7 min, 85% ee (compared with raceniig).
2-Methyl-2-(2-methylene-5-oxocyclohex-3-enyl)propionic Acid
Methyl Ester (11). Complex9 (155 mg, 0.148 mmol) was dissolved
in CH;CN (4.3 g) and water (100 mg) was added. The solution was
stirred at room temperaturerf@ h during which time the color faded
from dark brown to yellow. Without isolation, the resulting mixture
was transferred to a pressure tube and AgOTf (40 mg, 0.156 mmol)

ethereal layer was separated, washed with a dilute NajHoMtion
and brine, and dried over anhydrous,8&. Evaporation of solvent
under reduced pressure afforded a crude pale yellow oil. Further
purification on a preparative TLC plate (52n, silica gel, 10:90 ethyl
acetate/hexanes, 2 runs) yielded compofiddas a colorless oil (45
mg, 67%): fr]"po +151.2 €0.82, CHC}); IR (neat, HATR) cm* 2984,
2971, 2950, 1750, 1728, 1434, 1368,1198, 11BINMR (CDCl;) 0
5.95 (dddJ = 2.1,5.4, 9.6 Hz, 1H), 5.79 (m,1H), 4.11 (&= 6.9 Hz,
1H), 3.95 (br s, 1H), 3.73 (s, 3H), 3.65 (s, 3H), 2.11 (m, 1H), +.73
2.07 (m, 4H), 1.38 (dJ = 6.8, 3H), 1.17 (s, 3H), 1.11 (s, 3H}C
NMR (CDCl;) 6 177.9 (CO), 174.0 (CO), 132.3 (CH), 124.9 (CH),
72.7 (CH), 71.2 (CH), 51.8 (C#), 51.5 (CH), 44.6 (C), 35.8 (CH),
29.8 (CH), 27.2 (CH), 22.8 (CH), 21.4 (CH), 19.0 (CH); GCMS
(El) m'z 284 (M"), 197, 181, 165, 149, 121, 102, 79. Anal. Calcd for
CisH240s: C, 63.36; H, 851. Found: C, 63.27; H, 8.85. The
diastereoselectivity for the compound was determinettbMMR and
found to be 97%. Compount¥ was analyzed for ee by HPLC with a
Chiralcel OD-H column (98:2 hexanes/2-propanol; 0.8 mL/min):
(minor) tg = 6.4 min, (major)tg = 8.2 min, 98% ee (compared with

was added. The pressure tube was then sealed and heated in an oifacemicl4).

bath at 70°C for 2 h. The mixture was cooled and concentrated under

2-[5-(1-Methoxycarbonylethoxy)-2-methoxymethylcyclohex-3-

reduced pressure, giving a thick syrup, which was added to a mixture enyl]-2-methylpropionic Acid Methyl Ester (15). Repeating the same

of water and ether (1:1, 40 mL). The ethereal layer was separated,

washed with water (5 mL) and brine, and dried over anhydrouS8a

procedure on complek3 (185 mg, 0.205 mmol) as that for complex
12, compoundl5 was obtained as a colorless oil (43 mg, 64%)]"p

Removal of solvent under reduced pressure afforded a colorless o0il 226.5 € 0.68, CHCY); IR (neat, HATR) cm' 2984, 2950, 2890, 1751,

(19 mg, 61%):*H NMR (CDCls) 6 7.57 (d,J = 10.2 Hz, 1H), 5.92
(d, 3 = 10.2 Hz, 1H), 5.47 (br s, 1H), 5.30 (br s, 1H), 3.64 (s, 3H),
3.19 (ddJ = 3.0, 6.9 Hz, 1H), 2.63 (AB d] = 3.0, 6.6 Hz, 2H), 1.13
(s, 6H);**C NMR (CDCk) 6 197.7 (CO), 176.9 (CO), 147.8 (C), 140.5
(CH), 127.6 (CH), 123.3 (CH), 51.8 (G} 46.8 (C), 46.7 (CH), 39.0
(CHy), 23.2 (CH), 23.0 (CH); GCMS (El) m/z 208 (M"), 177, 149,
107.

Allyl Ether Complex 12. Complex3 (392 mg, 0.389 mmol) was
dissolved in CHCN (2.81 g) and cooled te-40 °C. A cold solution

1727, 1448, 1435,1198, 113 NMR (CDCk) 6 5.95 (dd,J = 5.1,
10.2 Hz, 1H), 5.84 (ddJ = 4.5, 9.9 Hz, 1H), 4.11 () = 6.6 Hz,
1H), 3.94 (br s, 1H), 3.71 (s, 3H), 3.64 (s, 3H), 3.38 (dd 5.7, 9.3
Hz, 1H), 3.25 (ddJ = 6.6, 15.9 Hz, 1H), 3.20 (s, 3H), 2.52 (m, 1H),
2.22 (dg,J = 2.7, 5.1 Hz, 1H), 1.89 (bd] = 5.2, 1H), 1.80 (ddJ =
5.2, 9.3 Hz, 1H), 1.36 (d] = 6.6 Hz, 3H), 1.24 (s, 3H), 1.16 (s, 3H);
13C NMR (CDCE) 6 178.1 (CO), 173.9 (CO), 135.2 (CH), 125.7 (CH),
72.8 (CH), 71.8 (CH), 71.6 (CH), 58.6 (GH51.8 (CH), 51.4 (CH),
44.0 (C), 39.5 (CH), 37.6 (CHl, 27.2 (CH), 25.4 (CH), 23.4 (CH),
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18.9 (CH); GCMS (El)m/z 328 (M'); HRMS (MALDI, 3-HPA) exact Further purification of the oil by column chromatography (silica gel)
mass calcd for (GH2s0sNa)" requiresm/z 351.1784, foundnvz using gradient eluents hexanes, ethyl acetate/hexanes (5:95), and ethyl
351.1787. The diastereoselectivity for the compound was determined acetate/hexanes (20:80) gave compoR8as a colorless oil (38 mg,

by *H NMR and found to be 97%. Compourd® was analyzed for ee 51%): [0]"p 81.9 € 0.3, CHC}); IR (neat, HATR) cnit 2953, 1753,

by HPLC with a Chiralcel OD-H column (98:2 hexanes/2-propanol; 1727, 1434, 1256, 1192, 115841 NMR (CDCl) ¢ 5.79 (ddd,J =

0.8 mL/min): (minor)tg = 7.3 min, (major)tr = 8.4 min, 97% ee 2.4,55, 10.0 Hz, 1H), 5.57 (dd,= 2.5, 10.2 Hz, 1H), 3.75 (s, 3H),

(compared with racemit5). 3.73 (s, 3H), 3.66 (s, 3H), 3.41 (ddi= 5.9, 9.2 Hz, 1H), 3.29 (d] =
Allyl Complex 16. Complex13 (225 mg, 0.25 mmol) in CECN 8.6 Hz, 1H), 3.23 (s, 3H), 3.20 (dd,= 6.1, 9.4 Hz, 1H), 2.93 (m,
(4.2 g) was cooled te-40°C, and TfOH (77 mg, 0.51 mmol) in GEN 1H), 2.54 (dtJ = 5.1 Hz, 1H), 2.01 (ddd) = 1.7, 4.5, 12.5 Hz, 1H),

(1.5 g) at—40 °C was added to it. The solution immediately turned 1.67 (dd,J = 5.5, 12.7 Hz, 1H), 1.46 (dd} = 2.7, 5.3 Hz, 1H), 1.22
from yellow to dark brown. After standing at40 °C for 15 min, the (s, 3H), 1.17 (s, 3H)}*C NMR (CDCk) ¢ 178.0 (CO), 168.8 (CO),
solution was removed from the cold bath and added to stirring ether 168.7 (CO), 131.7 (CH), 128.0 (CH), 72.8 (@H58.5 (CH), 56.5
(~300 mL), forming a brown precipitate. Filtration of the precipitate (CH), 52.3 (CH x 2), 51.6 (CH), 44.6 (CH), 44.5 (C), 38.2 (CH),
under reduced pressure followed by washing with ether (100 mL) and 37.2 (CH), 25.1 (Ch), 24.8 (CH), 23.0 (CH); GCMS (EI) vz 356

drying in vacuo yielded off gray solid6 (223 mg, 94%):*H NMR (M¥), 325, 293, 223, 191, 163, 133, 119, 91, 45. HPLC analysis with
(CDsCN) 6 5.70 (br s, 1H), 5.60 (m, 1H), 5.30 (br s, 3H), 5.24)t a Chiralcel OD-H column (99:1 hexanes/2-propanol; 0.8 mL/min):
6.0, 1H), 4.05 (br s, 12H), 3.81 (dd,= 7.8, 10.5, 1H), 3.64 (s, 3H),  (major)tz = 6.2 min (minor)tz = 7.5 min 81% ee.

3.57 (dd,J = 3.6,10.5, 1H), 3.30 (s, 3H), 1.50 (brdds 6.8, 1H), 1.38 2-[5-(1-Methoxycarbonyl-1-methylethyl)-2-methoxymethylcyclo-

(m, 1H), 1.17 (s, 6H)*C NMR (CD;CN) 6 178.5 (CO), 122.0 (¢J hex-3-enyl]-2-methylpropionic Acid Methyl Ester (22). A MMTP
= 315 Hz, Ck), 89.1 (CH), 84.8 (CH), 80.5 (CH), 72.0 (GK59.1 (178 mg, 1.02 mmol) solution in GEN (1.4 g) was added to the allyl
(CHs), 52.9 (CH), 45.0 (C), 43.9 (CH), 36.8 (CH), 24.6 (GK123.9 complex 16 (203 mg, 0.214 mmol) in CE¥CN (2.5 g) at room
(CHs), 23.4 (CH). temperature, and the resulting mixture was stirred at room temperature
2-(5-Methoxy-2-methoxymethylcyclohex-3-enyl)propionic Acid for 3 h. The mixture was then added to stirring ether (300 mL), forming
Methyl Ester (18). Allyl complex 16 (215 mg, 0.226 mmol) was a precipitate, which was collected as a brown solid by filtration and
dissolved in methanol (2.43 g) and stirred at room temperature for 30 drying under reduced pressure. The solid was then subjected to
min, with a color change from brown to red observed during stirring. decomplexation without characterization as follows: The solid was
The solution was then transferred to a cold batd@°C) and quenched  dissolved in water (10 mL), and ether (15 mL) was added to form a
with a solution of 2,6-lutidine (157 mg, 1.47 mmol) in methanol (1.0 biphasic mixture. To this mixture was added CAN (150 mg, 0.274
g) at —40 °C. The mixture was kept at40 °C for an additional 30 mmol), and the solution wasstirred for 30 min at room temperature.
min, then warm to room temperature, and added to stirring ether (200 The ethereal layer was separated and the aqueous layer was extracted
mL) to give a red-orange slurry. Filtration of the slurry, followed by  with ether (10 mL). The combined ethereal layer was washed with dilute
washing with ether (50 mL) and drying in vacuo, afforded a solid (157 NaHCQ;, water, and brine, dried over anhydrous .8@, and
mg). This solid without characterization was subjected to decomplex- concentrated under reduced pressure to yield an oil. Further purification
ation as follows: The solid was dissolved in €N (1.5 g) and 2,6- of the oil by column chromatography (silica gel) using hexanes:ethyl
lutidine (107 mg, 1.0 mmol) in a pressure tube, and AgOTf (56 mg, acetate (9:1) as eluent gave compow@idas a colorless oil (33 mg,
0.216 mmol) was then added to the solution. The tube was sealed and47%): [0]"> 87.2 € 0.72, CHCH); IR (neat, HATR) cnt* 2978, 2951,
heated in an oil bath at 76C for 2 h. The pressure tube was then 2934, 1727, 1464, 1434, 1389,1190, 1149;NMR (CDClk) o 5.77
cooled to room temperature, and the solution was transferred to a round{(dg,J = 2.6, 10.3 Hz, 1H), 5.49 (br d, = 10.3 Hz, 1H), 3.67 (s, 3H),
bottom flask. Evaporation of solvents under reduced pressure afforded3.65 (s, 3H), 3.40 (dd] = 5.9, 9.2 Hz, 1H), 3.23 (s, 3H), 3.19 (dd,
a crude material, which was added to a mixture of ether:water (1:1, 30 = 6.1, 9.2 Hz, 1H), 2.51 (m, 2H), 1.97 (dt= 4.4, 10.3 Hz, 1H), 1.43
mL). The ethereal layer was separated and the aqueous layer extractedm, 2H), 1.21 (s, 3H), 1.17 (s, 3H), 1.14 (s, 3H), 1.11 (s, 3K}
with ether (10 mL). The combined ethereal layer was washed with water NMR (CDCl) ¢ 178.2 (CO), 178.0 (CO), 131.4 (CH), 128.1 (CH),
and brine and dried over anhydrous,8@;. Removal of solventunder ~ 73.0 (Ch), 58.5 (CH), 51.6 (CH), 51.5 (CH), 45.3 (CH), 45.0 (C),
reduced pressure yielded a pale yellow oil. Further purification on a 44.8 (C), 44.5 (CH), 37.2 (C}), 24.5 (CH), 23.0 (CH), 22.1 (CH}),
preparative TLC plate (500m, silica gel, 1:9 ethyl acetate/hexanes) 21.8 (CH x 2); GCMS (El)m/z 326 (M"), 294, 197, 181, 165, 149,

gave colorless 0ill8 (16 mg, 27%): '"H NMR (CDCl) ¢ 5.79 (m, 121,102, 79; HRMS (MALDI 2-DHB) exact mass calcd for§83¢Os-
2H), 3.84 (br s, 1H), 3.67 (s, 3H), 3.46 (dbi= 5.7, 9.0 Hz, 1H), 3.38 Na)" requiresm/z 349.1991, founan/z 349.1991. HPLC analysis with
(s, 3H), 3.26 (ddJ = 6.0, 9.5 Hz, 1H), 3.23 (s, 3H), 2.54 (br §= a Chiralcel OD-H column (99:1 hexanes/2-propanol; 0.8 mL/min):

4.8 Hz, 1H), 1.95-2.01 (m, 2H), 1.51 (m, 1H), 1.24 (s, 3H), 1.19 (s, (Major)tr = 6.2 min (minor),tz = 7.5 min 90% ee.

3H); 13C NMR (CDCk) 6 178.0 (CO), 132.0 (CH), 128.7 (CH), 77.7 For complexe®3 and 24 please see Supporting Information.

(CH), 72.5 (CH), 58.5 (CH), 55.5 (CH), 51.6 (CH), 44.6 (C), 42.8 2-(5-0-Methoxy-2-methoxymethylcyclohex-3-enyl)propionic Acid
(CH), 37.5 (CH), 27.0 (Ch), 24.8 (CH), 22.9 (CH); GCMS (El)m/z Methyl Ester (25). Lutidine (108 mg, 1.0 mmol) followed by AgOTf
211, 155, 123, 102, 91, 79, 45; HRMS (MALDI, 2,5-DHB) exact mass (97 mg, 0.378 mmol) was added to a solution of com@éx182 mg,
caled for (GaH240:Na)" requiresmiz 279.1564, foundnz 279.1572. 0.218 mmol) in CHCN (2.67 g) in a pressure tube. The pressure tube

2-[5-(1-Methoxycarbonyl-1-methylethyl)-4-methoxymethylcyclo- was sealed and heated on an oil bath at@Gor 2.5 h. The mixture
hex-2-enylJmalonic Acid Dimethyl Ester (20).The allyl ether complex was then allowed to cool and transferred to a round-bottom flask.
13 (188 mg, 0.208 mmol) in CKCN (2.2 g) was cooled te-40 °C, Evaporation of solvent under reduced pressure afforded a residue, which
and TfOH (50 mg, 0.335 mmol) in GEN (1.1 g) at—40 °C was was added to a mixture of ether/water (1:1, 30 mL). The ethereal layer
added to it. After the mixture was allowed to stand-&0 °C for 15 was separated and the aqueous layer extracted with ether (10 mL); the

min, a cold (40 °C) solution of dimethyl malonate (211 mg, 1.59 combined ethereal layer was washed with water and brine and dried
mmol) and DIEA (118 mg, 0.91 mmol) in GEN (1.7 g) was added. over anhydrous N&O,. Removal of solvent under reduced pressure
The reaction mixture was left in a cold bath for 16 h. The mixture was yielded a pale yellow oil. Further purification on a preparative TLC
then allowed to warm to room temperature and transferred to a pressureplate (500um, silica gel, 1:9 ethyl acetate/hexanes) gave pale yellow
tube, and AgOTf (60 mg, 0.234 mmol) was added. The pressure tube oil 25 (28 mg, 49%):*H NMR (CDCl) 6 5.93 (m, 2H), 3.72 (d) =

was sealed and heated in an oil bath at°80for 4 h. The reaction 4.2, 1H), 3.66 (s, 3H), 3.41 (dd,= 5.7, 9.3 Hz, 1H), 3.34 (s, 3H),
mixture was transferred to a round-bottom flask and the solvent removed 3.29 (dd,J = 6.3, 9.3 Hz, 1H), 3.23 (s, 3H), 2.54 (br §= 5.7 Hz,
under reduced pressure to give a residue. The residue was diluted with1H), 2.16 (m, 1H). 1.95 (br d, 1H), 1.72 (m, 1H), 1.25 (s, 3H), 1.20 (s,
ether (25 mL) and washed with a dilute NaOH solution (10 ml2) 3H); 3C NMR (CDCk) 6 178.1 (CO), 134.6 (CH), 126.4 (CH), 73.4
to remove the excess of dimethyl malonate, then with water, and finally (CH), 71.8 (CH), 58.6 (CH), 56.1 (CH), 51.5 (CH), 44.1 (C), 39.5
with brine. The ethereal layer was dried over anhydrousSaand (CH), 37.7 (CH), 25.3 (Ch), 24.9 (CH), 23.6 (CH); GCMSm/z 256,
concentrated under reduced pressure to afford a thick colorless oil. 212, 156, 124, 103, 92.



Asymmetric Dearomatization gf-Arene Complexes

General Procedure for Preparation of Complexes 26 and 27A
cold (—40 °C) solution of TfOH (0.2 mmol) in CECN (2.5 g) was
added to cold 40 °C) solution of complexX2 (0.15 mmol) and the

respective cycloalkenone (0.3 mmol). The mixture turned from orange-

red to dark blue immediately upon addition, after standing-atQ(
°C) for 30 min. Cold 40 °C) pyridine (1.0 mmol) in CHCN (1.0 g)

J. Am. Chem. Soc., Vol. 122, No. 12, 2P085

On the basis of the sign of specific rotation]To —45 (c 0.8, CHC}),
the ( configuration was assigned to the major enantiomer.
General Procedure for the Synthesis of Compounds 32 and 37.
TfOH (0.3 mmol) at—40 °C in CH,CN (1.5 g) was added to a cold
(—40°C) solution of complex (0.25 mmol) and the respective Michael
acceptor (cyclohexenone dimethylmaleimide) (0.3 mmol) , with a

was added. The solution slowly turned to orange-brown over a period color change from orange-red to dark blue immediately upon addition.
of 30 min. The solution was then warmed to room temperature and The solution was allowed to stand for 15 min, and a celd( °C)

added to a stirring mixture of ether/GEl, (2:1,~300 mL). The yellow
solid precipitated was collected by filtration and dried under reduced
pressure (8891%).

Complex 26: *H NMR (acetoneds) 6 6.38 (d,J = 6.8 Hz, 1H
major), 6.24 (d,J = 7.6 Hz, 1H minor), 5.39 (m, 1H majot 2H
minor), 5.26 (d,J = 8.3 Hz, 1H major), 4.99 (dd, 1H major and 1H
minor), 4.81 (qJ = 6.6 Hz, 1H), 4.25 (bs, 3H), 3.81 (s, 3H), 3.11 (bs,
12H), 2.82 (m, 1H), 2.462.17 (m, 5H), 1.65 (dJ = 6.8 Hz, 3H).

Complex 27: *H NMR (CDsCN) 6 6.32 (d,J = 6.8 Hz, 1H), 5.29
(d, J= 6.4 Hz, 1H), 5.19 (dJ = 6.8 Hz, 1H major), 4.89 (d] = 6.4
Hz, 1H), 4.71 (qJ = 6.9 Hz, 1H), 4.15 (bs, 3H), 3.71 (s, 3H), 2.99
(bs, 12H), 3.06-2.60 (m, 2H), 2.46-2.00 (m, 4H), 1.86-1.60 (m, 3H),
1.54 (d,J = 6.8 Hz, 3H).

General Procedure for Decomplexation of Complexes 26 and 27.

A solution of the complex (0.2 mmol) in GEN (5.0 g) in a pressure
tube was heated at 8C for 3—4 h. The pressure tube was then allowed
to cool, the white solid formed in the reaction mixture was removed

solution of tetrabutylammonium cyanoborohydride (0.5 mmol) was
added in CHCN (1.5 g). Over a period of 23 h the color of the
solution faded to yellow orange. The solution was then quenched by
addition of lutidine (1.0 mmol) in CECN (1.5 g) at—40 °C. After 30
min the solution was removed from the cold bath and allowed to warm
to room temperature. Addind a stirring mixture of etherfCH (2:1,
300 mL) precipitated a yellow solid which was collected by filtration
followed by drying under reduced pressure.

Partial characterization of compled2 (80%): *H NMR (acetone-
dg) 0 5.12 (m, 1H), 4.17 (q) = 6.9 Hz, 1H), 4.14 (bs, 3H), 3.66 (s,
3H), 3.58 (m, 1H), 3.29 (bs, 12H), 2.85 (s, 3H), 1.36Jds 6.6 Hz,
3H).

Partial characterization of comple? (84%): 'H NMR (CDsCN)
6 5.20 (m, 1H), 4.71 (bs, 3H), 4.26 (4,= 6.6 Hz, 1H), 3.74 (bs,
12H), 3.67 (s, 3H), 1.37 (d] = 6.6 Hz, 3H).

Generation of Allyl Complexes 33 and 38Complexes32 and37
upon treatment with TfOH as in the case of the synthesis of complex

by filtration, and the filtrate was concentrated under reduced pressure.16 gave complexe83 and 38, respectively (9296%).

The resulting crude material was dissolved in water (15 mL) and

Partial characterization of complédd. *H NMR (CDsCN) ¢ 6.05

extracted with ether (20 mL). The ethereal layer was separated, washedbs, 3H), 5.90 (m, 2H), 5.64 (§ = 6.3, 1H), 4.74 (bs, 12H), 3.60 (m,

with water and brine, dried over anhydrous,N@y, and evaporated to
yield a clear oil. Purification of the crude oil by column chromatography
(silica gel) using hexanes/ethyl acetate (9:1) afforded compoR8ds
and29in 74% and 71% yields, respectively.

2-[4-(3-Oxocyclopentyl)phenoxy]propionic acid methyl ester (28):

IR (neat, HATR) cm* 1737, 1611, 1511, 1240, 1204, 1133, 9%;
NMR (CDCl) ¢ 7.15 (d,J = 8.7 Hz, 2H), 6.84 (dJ = 8.7 Hz, 2H),
4.75 (9,J = 6.6 Hz, 1H), 3.76 (s, 3H), 3.34 (m, 1H), 2.64 (dH=
7.8, 18.3 Hz, 1H), 2.232.49 (m, 4H), 1.83-2.00 (m, 1H), 1.61 (dJ
= 6.6 Hz, 3H);'3C NMR (CDCk) 6 218.2 (CO), 172.5 (CO), 156.08
(C), 135.9 (C), 127.6 (CH), 115.0 (CH), 72.5 (CH), 52.3 (5H5.9
(CHy), 41.4 (CH), 38.9 (CH), 31.3 (CH), 18.6 (CH); GCMS (El)
m/z 262, 203, 175, 147, 120.

2-[4-(3-Oxocyclohexyl)phenoxy]propionic acid methyl ester (29):

IR (neat, HATR) cm?® 1756, 1737, 1709, 1511, 1447, 1240, 1223,
1206;H NMR (CDCl) ¢ 7.10 (d,J = 8.7 Hz, 2H), 6.83 (d) = 8.7
Hz, 2H), 4.73 (gJ = 6.9 Hz, 1H), 3.75 (s, 3H), 2.93 (m, 1H), 2.24
2.61 (m, 4H), 2.022.15 (m, 2H), 1.7+1.85 (m, 2H), 1.60 (dJ =
6.9 Hz, 3H);°C NMR (CDCk) 6 211.0 (CO), 172.6 (CO), 156.2 (C),
137.4 (C), 127.5 (CH), 115.1 (CH), 72.5 (CH), 52.3 (§;H19.0 (CH),
43.8 (CH), 41.1 (CH), 32.8 (CH), 25.4 (CH), 18.5 (CH); GCMS
(El) mz 276, 233, 217, 159, 133, 120, 91.

General Procedure for Oxidation of Complexes 26 and 27 with
TfOH. Neat TfOH (50 mg, 0.33 mmol) was added to a stirred solution
of the complex (0.2 mmol) in C¥CN (3.0 g) at room temperature.
The solution was turned dark immediately and was stirred for 30 min
and diluted with ether/water (1:1, 50 mL). The ethereal layer was
separated and washed with dilute NaHC®@ater, and brine. Drying
over NaSO, followed by evaporation under reduced pressure yielded
a pale yellow oil. The crude oil was purified by column chromatography
(silica gel) using hexanes/ethyl acetate (95:5) to give 3-phenylcyclo-
pentanong30) (36%) from complex26 and 3-phenylcyclohexanone
(31) (40%) from complex27. Further elution of the column with
hexanes/ethyl acetate (85:15) gave compouB8sand 29 from
complexe26 and27 (40 and 44%), respectively. Compour3and
31 were characterized byH NMR and GCMS analysis and were in
agreement with previously reported d&ta® For chiral purity, HPLC
analysis of compoundl, [o]"s —16.5 € 0.57, CHC}), was performed
on a Chiralcel OD-H column (99:1 hexanes/2-propanol; 0.8 mL/min):
(major) tg = 6.2 min (minor)tz = 7.5 min, and ee found to be 86%.
The CD spectrum of compourgil gave a negative Cotton effect{n
*). Compound30 could not be separated by chiral HPLC under a
variety of conditions and hence the optical purity is not determined.

1H),1.65-1.89 (m, 8H).
Complex38 used without characterization in the next reaction.
Addition of Nucleophiles to Allyl Complexes 33 and 38 Followed
by Decomplexation.MMTP (1.0, mmol) was added to solution of the
allyl complex 33 or 38 (0.1 mmol) in CHCN at room temperature,
and the solution was stirred for-3 h. The reaction mixture was then
removed from the glovebox, transferred to a flask, and concentrated
under reduced pressure. The residue was then dissolved in water (10
mL) and ether/ethyl acetate (1:1, 20 mL). To this biphasic reaction
mixture was added CAN (0.15 mmol), and the solution was stirred at
room temperature for 30 min. The organic layer was separated, and
the aqueous layer was extracted with ether/ethyl acetate (1:1, 10 mL).
The combined organic layer was washed with water, dilute NajCO
and brine. Drying over N&O, followed by evaporation under reduced
pressure gave a thick oil. Further purification by column chromatog-
raphy (silica gel) using hexanes/ethyl acetate as gradient eluents with
increased polarity led to isolation of cyclohexene derivati$gsand
40 from 33 and 38, respectively.
2-Methyl-2-(3'-hydroxybicyclohexyl-2-en-4-yl)propionic acid meth-
yl ester 35(46%): IR (neat, HATR) cm! 3359, 2930, 2858, 1726,
1453, 1258, 1133'"H NMR (CDCl;) 6 5.70 (dt,J = 3.6, 10.5 Hz,
1H), 5.52 (br dJ = 10.5 Hz, 1H), 3.61 (s, 3H), 3.54 (M, 1H), 2.41 (m,
1H), 1.90-2.08 (m, 2H), 1.74-1.87 (m, 2H), 1.18-1.71 (m, 9H), 1.13
(s, 3H), 1.10 (s, 3H), 0.860.97 (m, 2H);**C NMR (CDCk) 6 178.3
(CO), 132.2 (CH), 127.8 (CH), 71.1 (CH), 51.6 (H45.4 (C), 42.5
(CH), 40.9 (CH), 40.1 (Ch), 38.9 (CH), 35.7 (CH), 29.7 (CH), 24.1
(CHy), 23.9 (CH), 22.3 (CH), 21.9 (CH), 21.3 (CH); GCMS (EIl)
m/z 262, 203, 180, 161, 121, 102, 79; HRMS (MALDI 2-DHB) exact
mass calcd for (GH2s0sNa)" requires m/z 303.1936, foundm/z
303.1931.
2-Methyl-2-[4-(1-methyl-2,5-dioxopyrrolidin-3-yl)cyclohex-2-enyl]-
propionic acid methyl ester 40(23%): [o]"> —7.2 (¢ 1.6, CHC});
IR (neat, HATR) cm? 2950, 1723, 1695, 1435, 1384, 1279, 1261,
1125;H NMR (CDCl) 6 5.76 (dt,J = 8.7, 2.7 Hz, 1H), 5.70 (d)
= 10.2, 2.1 Hz, 1H), 3.66 (s, 3H), 2.96 (s, 3H), 2.89 (m, 1H), 2.69
(dd,J = 18.3, 9.0, 1H), 2.58 (m, 1H), 2.43 (dd,= 18.3, 4.8, 1H),
2.42 (m, 1H), 1.53 (m, 3H), 1.35 (m, 1H), 1.16 (s, 3H), 1.13 (s, 3H);
13C NMR (CDCk) 6 178.8 (C0O), 177.8 (CO), 176.6 (CO), 130.0 (CH),
129.9 (CH), 51.7 (CH), 45.6 (CH), 44.3 (C), 41.3 (CH), 35.1 (CH),
31.9 (CH), 24.7 (CH), 22.8 (CH), 22.7 (CH), 22.3 (CH), 21.4 (CH);
GCMS (El)m/z293 (M), 233, 192, 105; HRMS (MALDI) exact mass
calcd for (GeH2aNO4Na)" requiresn/z 316.1525, founan/z 316.1536.
Compound40 was analyzed for ee by HPLC on a Chiralcel OD-H
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column (85:15 hexanes/2-propanol; 1.0 mL/min): (majarF 10.2
min, (minor)tr = 13.7 min. 93% ee (compared with racerdic).
2-Methyl-2-(3'-oxobicyclohexyl-2-en-4-yl)propionic Acid Methyl
Ester 36.Compound35 (14.0 mg, 0.05 mmol) and-methylmorpholine
N-oxide (12.0 mg, 0.1 mmol) were dissolved in dry &Hb and TPAP
(3.0 mg, 0.008 mmol) was added. The mixture was stirred at room
temperature and monitored by TLC analysis until the polar starting
material was consumed-@ h). The reaction mixture was then diluted
with ether (10 mL) and washed with dilute HCI, water, and brine. The
ethereal layer was dried over &0, and evaporated under reduced
pressure to yield a transparent oil (13 mg, 93%)]"f 42.6 € 1.2,
CHCL); IR (neat, HATR) cnit 3021, 2942, 2866, 1717, 1454, 1255,
1135;H NMR (CDCls) 6 5.75 (br d,J = 10.0 Hz, 1H), 5.56 (br dJ
=10.0 Hz, 1H), 3.65 (s, 3H), 1.2€2.20 (m, 15H), 1.12 (s, 3H), 1.09
(s, 3H); *C NMR (CDCk) 6 211.8 (CO), 178.0 (CO), 130.9 (CH),
128.6 (CH), 51.7 (CH), 46.1 (CH), 45.3 (C), 43.4 (CH), 42.5 (CH),
41.5 (CH), 38.7 (CH), 29.2 (CH), 25.5 (CH), 23.7 (CH), 22.3 (CH),
22.0 (CHy), 21.0 (CH); GCMS (El)m/z 278 (M*); HRMS (MALDI)
exact mass calcd for (@H.60sNa)" requiresm/z 301.1780, founaz

Chordia and Harman

301.1773. Compoung6 was analyzed for ee by HPLC on a Chiralcel
OD-H column (90:10 hexanes/2-propanol; 0.8 mL/min): (mirterF
6.3 min, (major)tr = 6.6 min, 91% ee (compared with racen36).

For compound®a, 3a, and41, please see the Supporting Informa-
tion.
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