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Abstract: Enantiopure  1-t-butylsulfinyl-2-subsituted ~ ferrocenes were  synthesized in reactions of

(SR,15,2R)-1-t-butylsulfinyl-2-lithioferrocene (11) with various electrophiles in good yields.
(SR,18,2R)-1-t-Butylsulfinyl-2-formylferrocene (19), prepared this way, underwent complete stereoselective addition reactions with

Grignard reagents under chelation controlled conditions with titanium tetraisopropoxide. 1,4-Addition reactions ¢

212 = CAONOs

=)
w
o
&
2
]
=9

o,B-unsaturated esters with cuprate reagents gave mixtures of two diastereomers. The lack of stereoselectivity in these 1,4-addition
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ctions is due presumably to the remote re

Té: T ) and the fiexibility of the side chain of the ester. A stereoseiective

cationic  displacement reaction of  (15,2R,1'S)-1-(t-butylsulfonyl)-2-[a-(2-propenoyl)oxybenzyllferrocene  (44)  with

1-acetoxy-1,3-butadiene was found to produce (15,2R,1'S)-1-(z-butylsulfonyl)-2-(5'-0xo-1'-phenyl-3'-pentenyl)ferrocene (45).
© 1998 Elsevier Science Ltd. All rights rescrved.

INTRODUCTION

A large number of ferrocenyl derivatives with planar or planar and central chirality have been designed in
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the quest ior asymmelric sy ithesis \101 czmi“p () u_yuxugcuauuu of alkenes or
cross-coupling reactions, or aldol condensation).! These recent successes in asymmetric catalysis invoiving
chiral ferrocene ligands have increased the need for an easy access to chiral ferrocenyl molecules.?

The design and the preparation of chiral diphosphine ligands, particularly with C2-symmetry, are of great
importance in the development of transition metal-catalyzed enantioselective reactions.’ Meanwhile, the
planar chiralities of ferrocene, which were found to provide excellent chiral environments, have received

1,4

immense attention. Chiral chelating phosphines derived from ferrocene constitute a unique class of

asvmmetric liga dgis Many of the compounds of this typ ype known so far impart high enantioselectivities to
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or enantiomerically enriched planar-chiral ferrocene derivatives relies upon a diastereoselective
oriho-lithiation and subsequent reaction with an appropriate electrophile. The most prominent example of this
methodology is based on the pioneering work of Ugi and coworkers. ® This strategy, which involves the use of
stereogenic ortho-directing groups, has been further developed in more recent years by several research
groups.7~9 Our idea was to first synthesize a chiral ferrocenyl sulfoxide, and then use this sulfoxide moiety to
regioselectively introduce a second functional group at C-2 of the ferrocene ring.m

A significant number of transition-metal complexes containing sulfoxides and sulfides has been reported."’

However, relatively few chiral complexes containing sulfur have been described, 27112 and in most cases,
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chiral sulfoxides were first synthesized and complexation with various transition-metals was then carried
out.”*™!'* Chjral transition-metal complexes containing sulfones have not been reported; indeed, asymmetric
catalysis utilizing chiral transition-metal complexes containing sulfur is relatively rare.””''® These
observations, together with the attractive structural and chemical properties of ferrocene, prompted us to

investigate the stereoselective synthesis of chiral 1,2-disubstituted ferrocenes containing
their use in asymmetric synthesis.

1. Enantioselective Synthesis of 1,2-Disubstituted Ferrocenes Containing Sulfur:

We first investigated the synthesis of enantiomerically pure ferrocenyl sulfoxide by direct sulfenylation of
ferrocene (1) (Scheme 1) with t-butyllithium in THF at 0 °C followed by the addition of (SS)-/-menthyl
p-tolylsulfinate (2S)12’13 at -78 °C. (88)-p- tolylsulﬁnylferrocene (3S) was isolated in 55% yield with a specific
rotation of +246° (c=0.5, CHCL,). Kagan and coworkers’® reported a similar reaction in which sulfinate 2S

was allowed to react with lithiated ferrocene at 0 °C, yielding sulfoxide 38 wit

= -257° (¢ 0.46, CHCl;)} was reported. A later
publication by Kagan and coworl(crs, reportmg the syntnesm of 3S from the asymmetric oxidation of the
corresponding suifide, allowed us to determine that our product 3S had an enantiomeric excess of 81%. We
attributed this partial racemization process7e at -78°C to the nucleophilic attack of lithiated ferrocene on 38 to
provide 3R. This assumption was confirmed (Scheme 1) when our 81% optically pure 3S was treated with 1
equivalent of lithiated ferrocene in THF at 0 °C for 1 hour to give nearly racemized 3S ([a]?, = +25.4°; 8%
ee)." Furthermore, when the same reaction was carried out followed by the addition of paraformaldehyde at 0
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°C (Scheme 1), sulfoxide alcohol 5 was isolated as a racemic mixture of a single diastereomer in 69% yield,
[a]”p= 0° (based on 64% recovery of nearly racemic 38, [«]?, = +8°, 3% ee). No other diastereomer of § was
detected in the crude reaction product. Single-crystal X-ray analysis of 5 established the relative
stereochemistry to be SS* 15*,2R*. 4" The racemization process is believed to result from nucleophilic attack
of lithiated ferrocene (4) on the sulfur center of 38, to provide 3R, and 4."° Deprotonation of racemized 3 by 4

subsequently occurs (at a slower rate) diastereoselectively to give the lithiated anion (+)-6 in which th
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ion is chelated with the sulfoxide oxygen. Subsequent nucleophilic addition of anion (£)-6 on
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paxaluuualdcuyuc gEneraies \:t:)-a In comirast io the repor ted” C-2 ueprotonduon of Ierrocenyl suifoxides
with varlous oascs, sucn as n-nuu or LUA treaimenti of 38 wun {-Buli in THF at -78 °C for 2 hours resuited
in the formation of racemic #-butyl p-tolyl sulfoxide (7) (41%) and ferrocene (1) (84%) due to a nucleophilic

displacement reaction at the sulfur center (Scheme 2).

Scheme 2
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To avoid this displacement reaction, a bulkier sulfoxide, (SR)-(-)-#-butylsulfinylferrocene (8), and a more
sterically hindered base, 2.4,6-triisopropylphenyllithium (9), were used.  (SR)--Butylsulfinylferrocene  (8)

wag nrenared hv f(aasm ¢ agvmmetric oxidatio 7f {Scheme 3) of the caorresnandino gulfide 10 [T (R R -diathvl
ag prepared by K3 § asymmetnc oxidation  (dcheme 3} of the corresponding suinde 10 [1.-(/ x)-diethyl
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The reaction was repeated a number of times, yielding the desired sulfoxide 8 in enantiomeric excesses
ranging from 92% to 100%, based on the reported specific rotation of 95% opticalily pure suifoxide 8 [a]22 D=
-339° (¢ 0.505; CHC13).7f The reaction is quite sensitive to temperature and reaction time, but after the ideal
reaction conditions had been mastered sulfoxide 8 could reproducibly be obtained in enantiomeric excesses of
98% or above. Treatment of 100% ee sulfoxide 8 with the hindered base 9 in THF at -40 °C, followed by
trapping of the corresponding lithiated anion 11 with paraformaldehyde afforded alcohol 12 in 83% yield
along with 5% recovery of 8. The absolute configuration of 12 was determined by single-crystal X-ray
amalysis10 to be SR,15,2R. The 1H NMR spectrum of the crude product 12 showed no indication of the

(see Scheme 4), The nnh al nuritv of alcohol 12 was confirmed to be
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(Scheme 3), which was converted to ester 16 by treatment with Mosher’s acid chioride i5SR. The 'H NMR
spectrum of crude 16 indicated only one set of signals. Treatment of 14 with racemic Mosher’s acid chloride
(+)-15 afforded a 1:1 mixture of 16 and 17, whose "H NMR spectrum displayed two distinct sets of signals. In
particular, the CH,OC=0 of 16 appears as an AB quartet, one at 5.67 ppm and the other at 5.32 ppm. The
resonances of the CH,OC=0 of diastereomer 17 appeared at 5.58 ppm (doublet) and 5.36 ppm (doublet)
(Figure 1). The "H NMR resonance of this CH,OC=0 group was then used to verify the regioselectivity of the
hydroxymethylation of sulfoxide 8. Hence, 92% ec and 100% ee sulfoxide 8 were converted to the

corresponding ! Mosher’s derivatives, the optical purity of which was determined by analysis of the 5.30-5.70

ppm region (CH,O signal) of the corresponding 'H 'H NMR spectra, as shown on Figure 1. The results indicate

o aat dam 2an] smirsitrr AF tlan
iCal pulity U1 uil

PR Py ~aa? maar ladan A Ansesnl
that the diastereomeric excesses of the Mosher’s esters obtained correl



4 N. M. Lagneau et al. / Tetrahedron 54 (1998) 73017334
[« PN A |
t-Bu\ t-Bu
S (R.R)-DET, ot N e
<" NBuy  THO-LP. S O)ui [ S ]
(- =U LA at 73 -O / e’ ~=
k..) 2 CHP , -250C > \—>— | @\ f |
% % yieid) Fe o | Fe Y
— = 400c , < l
10 THF
(SR)-8 L 14 |
By
\ . t-Bu
(HCHO)n 1 s‘ MCPBA s
. @ o acetone
(839 viald) - 2 CH20H P CH.,OH
B3% yied) Fe {80% yieid) Fe wrgon
(/A‘) ~—
=2/ <
12 14
i CFs -Bu
& o, (15R) 50 St B%
oM _(
¢ () \O Il CF. 15R, +158 /=N ™0 (H) e
pyridine T TcH ,0 ;0 pyridine \\.:’/‘\C”H o ; ~rs
" (92% yield) Fe ved P 1 Gowyem~ 't Fe ’ ““OMe
o YH °
y ), > Ph
16 17

starting sulfoxide 8, meaning that the deprotonation reaction is highly diastereoselective and that the
enantiomeric composition of the material is retained.

The rationale for the high diastereoselectivity of the lithiation reaction is that the lone pair of the oxygen
atom of the sulfoxide is in a suitable position to form a donating bond to the lithium atom at C-2, stabilizing
the 2-lithioisomer by the chelating effect with respect to the 3-lithio-compound or the 1'-isomer which has the
lithium on the other cyclopentadienyl ring (Cp) so that the chelating effect does not exist. If one now
considers that there is not much space at the interior-side of the ferrocene moiety (i.e., between the two rings),

it seems convincing that the lone pair of the sulfoxide, and not the z-butyl group, will preferably occupy this

space as depicted in structure 11 (the #-butyl group would have strong repulsive interactions with the hydrogen
atoms of the second Cp ring). The selectivity of the deprotonation is likely due to a kinetic process. When
P W L ALY, N, <G S Ay N, MR, | L) M-S ¢ ) | Q. . | PR L “-a fn it -

aeprotonation witn 2,4,6-triisopropyiphenyiiitnium (%) was carried out at higher temperature (-20 °C instead of

-40 °C), 12 was isolated in 39% yield, 5% yield of one of C-2' diastereomers 13R, and 52% recovery of 8
(Scheme 4). The absolute stereochemistry of 13R was determined by single-crystal X-ray crystallography.16
To account for the formation of 13R, it was proposed that 11a was presumably generated from proton
exchange between 11 and residual 8 (which had not yet reacted with base 9). Tt is also possible that 12a, the
-CH,0Li form of 12, undergoes a reversible reaction back to 11 and paraformaldehyde, which at higher
temperature and over longer time would continue to provide 11a, thus increasing the production of 13R.

The enantiomer of 13R was unequivocally synthesized by stereoselective oxidation of sulfide 18 with 1
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equivalent of MCPBA (Scheme 5) in THF at 25 °C. Compound (S5,15,2R)-13S was isolated in 95% yield,
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Figure 1. Portions of 'H NMR spectra for 16 and 17 derived from (a) reaction of (+)-15 and sulfone 14;
(b) reaction of (+)-(R)-15 and 92% ee 14; (c) reaction of (+)-(R)-15 and 100% ee 14.
reduction of 12 with DIBALH and LAH in diethyl ether at 25 °C (49% yield). DIBALH was used to
prechelate the hydroxyl and sulfinyl moieties of 12. Without the addition of DIBALH, LAH alone afforded

only 25% yield of 18. Reduction of 12 with Zn in AcOH was sluggish, and mainly starting material was
recovered.
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The regioselective alkylation of 8 prompted us to investigate the synthesis of other 1,2-disubstituted
ferrocenes. Thus, reaction of anion 11 with electrophiles composed of carbon (ethyl formate, methyl
chloroformate, allyl bromide, acrolein, ben7aldehvde) silicon  (allyldimethylsilyl chloride,

chloromethvidimeth yls!!yl c

QIR

detected by 'H NMR. In entries 5 and 6, pairs of diastereomers were produced at the C-1' center (carbon bears
the hydroxyl group). The regiochemistry and optical purity of aldehyde 19 and ester 20 were determined by
the following correlations (Scheme 5). Reduction of 19 with NaBH, in methanol at 25 °C furnished 12 (77%
yield) whose 'H and *C NMR spectra and specific rotation were identical to those of the sample obtained
from the reaction of 8 with paraformaldehyde. Reduction of 20 to the corresponding sulfide with activated
zinc in acetic acid at 25 °C (47% yield of sulfide 29), followed by treatment with lithium aluminum hydride
(LAH) in diethyl ether (96% yield) gave alcohol 18 whose spectra and specific rotation were identical to those

obtained from the product of the reduction of sulfoxide 12 with DIBALH and LAH as mentioned above. The
adAditinn Af lithiatad aninn 11 ta anralain at _REM™ nravidad a A:12 Aiactoranmeris mivhira 2%a and 2k (D10/.
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the lithiated anion 11 at -78°C, the stereoselectivity was diminished: a 1:2 mixture of diastereomers 22a:22b
was isolated. Benzaldehyde (Entry 6) gave a 1:1 mixture of two isomers, 23a and 23b (75% yicld). The
absolute configurations of 22a and 23a were determined as followed. The sulfoxide and aldehyde moieties in
substrate 19 have coordination abilities through their oxygen atoms and could potentially chelate with a
transition-metal complex acceptor. Such chelation would bring the sulfoxide and carbonyl atoms together,
thereby locking the molecule in a more restrained conformation, and potentially increasing the degree of

stereoselectivity of the anion addition reaction onto the aldehyde moiety. This possibility was tested by using

TN _;.Pr\ ac the rhalating agont 17 Thne nre-chelation was effectad hy treatine aldehvde 19 with Ti(O-i-Pr),
11\\_1 (2 8 114 ad Liiwv \Jll\llullllé LEwilL A Livia,y PIV WAIWIGHIVIL VYO0 ViiwWivie Vg WMviitidis GiUwiiyue 47 YVilii: A I\ & & 14
1 2 An~azixy TLIE A+ N} O £asr 2N smasmntag (Cahanma £) A fiar tha roantinn miviurse wae ranlad ta 7 o
\1 J qULV] ll 111K LU O UL DU UGS (Outilifiv §). ALl Uil fvaluull IMUHALULLY wad LuUiitu W =/6 L,
phenylmagnesium bromide was added and allowed to react from -78 to 0 °C over 3.5 hours. Compound

(1'S)-23a was isolated in 89% yield as a single diastereomer. Compound 23b was not detected by 'H NMR
analysis of the crude product. The stereochemistry of 23a was determined by single-crystal X-ray analysis
(Figure 2).'® Without the addition of Ti(O-i-Pr),, 23a and its 1'R-isomer 23b were produced in a 4.4:1 ratio.
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Table 1. Products and Yields of the Reactions of the Anion of 8 with Various Electrophiles.
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(a) Isolated yields. Small amount of starting sulfoxide 8 (5~25%) was recovered.
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Figure 2. ORTEP drawing of X-ray crystallographically determined structure of 23a.

To account for this high stereoselectivity, it was proposed that the reaction occurred through transition state

30, where the phenyl group attacks from the si-face of the aldehyde. Slmllarly, addition of 19 with Tl(O— -Pr),
and vinylmagnesium bromide or methylmagnesium bromide afforded 86% 3
respectively.

In summary, the stereoselective synthesis of enantiomerically pure  2-substituted
1-(¢-butylsulfinyl)ferrocenes can be achieved in excellent yields by the reaction of 2-lithioferrocene 11 with
various electrophiles. The addition of aldehyde 19 with a variety of Grignard reagents under chelation control
is completely stereoselective.



2. 1,4-Addition Reactions of Sulfonylferroceny! Esters:

Since the sulfoxide moiety is relatively reactive towards strong nucleophile and electrophile, the
asymmetric inductive properties of the chiral ferrocenyl sulfones were first investigated by studying the
1,4-addition of various alkyl and alkenyl cuprates to sulfonylferrocenyl ester 32. Compound 32 was prepared
(Scheme 7) in 66% yield along with 14% yield of the cis-isomer 33 by the reaction of alcohol 14 with #n-BuLi
in THF at -78 °C, followed by the addition of crotony! chloride (this chloride consisted of a 4:1 mixture of

trans- and cis-isomer). Treatment of 14 with Et.N and crotonvl chloride in methvlene chloride at 0 °C
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ketene [(CH,=CH)CH=C=0] followed by the addition cf alcohol 14. Ene ester 32 was subjected to
1,4-addition of bromomagnesium divinylcuprate in THF at -78 °C in the presence of dimethyl sulfide.
Surprisingly, no reaction was observed when one equivalent of the cuprate reagent was used. Only when a
second equivalent of the copper complex was added, did the reaction leading to 35 go to completion (Scheme
8). This observation suggested that the first equivalent of bromomagnesium divinylcuprate might serve as a
chelating agent between the sulfonyl moiety and the carbonyl of the ene ester (as depicted in s-cis-36a), and
the second equivalent being the actual reactive species. Since it was difficult to determine the stereoselectivity
the basis of 'H and ">C NMR data, ester 35 was saponified (KOH, H,0, THF) to

sulfone alcohol 14 and carboxylic acid 37 { [a]zzD =+12.6°, ¢ 0.9, CHCI3}. The specific rotation of the latter

19ab /o . o am. 19a ¢ 422 _ +13 550 122 +17.5° for 19a

(for §-37: hit.”™ [a]"p= +13.55°, ¢ 3.3, CHCl,; 1it.'%® [a]“p= +17.5°; for R-37: lit.
[a] p=-13.97°, ¢ 2.9, CHCl;). The determination of the optical purity based on the specific rotation of 37
proved difficult because of the relative volatility of the compound and the different specific rotation values
reported. Furthermore, our specific rotation and the reported values were recorded at different concentrations.
A method to determine the optical purity of our product 35 consisted in synthesizing a 1:1 mixture of two
stereoisomers at C-3", 35a and 35b, and compare its 'H NMR spectrum with that of 1,4-addition product 35
from 32. Thus, methyl crotonate was treated with bromomagnesium divinylcuprate to give adduct 38, which

was then saponified (KOH in H,O-THF) and esterified [14, N,N'-dicyclohexylcarbodiimide (DCC), Et;N,

CH.(1.1 to give 38ah (Scheme 6). Tts IH NMR spectrum did show two distinct sets of signals, assiened to the
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geminal vinylic protons Hg and He. The signals (two doublet of triplet) at 4.94 ppm (Hc) undoubtedly showed
that the adduct, 35, obtained from the asymmetric 1,4-addition of divinylcuprate on ene ester 32 was actually a
mixture of two diastereomers in a ratio approaching 1.8:1 (28% ee). This result is in disagreement with the
specific rotation; the [a]nn value of 12.6° would be 72% ee assumming that [a]zzn of +17.5°'" represents
100% optically purity. 7 '

Scheme 8
[ (%CH)QCU A +D t-R
('D“ IIO l-_‘II . G
(#3,CuMgBr #Bu, O 'MQ_BT ; i\ln :S\'-
(2ea). THF, -78°C @U_‘\U 0 s Do @o
* y < 5-CiS
32 - e Y+ > W
(75% yield) Fe =\ S N i 0
L <> &
N ] b N7
L k19 .
s-cis-36a 33b
0.46 M KOH,
THF, 2590 HO\ /\ -~ HO\ P
T Y Y
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Unexpectedly, when cis-ester 33 was subjected to the same reaction (Scheme 9), the desired product 35

was obtained with a reverse diastereomeric ratio; i.c. 35a : 35b ~ 4:5 based on the relative intensities of the

vinylic H, signals of 35a and 35b on the '

H
ad 4l PO [P .4
ed

de product. To account for these results,
it was proposed that the reaction proceeded via tra i

..
=
o
= o
o
>
b
)
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o

by chelation of the suifonyl moiety and the carbonyl of the ester with the cuprate reagent. In such an
arrangement, the s-cis conformation 36a of the ester should be favored over the s-trans conformation 36b
(Scheme 10) due to steric repulsion of the P—olefinic proton geminal to the methyl group with the
cyclopentadienyl hydrogens. Attack of the second equivalent of cuprate reagent from the most open face of
s-cis-36a would lead to 35a as the major product. In the case of cis-ester 33, these considerations still hold,
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except that the difference in steric interactions between s-cis (38a) and s-trans (38b) conformers is probably
not as pronounced as in the frans ester 32 case. Both 38a and 38b show steric repulsion between the methyl
group and carbonyl oxygen in the case of s-cis 38a, and the methyl group and the cyclopentadienyl hydrogens
in the case of s-trans 38b. However, steric interactions seem less severe for 38a (leading to 35b) than for 38b
(leading to 35a).

Scheme 10
lc‘l-l‘zgci-l.\ o)
tBu, 0 Mg—Br
O~
3 S0 \0 s-trans
0/(/ — 38
f-g N\ f /7< (rmnnr)
H
—M T,
> /\ cH
H H
s-trans-36b
(Disfavored)
(CHACH),Cu CH.=CHLC:
= 'zw\ (LHZ—LH)zc,u\
tBu, O M -Br —
\S'CO g‘ t—Bu\q:-(:n’_N!g Br
@—\ f/ /on, S o™
— = 3% e 0’&.
r — 35a
H H (major) /l(
@- , H Hleny (minor)
H H
s-cis-38a
K s-trans-38b
(Somewhat hindered .
but less than 38b) (Disfavored)
1,4-Addition to ester 32 with other cuprate reagents have been carried out and the corresponding adducts
39a-b ~ 41a-b have been isolated in good yields as mixtures of diastereomers (Table 2). The absolute
stereochemistry at the newly created stereocenter was assumed to be of (S)-configuration (39a, 40a, 41a)
based on the results obtained from ene ester 32 with vinylcuprate (Ent*y 1). The ratios of diastereomers were

lvy wvn 2ws

determined from the relative intensities of the CH,O signals in the 'H NMR spectra or CH,C=O0 signals in the
BC NMR spectra for both diastereomers. For instance, one proton belongs to the CH,O group of 39a and 39b
appear at & 5.33 (d) and 5.34 (d) ppm ('H NMR), respective [for 41a and 41b: 5.33 (d) and 5.1 (d) ppm; for
402 and 40b; '*C NMR: 5 41.9 and 41.8 ppm].

When cinnamoyl ester 42 [prepared from sulfonyl alcohol 14 and cinnamoyl chloride (Scheme 11)] was
treated with bromomagnesium divinylcuprate or lithium divinylcuprate under various conditions (dimethyl
sulfide or/and THF, ether were used and temperature ranges from -78 to 25 °C), no desired 1,4-adduct was
isolated. The start

ing material 42 was recovered along with some sulfone 14 (product of the 1,2-addition

mixture of diastereomers (based on the 'H NMR spectrum of the crude product).
The inherent planar chirality of ene esters such as 32 and 33 allows the 1,4-addition of various cuprate
reagents to occur with some stereoselectivity. The remoteness of the reactive center (the B-carbon of the ene

i
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Table 2. Products and Yields of the 1,4-Addition Reactions of 32 and 33 with Various Cuprate Reagents.

Entry | Ene Ester | Cuprate Reagent |Reaction condition# Product (% yield)a
2 equiv THF, MezS l
! ‘ +
1 32 (CH=CH)}CuMgBr | .780C 05h 3%a + 35b
(75%; 1.8:1)
i THF, Me2S i
) | 2equiv. o TR E2S 35a + 35b
2 33 (CH2=CH ) CuMgBr -rgv¢, 0.9 h; |
450G, 1 h | (60%;45)
t‘-Bu\S o) t-Bu\S o]
| e \0 — \Q
3 32 (  Hrou THR MesS (Ao~ SO~ |
N__//72 -78¥C, 1h Fe Il H Fe g /‘\ i
P o A A~ SN
=, U < U
39a 3%
(77%; 3:2)
i ‘.Bu\s‘.llo l-BU\ ,.||O
¢ pemetnoi | T Sl &
i -500C, 3 h _
T N,
)/ /‘ N/ )
40a 40b
{75%;2:1)
£Bu i tBu o)
\S R4 \.S L
~—<"" g el g
5 32 2 equiv +-BupCuli THF, Me,»S < OW o\\/o\l‘/\/(
-78°C, 1.5 h Fe o AL Fe o A
= < !
41a 41b
(100% ;5.2:1)
{a) Isolated yieids. A mixiure of iwo inseparabie diasiercomers.

An interesiing-cationic displacement reaction was found when ene ester 44 [prepared from the oxidation
(MCPBA) of aicohol 23a followed by acylation (n-BuLi, then acryloyl chloride)] was treated with

1-acetoxy-1,3-butadiene and 0.3 equiv of Znl, in toluene at 25 °C. Enal 45 was obtained in 63% yield
(Scheme 12). The proposed mechanism of its formation invokes the initial formation of a "chiral" ferrocenyl
cation 47, which is then attacked by nucleophile 1-acetoxy-1,3-butadiene. It is known that a-ferrocenylalkyl
carbocations (carbocations on a position adjacent to the cyclopentadienyl ring) are particularly stable. It is
believed that this stability arises from the direct participation of the iron atom in charge delocalization, which
causes the two cyclopentadienyl rings to deviate from being parallel (tilt angle 4-5°) and leads to a bending of
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Scheme 11
Cl\n/\/Ph "9“\3 0 ( ,Culi (6 eq)
—" N THF, ether, MeSMe
0 L0 Ph  -78°Cih,
Et.N,CH.Cl, ~ NN -25°C—-0°C 1.5h
14 ~- Fe e} )
(54% yield) @ (95% yield)
42
By, .0 HBu, .0
O\n/\/Ph o} Ph
Fe A £ + Fe O
S T e T
43a 43b
(1:1)
consequence of the special structure of such cations, rotation around the bond between the ring carbon and the

cationic center is hindered because of its partial double bond character. Thus the cation exists as distinct
ers with only a low tendency towards rotation of C2-C1' bond. The leaving group of the
a-ferrocenylalkyl/aryl compound departs in the direction away from the iron atom (exo), as there is little space
between the two Cp rings and strong steric repulsion would be expected if the reaction were to occur at this
side. Any entering nucleophile also attacks from the exo-side, which leads to net retention of configuration.
Based on these considerations, the stereochemistry of compound 45 at C-1' was assumed to be the same as that

of the starting ene ester 44 [(S)-configuration].

Scheme 12

B e) r X
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47 48 — 45

CONCLUSION

Various enantiomerically pure 1,2-disubstituted ferrocenes were synthesized that contain a sulfinyl,
sulfonyl, or sulfenyl moiety at C-1 and a carbon or heteroatom substituent at C-2 of the ferrocene ring.
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Stereoselective addition of aldehyde 19 with a variety of Grignard reagents was found under chelation
controlled conditions. The stereoselectivity of the 1,4-addition reactions of ene esters (32, 33 and 42) with
cuprate reagents was studied and presumably the remoteness of the reactive site (C-3") and the flexibility of
the side chain of the esters are responsible for the lack of stereoselectivity. In view of the study of the
synthesis of planar-chiral 1,2-disubstituted ferrocenyl derivatives reported previously, the design and

construction of a sulfenyl-alkoxy, -amino, or —phosphmoferrocenyl bidentate complexes along with their

acummatric catalutic reantione are currently under i
w‘, SRARAAWELE AW WAL JI W LW RAVIAT d W UB‘I‘/II\-AJ Lo YLV ARY§

General Methods. All non-aqueous reactions were carried out under argon atmosphere unless specified
otherwise. Nuclear magnetic resonance spectra were obtained at 400 MHz for 'H and 100 MHz for 13C in
deuteriochloroform. 'H NMR spectra are reported in ppm (& units) downfield of internal reference
tetramethylsilane (TMS), Bc NMR spectra are reported in ppm (8 units) using chloroform (CHCl,) as the
standard (77 ppm). Infrared spectra are reported in wavenumbers ( cm’l\ Mass spectra were obtained from a
Hewlett Packard GC/HPLC 5989A mass spectrometer using either EI, CT or FAB (m-mtrobenzyl alcohol was

separations. E. Merck precoated TLC plaies silica gel 60F-254 were used in preparative TLC piates.

Solvents such as THF and diethyl ether for organometallic reactions were distilled over sodium and
benzophenone under argon, and diisopropylamine was freshly distilled from CaH,. Ferrocene, L-(R,R)-diethyl
tartrate, cumene hydroperoxide, titanium tetraisopropoxide, m-chloroperbenzoic acid, methyl chloroformate,
allyl bromide, acrolein, allyldimethylsilyl chloride, chloromethyldimethylsilyl chloride, trimethyltin chloride,
diphenylphosphinyl chloride, ¢-BuLi, n-BuLi, phenylmagnesium bromide, methylmagnesium bromide,
vinylmagnesium bromide, trans-crotonyl chloride (containing the cis-isomer), acryloyl chloride, and

1-acetoxy-1,3 3-butadiene were ?nrr hased from Aldrich.
7OV L naeo /‘)n\ o~ __1_1 SN O o 1ogl . ON "IEJ"\ ~ (A ____._l\ tt‘__.__.._,, A Q- 4
(85)-(p-T¢ omenesugmyy]errocene (33). 1o acoia (U "C) somution of U.757 g (4 mmotl) oI ferrocenc (1) im O

~
> [Ty

.t

mL of THF under argon was added 2.0 mL (3.4 mmol; 1.7 M solution in pentane) of ~-BuLi. After th
solution was stirred at 0 °C for 2 h, it was cooled to -78 °C and then transferred into a cold (-78 °C) solution of
1 g (3.4 mmol) of (-)-(S)-I-menthyl p-toluenesulfinate (2S) in S mL of THF. The resulting solution was stirred
at -78 °C for 2 h, poured into 100 mL of brine, and extracted three times with 100 mL portion of CH,Cl,. The
combined CH,Cl, extracts were dried (MgSQ,), concentrated, and column chromatographed on silica gel
using hexane-diethyl ether as eluant to give sulfoxide 38 which was recrystallized from diethyl ether and
hexane to give 0.606 g (55% yield) of pure 3S; mp. 118-119 °C (dec.); [(1]22 = +246° (c = 0.5, CHCl,); 81%

“““““““ bty = ) =TT e 37
an and coworkers ol NMR

an hacad Aan tha valune af +2308° for the 100% nure camnle renorted hv Kao \
LU UaoLu ULl uUiv valuw ui 'J\JJ AVI UiV LVV /T Ul SQ@AIpLIY VP VLAWY Uy anlGgntul el LAANa S, aia Sivaas
(CDCLy) 8 7.52 (d, J = 8.0 Hz, 2 H, Ar-H), 7.25 (d, J = 8.0 Hz, 2 H, Ar-H), 4.61 (dt, J= 2.4, 1.2 Hz, 1 H,
FPYTY A ALl TY N YIY A N £ ds r— " £ TT—- 1 IT ATy 7277 (. 2 LY __ NAN.
Lp H), 4.37 (s, 5H, t,p -H), 4.0 {m, 2 H, Cp-H), 4.32 (di, /= 3.0, nz, i i, L p-nj, 2.3/ {8, 5 1, p-vicj;

13C NMR (CDCly) § 142.3 (s, Ar), 140.2 (s, Ar), 129.0 (d, 2 C, Ar), 1
C, Cp"), 67.2 (d, 2 C, Cp), 64.6 (d, 2 C, Cp), 20.8 (g, Me); MS m/z FA
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Reaction of (SS)-p-toluenesulfinylferrocene (3S) with t-BuLi. Formation of ferrocene '(I) and t-butyl
p-tolylsulfoxide (7). To a cold (-78 °C) solution of 60 mg (0.185 mmol) of 38 {[a]*%, = +233° 76% ee} in 1
mL of THF was added 0.2 mL (0.315 mmol; 1.7 M in pentane) of -BuLi dropwise. After the reaction was
stirred for 2 h at -78 °C, it was diluted with 20 mL of water at -78 °C, warmed to 25 °C and extracted with
CH,Cl, three times (50 mL each). The combined extracts were dried (MgSQ,), concentrated, and column

wtidiels vio Ullcil 1524 QI A2

chromatogranhed on silica gel using diethvl ether/hexane ag eluant to give 29 mg (85% yield) of ferrocene (2)

ARSIV Sy v A2 SlLba oYt BRllip BRRRRA Y LAALA/ICALSIC &S eluant LZ I (O /T yalaay ol igmocene ]

and 15 mg (42% yield) of 7. A small amount of unidentifiable material was also isolated from the column

- _.__ ________ ~ 22 1N VO B - a AY h 21 i 1 AN LT ~ P ~ ]vv
ch umzuugrapmu sq)dr.ﬂwn \,onrp()unu 7: {a] p=+1.0° (c 1.5, acetone); Lit.” +161° (K-connguranion). H

NI 'R(LULI;)O 7.47 (d, J=8.0Hz, 2 H, Ar-H), 7.28 (d,/=8.0 Hz, 2 H, Ar-H) 2.41 (s, 3 H, p-Me), 1.16 (s,
9 H, +-Bu); °C NMR (CDCl;) & 141.5 (s, Ar), 136.7 (s, Ar), 129.1 (d, 2 C, Ar), 126.3 (d, 2 C, Ar), 55.6 (s,

CS), 22.7 (g, 3 C, t-Bu), 21.4 (g, Me); MS m/z CI 197 (M+1).

Racemization of 38 with lithiated ferrocene. To a cold (0 °C) solution of 13 mg (0.07 mmol) of
ferrocene (1) in 0.3 mL of THF was added 35 pL (0.06 mmol) of -BuLi (1.7 M in pentane). After the solution

was stirred at 0 °C for 2 h, a cold (0 °C) solution of 16 mg (0.05 mmol) of 38 ([a]*; = +246°% 81% ee) in 0.2
mL of THF was added via cannula and the resulting solution was stirred at 0 °C for 1 h. The solution was
nATr intn 28 ;T Afhrine avtrartad uith 78 mT Af diat athar and than turicra with mathovlana ahlasida 720
PUU[UU IV LU 111y Wi ULy VAMAGALWAL VYW /0 L1is U UJ.ULIIJI. Vilivi, aliu vl twive witll lllUl.llyl AL ULLR Jit il lJU

mL each). The combined organic extracts were dried (MgSO,), concentrated, and column chromatographed
on silica gel using a gradient mixture of hexane and diethyi ether as eiuant to give 13 mg of ferrocene (100%)
and 15 mg (94%) of 3S. Compound 38: [a]nD =+26.8% 8% ee.

(SS* 18* 2R*)-1-(Hydroxymethyl)-2-(p-toluenesulfinyl)ferrocene [(£)-5]. To a cold (0 °C) solution of
0.208 g (1.12 mmol) of ferrocene (1) in 2 mL of THF was added a solution of 0.56 mL (0.96 mmol) of +-BuLi
(1.7 M in pentane). After the solution was stirred at 0 °C for 2 h, a cold (0 °C) solution of 0.26 g (0.80 mmol)
of sulfoxide 38 (81% ee) in 2 mL of THF was added and the resulting solution was stirred for 1 h, after which

time it was transferred via cannula into a cold (Q °C) solution of 30 me (0.96 mmaol) of naraformaldehvde in 2

time 1t 12 1mto a cold (VU "C ) solution of 20 mg (0.20 mmol) of paraiormalgenygce mn 2

1T AFTHLE A faer otivrisna at 1Y O fre T h tha anbiitine raoa Ailntad writh lhatma and avirantad thean tismas +la

ML O inr. ALer SUIming at v "C 10T 1 1, U1 So1llion was aiuiuted wiiti orine, ana exiracied inree uimes wiin
2 d vy h | 1 /n AN

CH,Cl,. The combined organic extracts were dried (MgSO,), concentrated, and column chromatographed on
silica gel using a gradient mixture of petroleum ether-diethyl ether as eluant to give 70 mg (69% yield, based
on recovered 3) of (x)-5 and 167 mg (64%) of nearly racemic 3. Recrystallization of (+)-5 from a mixture of
petroleum ether and ether gave yellow crystals (mp 52-54°C) suitable for X-ray analysis.M Compound (x)-5:
[a]*, = 0% 'H NMR (CDCl,) 8 7.46 (d, J = 8.2 Hz, 2 H, Ph-H), 7.25 (d, J = 8.2 Hz, 2 H, Ph-H), 4.74 (t, J =
6.2 Hz, 1 H, OH), 4.49 (s, 5 H, Cp'-H), 4.44 (broad s, 1 H, Cp-H), 4.38 (broad s, 1 H, Cp-H), 427 (t, /=24
Hz, 1 H, Cp-H), 4.15 (d, J = 6.2 Hz, 2 H, CH,-0), 2.36 (s, 3 H, p-Me); '*C NMR (CDCl;) 5 141.5 (s, 2 C,

Tol), 130.0 (d, 2 C, Tol), 124.1 (d, 2 C, Tol), 91.0 (s, Cp), 89.0 (s, Cp), 72.3 (d, Cp), 70.0 (4, 5 C, Cp"), 69.5

(d, Cp), 64.9 (d, Cp), 57.8 (t, CO), 21.7 (g, Me); MS m/z FAB 354 (M+). Anal. Calcd for C;gH,;sFe0,S: C,

£1T N2 £ 19 Tz Adr 4 £N Q7. LT £ A1
01.U5, 11, 5.14, rouna. {, 6V.67/; 11, J.41.

2,4,6-Triisopropylphenyllithium (9). Preparation of 1—i:>romo-2,4,6—tn'isopropy]benzene:22 [The reaction
was performed in the dark: the apparatus (100 mL three-necked flask and dropping funnel) was wrapped in
aluminum foil]. To a cold (-5 ~ 0 °C) solution of 6.675 g (32.72 mmol) of 1,3,5-tniisopropylbenzene and 164

wn
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mg (2.94 mmol) of iron metal in 3.25 mL of CCl, was added dropwise a solution of 5.23 g (1.70 mL; 32.72
mmol) of bromine in 3.40 mL of CCl,. After the addition of bromine was over, the reaction was allowed to
slowly reach room temperature and was kept at this temperature overnight. The mixture was washed
successively with 50 mL of water, 50 mL of 1 N NaOH and 2 x 50 mL of H,O (or until the aqueous washings
were neutral). The organic layer was dried (MgSO,) and concentrated. The crude product was distilled under
reduced pressure to give 9.130 g (98% yield) of colorless oil. Bp: 110°C/0.75 mm Hg.

To a cold (-78 °C) solution of 130 mg (0.46 mmol) of 1-bromo-2,4,6-triisopropylbenzene in 1.2 mL of

THR was addad ) &K o 0 Q) smeona AF+ DT i 711 7 AL anln noant ~mrErs o Tha easiiléisen smaivdrisma
1233 VWHD GAIURAL V.J D Ik \V '« K b uuuul} Vit uuul \i.7 ivd oUluuULl lll Pulllmlb} ulUPWlDU 111G lGDulu.us HILALULIC
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(SR)-(-)-t-Butylsulfinylferrocene (8).7f To a stirred solution of 1.879 g (9.12 mmol) of L-(R,R)-diethyl
tartrate in 8.75 mL of CH,Cl; at 27 °C, 1.3 mL (4.56 mmol) of Ti(O-i-Pr), was added. The resulting mixture
was stirred at 27 °C for 6 min, after which time 82 pL (4.56 mmol) of distilled water was added. The resulting
solution was stirred at 27 °C for 25 min, then cooled to -23 °C and a solution of 1.25 g (4.56 mmol) of
t-butylsulfenylferrocene (10)’® in 5.1 mL of CH,Cl, was added via cannula. The resulting solution was stirred
at -23 °C for 30 min, after which time a cold (-23 °C) solution of 1.35 mL (9.12 mmol) of cumene

hudraneravide in 2 @ ml of CH.CL. wac added rh-nr\“nc via eurinage A ftar the additinn etirrina wace ctannad

hydroperoxide in 3.9 mL of CH,C), was added drop via syringe. After the addition, stirring was stopped
and the solution was stored at -25 °C for 72 h. The reaction solution was poured into a solution of 11.6 g of
ferrous suifaie heptanydraie and 3.9 g of citiic acid in 135 mL of water, 04 mL of diethyi eiher and 64 mL of
dioxane. The resuiting mixture was stirred at 25 °C for 45 min and transferred into a separatory funnei. The
aqueous layer was extracted three times with diethyl ether (200 mL and 2 x 100 mL). The combined organic
layers were stirred with 125 mL of 2 N NaOH at 25 °C for 1 h. After separation of the two layers on a
separatory funnel, the aqueous layer was extracted with 50 mL of diethyl ether. The combined organic layers
were dried (MgSO,) and concentrated to give 2.698 g of dark orange oil. Column chromatographic separation
on a silica gel column of the crude product afforded 0.9517 g (72% yield) of sulfoxide 8 and 11 mg (8.9 %

recovery) of sulfide 10. Recrystallization of sulfoxide 8 from a mixture of diethyl ether/petroleum ether gave

0 TR o (6107 vialdy af vallaw neadlac: mn 140.150 °C 1?2 = _357 89 (~ 0 §05 CHCLY ~1009% ea: Tit /T
Y./l JO 5 \Ul 0 u.au] Vi WLEV VY LAWAALAWDO llll_l- AT AT LY oy LWJ D -t \U Vet Uory \./LJ.\./AJ}, A d Y P

r.122  _ AANG 7. N ENE YT, PR QLO/ an ID fim LT 1N o, 200N Q&8N 1£20 1NAN ~ma-l IDT
L _I D'_ b 2o b 4 \L U..)UJ bnblBJ, 'bUllllsuldLl ll ZJ /0 TC. 1IN \l 1 \/112\;12} V JUOU, 470U, 1VU0V, 1USU LIl i1

NMR (CDCly) & 4.68 (m, 1 H, Cp-H), 441 (m, 2 H, Cp-H), 4.38 (5, 5 H, Cp-H), 435 (m, 1 H, Cp-H), 112,

9 H, +-Bu); >C NMR (CDCl;) § 86.4 (s, CS, Cp), 70.0 (d, 5 C, Cp"), 69.9 (d, Cp), 69.6 (d, Cp), 69.4 (d, Cp),
65.3 (d, Cp), 54.9 (s, C-S),22.7(q, 3 C, Me). MS m/z C1 291 (M+1).

(SR, 18,2R)-1-(t-Butylsulfinyl)-2-(hydroxymethyl)ferrocene (12). To a cold (-78 °C) solution of 0.70 mmol
(2.03 equiv) of 2,4,6-triisopropylphenyllithium in 1.3 mL of THF under argon was added via cannula a cold
(-78 °C) solution of 100 mg (0.345 mmol) of (SR)-(-)-8 in 2.5 mL of THF. The resulting solution was warmed
to -40 °C over 1.5 h, then stirred at this temperature for another 1.5 h after which time the characteristic orange
(0.767 mmol) of

nranvl aninn  anneared A cold (.40 °C
H 1001 appcearca. A COd -4V -

[¢}]
o
=
-
=
F-‘
*Q

-

LA A §

5 min and siirred at this iemperature for 45 min. Afier LUIIlplc:uUIl of the reaction \mumtuwu oy
TLC), the reaction mixture was diluted with 20 mL of brine. The aqueous layer was extracted with three
40-mL portions of CH,Cl,. The combined organic extracts were dried (MgSQ,), filtered, and concentrated to
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give 288 mg of brownish oil. Column chromatographic separation of the crude product on silica gel using
hexane/diethyl ether as eluant afforded 90.9 mg of 12 (83% yield) as an orange oil and 5 mg (5% recovery) of
8. Recrystallization of 12 from diethyl ether gave yellow crystals, mp. 89~90 °C; [a]= -147.5° (c 0.495,

CHCl,), and a crystal of this material was subjected to single-crystal X-ray diffraction analysis. 0 TLC: R,
value is 0.2 in ether:hexane = 3:1; IR (in CH,Cl,) v 3250, 3080, 2960, 1630, 1455, 1040, 1005, 820 em’. 'H

o U Aninr 74

NMR (CDCly) & 5.62 (dd, J = 11.0, 1.0 Hz, 1 H, OH), 4.53 (dd, J = 13.4, 1.0 Hz, 1 H, CH,0), 449 (s, 5 H,

Cp), 439 (m, 2 H,Cp),432(,J=24Hz, 1 H, Cp), 4.08 (dd, /=134, 11.0 Hz, 1 H, CH,0), 1.19 (s, 9 H,
+-Bu). >C NMR (CDCly) & 91.2 (s, Cp), 82.6 (s, Cp), 72.5 (d, Cp), 71.1 (d, Cp), 71.0 (d, 5 C, Cp"), 68.6 (d,
Cp), 59.3 (t, CO), 57.1 (s, C8), 23.4 (q, 3 C, Me); MS m/z FAB 320 (M+, 50%), 303, 264, 246 (100%), 181,
138, 131. Anal. Caled for C;sHyFeO,S: C, 56.26; H, 6.29. Found: C, 56.38; H, 6.41

(SR, 18, 2R)- 1-(t-Butylsulfinyl)-2-(hydroxymethyl)ferrocene (12) and (SR, IR, 2S)-
1-(t-Butylsulfinyl)-2-(hydroxymethyl)ferrocene (13R). To a cold (-78 °C) solution of 0.38 mmol (1.1

equiv) of 2,4,6-triisopropylphenyllithium in 1.0 mL of THF under argon was added via cannula a cold (-78 °C)
solution of 101 mg (0.35 mmol) of (SR)-(- ) -8 in 2.0 mL of THF. The resulting solution was warmed to -45~
-40 °C aver 1.5 h and then stirred at this temperature for another 1.5 h. The reaction mixture was allowed to

i R 21 REARS RRANAR SNRRASAS e U

reach -20 °C and was stirred at this tempcratur ¢ for 1 h, then cooled to -40 °C. ld (—40 °C) suspension of

sasass o oy PN gy [ i, NREpE PN R SN i B § o R | in Ao Tha raciilézes
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mixture was ailowed to reach 5 °C over 3.3 h. After compietion of the reaction {monitored by TLC), the

reaction mixture was diluted with 30 mL of brine. The aqueous layer was extracted with four 50-mL portions
of CH,Cl,. The combined organic extracts were dried (MgSO,), filtered, and concentrated to give 229 mg of
brownish oil. Column chromatographic separation of the crude product on silica gel using hexane/diethyl
cther as eluant afforded 44 mg (39% yield) of 12 and 6 mg (5% yield) of 13R, along with 52.5 mg (52%
recovery) of starting material 8. Compound 13R was recrystallized from diethyl ether and was subjected to

X-ray si rys sis.’ 0 13F

(dec.); [a)?p = -165° (¢ 0.1, CHQCIQ). 1“ NMR CDC13 ) 4 73 (dd, J=2.7,16Hz, 1 H, Cp-H), 4 53 (dd, J=

12.5 Hz, 3.7 Hz, 1 H, CH-0), 448 (dd, J=2.7 Hz, 1.6 Hz, 1 H, Cp-H), 444 (t, /=2.7 Hz, 1 H, Cp-H), 4.40

(s, 5 H, Cp-H), 437 (dd, J = 12.5, 7.2 Hz, 1 H, CH-O), 1.79 (dd, J= 7.2, 3 Hz, 1 H, OH), 1.1 (s, 9 H,
] ( -

56.42, H, 6.33.

(18, 2R)-1-(t-Butylthio)-2-(hydroxymethyl)ferrocene (18) from the reduction of sulfinyl alcohol (12) with
IBALH and LiAlH, To a cold (0 °C) solution of 110 mg (0.34 mmol) of 12 in 2.5 mL of THF was added

0.70 mL (1.03 mmol; 3 equiv) of DIBALH (1.5 M in toluene). The resulting solution was stirred at 0 °C for
£

. o . . .
15 min and 1 h at 25 °C. A solution of 130 mg (3.39 mmol; 10 equiv) of LiAlH, in 7.4 mL of diethyl ether
was added and the resulting solution was stiired overnight. The reaction mixture was diluted (carefully) with

1 41 I T Alonminanna £ 18 TN\ Tha anit 1
25 mL of water, acidified with 1 ¥ HCI until the aluminum complex disappears (~ 15 mL). The aqueous iayer

was extracted three times with diethyl ether (100 mL and 2 x 25 mL). The combined organic layers were
washed with 50 mL of brine, dried (MgSQ,), and concentrated to give 92 mg of a yellow oil. The crude
product was column chromatographed on silica gel using a gradient mixture of petroleum ether and diethyl

~1
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ether as eluant to give 50 mg (49% yield) of sulfide 18. Mp. 45~46 °C; []? = +61.7° (¢ 1.05 CH,CL); 'H
NMR (CDCly) 84.52(d, J=12 Hz, 1 H, CH,0), 4.40 (d, J= 12 Hz, 1 H, CH,0), 4.38 (d, /= 2.4 Hz, 2 H,

Cp-H), 4.25 (1, J=2.4 Hz, 1 H, Cp-H), 4.19 (s, 5 H, Cp"-H), 1.21 (s, 9 H, #-Bu); '>C NMR (CDCl,) 6 91.9 (s,
Cp), 77.3 (d, Cp), 75.7 (s, Cp), 70.1 (d, 5 C, Cp'), 69.5 (d, Cp), 68.9 (d, Cp), 59.8 (t, C-0), 46.3 (s, C-S), 31.0

Iy

f uv
(g, 3 C, Me). Anal. Caled for C,;H,,FeOS: C, 59.22; H, 6.63. Found: C, 5
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(18,2R)-1-(t-Butylthio)-2-(hydroxymethyl)ferrocene (18) from the reduction of sulfinyl alcohol 12 with
LidiH, To a solution of 124 mg (0.385 mmol) of 12 in 3 mL of THF was added 59 mg (1.55 mmol; 4 equiv)
of LiAlH,. The resulting solution was stirred at 25 °C overnight, diluted with water (carefully), acidified with
1 N HCI, and extracted three times with diethyl ether. The combined organic extract was dried (MgSO,),
concentrated, and column chromatographed on silica gel using a gradient mixture of petroleum ether and
diethyl ether as eluant to give 18 mg (25% yield) of sulfide alcohol 18 and 48 mg (39% recovery) of 12.

(88,18, 2R)-1-(t-Butylsulfinyl)-2-(hydroxymethyl)ferrocene (13S) from the oxidation of sulfide 18. To a
solution of 18 5§ mo (0 m nmo N of sul t'] IR n ml of THF at 25 °C wag added 12 8 ma /1) 104 mmal-
DRrAtesiniia Wi A V.d daag \(VeVWVS WRF WA DeRL L Aiiis Vi AAll 4GV v O o YYQO auuvua 1 0.0 11!5 \WV.1UU 111111V,
880/ wmuima from Aldeish) Af s ohlacamarlam 1 o7 SFTHE g0 d ¢l cnlidl o (o0 ai 1 o AC 0/ £
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0.5 hour, diluted with aqueous Na,S,0, and NaHCO; solutions, and extracted with diethyl ether three times.
The combined diethyl ether layers were washed with brine, dried (MgSQ,), concentrated, and column
chromatographed on silica gel using hexane/ether as eluant to give 18.5 mg (95% yield) of 138. TLC: R;
value is 0.05 in ether:hexane = 3:1; mp. 165 °C (dec.); []*’, = +165° (c 0.1, CH,Cl,). The 'H and '>*C NMR
spectra were identical to that of 13R.

i
4

(SR, 18, 2R)- 1 -(t-Butyisulfinyl)-2-(hydroxymethyl)ferrocene (12) from the reduction of (19).
of 89 me (0.28 mmol) of aldehyde 19 in 12 mlL of methano! was added 10 mg (0.28 mmol

£ A\ EO ARy i QalSNAL YN A il L& il UL NIV QuLlu 1V iug '

) of NaBH,. The
resulting solution was stirred at 25 °C for 30 min and was evaporated to dryness on rotary evaporator. The
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extraxted twice with diethyl ether (30 mL each) and the combined organic extracts were dried (MgSO,),
concentrated, and column chromatographed on silica gel using a gradient mixture of petroleum ether and
diethyl ether as eluant to give 69 mg (77% yield) of 12. [a]?,=-148.3° (¢ 0.665, CHCI,).

(18,2R)-1-(t-Butylsulfonyl)-2-(hydroxymethyl)ferrocene (14). To a solution of 66 mg (0.206 mmol) of 12
in 6 mL of distilled acetone were added 65 mg (0.206 mmol) of m-chloroperbenzoic acid (55%) at 25 °C. The

solution was stirred at 30 °C for 0

. The reaction mixture was evaporated to dryness on a rotary evaporator,

e - = haaai®]

diluted with methvlene ¢ washed with 1 N NaOH (25 mlI). and the agueous laver was
yiene chiort 1L), wasned with 1 1 (22 mL), and the aqueous iayer was

YRR . | MEY MM LN T pw s P Y T armeealain ...-..—...\4.\ o~ PETYE. AARACM N\ P |
EXiracCica lWlLL Wlul anblz \QXV lliL, Cdlll). 1I11C CUIIIV V1igoDuy), u

ined organic extracts were dried

concentrated to give 82 mg of a brown oil. Column chromatographic separation on silica gel using a mixture
of petroleum ether/diethyl ether as eluant gave 63 mg (90% yield) of 14 as a yellow oil; [a]’ p=1793%(c =
0.5, CHCly); 'H NMR (CDCl;) &6 4.61 (dd, J=2.4, 1.5 Hz, 1 H, Cp-H), 4.55 (dd, /= 13.0, 2.7 Hz, 1 H,
CH,-0), 4.52 (s, 6 H, Cp'-H unsubstituted + Cp-H), 4.44 (dd, /=24, 2.4 Hz, 1 H, Cp-H), 4.32 (dd, J = 13.0,
9.7Hz, 1 H, CH,-0), 3.18 (dd, /=9.7, 2.7 Hz, 1 H, OH), 1.32 (s, 9 H, ¢-Bu). BC NMR (CDCl) 8 91.2 (s, CS,
Cp), 81.1 (s, CO, Cp), 73.1 (d, Cp), 72.9 (d, Cp), 71.3 (d, 5 C, Cp"), 69.4 (d, Cp), 59.8 (s, C-S), 58.7 (t, C-O),
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23.5 (g, 3 C, Me); MS m/z CI 337 (M+1). Anal. Caled for C,;H,,FeO;S: C, 53.58; H, 6.00. Found: C,
53.35; H, 6.17.

The following experimental procedure for the preparation of Mosher derivative from alcohol 14 is
representative,

(18,2R,4'S)-1-(t-Butylsulfonyi)- 2-{[a-—methoxy-(x—-(trzﬂuoromethprhenylacetoxy]methyl Mferrocene (16).

A n onhitinea ~F 17 L e MM NK cvaennnal) AfF 1A 2 N K annT A ans ...-.. rac alddad 20 e
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e(l S‘R) at 25 °C. The solution was stirred at 45 °C
for 21 h. The reaction mixture was diluted in 200 mL of diethyl ether and washed with 30 mL of 1 N HCI.
The organic layer was then washed with 30 mL of aqueous NaHCO,, dried (MgSO,), filtered, and
concentrated. The 'H NMR spectrum of the crude product indicated only one isomer (this result indicated that
the optical purity of the starting hydroxy sulfone was > 99% ee) of the ester based on the chemical shift of the

1
+)-(R)-a-methoxy-a-(trifluoromethyl)phenylacetyl ¢

CH,0CO. Column chromatographic separation of the crude product on silica gel using petroleum
ether/diethyl ether as eluent afforded 16 in 92% vield as a vellow oil. 'H NMR (CDClLy) 6742(d,J=7.0

Hz, 2 H, Ph), 7.34 (m, 3 H, Ph), 5.67 (d, /= 12.5 Hz, 1 H, CH,0) H, CH,0), 4.65 (dd,
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Cp'-H), 3.54 (s, 3 H, OMe), 1.13 (s, 9 H, #-Bu). >C NMR (CDCl,) & 166.4 (s, CO), 132.2 (s, Ph), 129.5 (d,
Ph), 128.3 (d, Ph), 127.2 (d, Ph), 123.3 (q, J = 287 Hz, CF,), 82.2 (s, Cp), 73.6 (d, Cp), 73.5 (d, Cp), 71.6 (d, 5
C, Cp"), 71.4 (s, Cp), 70.8 (d, Cp), 61.8 (g, OMe), 59.2 (s, CPh), 55.5 (s, CS), 23.3 (q, 3 C, Me). MS m/z FAB

Reaction of (18, 2R)-1-(t-butylsulfonyl)-2-(hydroxymethyl)ferrocene (14) with (£)-(15). Formation of the
two diastereomeric Mosher's esters (16) and (17). Reaction conditions similar to above were followed but
using (+)-a-methoxy-a-( trifluoromethyl)phenylacetyl chloride [(+)-15]. The two diastereomeric esters 16 and

anhv. lI—TN‘l\M?\(C

=1 gg
3 g

anarahla hv TT
I %) ~

1

1

—24 1.5Hz,2 H, Cpotxsomersloandﬂ) 462(dd J=24,15Hz 1H, Lpotlsomerlo),454(t J=24
Hz, 1 H, Cp of isomer 17), 4.50 (m, 2 H, Cp of isomers 16 and 17), 4.42 (s, 10 H, 2 Cp), 3.54 (s, 3 H, OMe of
isomer 16), 3.50 (s, 3 H, OMe of isomer 17), 1.18 (s, 9 H, #-Bu of isomer 17), 1.13 (s, 9 H, #-Bu of isomer 16).

The following experiment serves as the general procedure for the preparation of 1, 2-disubstituted

ferrocene from sulfoxide 8.
(SR, 18,2R)-1-(1-Butyls: ulfinvi)-2-formvlferrocene

4%, i Wyt yty JOrmyerroce [ESS 1§ L . T Il TTHT)
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warmed to -40 °C and stirred at this temperature for 1.5 h. After the solution was cooled to -78 °C, 0.65 mL
(10 equiv) of freshly distilled ethyl formate was added. The orange color of the ferrocenyl anion disappeared
to become yellow immediately. After 10 min, the reaction mixture was diluted with 90 uL (2 equiv) of acetic
acid. The reaction mixture was concentrated on rotary evaporator, the residue was diluted with 50 mL of ether
and washed with 30 mL of water. The aqueous layer was extracted three times with ether (75 mL each). The
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combined organic extracts were dried (MgSQ,), concentrated, and column chromatographed immediately (to
minimize decomposition of the desired product) on silica gel using a gradient mixture of petroleum ether and
diethyl ether as eluant to give 213 mg of 19 (85% yield) and 33.4 mg (14% recovery) of sulfoxide 8.

Recrystallization of 19 from diethyl ether and hexane gave yellow crystals, mp. 130-131 °C; | (1122“ = .1020.4°

{c 0.5, diethyl ether), 'H NMR (CDCL;) 6 10.65(s, 1 H,CHO),5.10(t,J=1.8Hz, 1 H,Cp-H), 472, J=

1.8 Hz, 2 H, Cp-H), 4.52 (s, 5 H, Cp'-H), 1.17 (s, 9 H, ¢-Bu); BCNMR (CDCl,) 6 194.1 (s, C=0), 95.5 (s, Cp),
o ¥ 4 1 11 1 £33 N\ 71 Q63 £ NN\ "TOV N £ {‘.. 7 (S, CS), 230 (q, 3 C, }Vie), MS

£1 f‘&\ N\ £O L& A N\ &£
75.1{a,Cp), 73.1 (4, Cp), 71.8 (4, 5 C, Cp"), 70.0 (s, Cp), 69.5 (4, Cp), 55.
m/z FAB 318

8 (M+); Anal. Calcd for C,5H3Fe0,S: C, 56.62; H, 5.70. Found: C, 56.39; H, 6.03.

(SR, 18, 2R)-1-(t-Butylsulfinyl)-2-(methoxycarbonyl)ferrocene (20). Following a similar reaction conditions
as described above, the anion of 106 mg (0.36 mmol) of 8 was reacted with 62 pL (0.80 mmol) of methyl
chloroformate (in 1 mL of THF) at -78 °C for 0.5 h. After dilution with' 20 mL of brine, the aqueous layer was
extracted three times with CH,Cl, (75 mL each). The combined organic layers were dried (MgSO,),
concentrated, and column chromatographed on silica gel using a gradient mixture of petroleumn ether and ether

ag eluant to oive 105 mg (84% mplrﬂ of 20 v o (7.5% recovery) of 8 The compound is

uant to o1v a yellow selid an mg{/.07% recovery) o &, 1h¢ compoundis
nnatahla nand dannmancas nnon gtanding at room tamneratiire in eghition Tha nure camnannd fealid farm) can
uiwntauviv aiiig uw}lllw“a ulmu au:l.uuuxs at TOOII ‘Dllly\vla\,m\d 111 OVUIULIVILL 9 L= Pul \leupUU 3LV e \bUllU l-Ullll} Laii

be stored at -20 °C (freezer) for several days. Due to its instability, no elemental analysis was performed.

[0[]22 =-184.2° (¢ 0.5, CHCL,). IR (CH,Cl,) v 3100, 2950, 1720, 1700, 1440, 1265, 1240, 1145, 1068, 1002,
820 cm™. '"HNMR (CDCl,) 6 5.02 (d, /= 2.5 Hz, 1 H, Cp-H), 4.60 (d, /= 2.5 Hz, 1 H, Cp-H), 4.55 (t, J =
2.5 Hz, 1 H, Cp-H), 4.47 (s, 5 H, Cp'-H), 3.83 (s, 3 H, OMe), 1.23 (s, 9 H, #-Bu). '*C NMR (CDCl,) 6 169.3
(s, C=0), 87.4 (s, Cp), 75.3 (d, Cp), 74.6 (d, Cp), 71.9 (d, 5 C, Cp"), 71.7 (s, Cp), 71.3 (d, Cp), 56.5 (s, CS),
51.8 (g, MeO), 24.0 (q, 3 C, r-Bu). MS m/z CI 349 (M+1).

Sulfoxide 20 was reduced with zinc in acetic acid to the corresponding sulfide 29 which is a stable
compound.

/OD 10 YD) ’ re Y 7 « JOy AU B £ JPURY / 7
(OK, 15,2R)-1-(i- €<

ub) u_/l yij-2L-(<-pr 1).
reacted with 33 pL (0.38 mmol) of freshiy distiiied ailyl bromide at -78 °C, and warmed to -40 °C and aliowed
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to reach 0 °C over 1 h (the reaction was monitored by TLC analysis, which did not show any changes after
warming and stirring the solution at 25°C). The reaction mixture was quenched with 20 mL of brine and
extracted with 75 mL of diethyl ether and two 50 mL portions of CH,Cl,. The combined organic layer was
dried (MgSO0,), concentrated, and column chromatographed on silica gel to give 52.4 mg of 21 (84% yield)
and 2.8 mg (5 % recovery) of 8. Compound 21: [a]*, = -419.1° (¢ 0.8, CH,Cl,); 'H NMR (CDCly)  6.05
(dddd, J=18.9, 10.1, 7.5, 6.3 Hz, 1 H, CH=), 5.13 (ddt, /= 18.9, 1.8, 1.6 Hz, 1 H, CH,=), 5.08 (ddt, J=10.1,
1.6,1.2Hz, 1 H, CH,=), 437 (s, 5 H, Cp'-H), 4.27 (m, 3 H, Cp-H), 3.84 (ddt, J=16.4,6.3, 1.8 Hz, 1 H, CH,)

1.0, Rl 11 i Aky Aodiy 1y Sopd \iiiy o 11y Aljy 20T B,V 2y il3 7,

3.23 (ddt, J = 16.4,7.5, 1.2 Hz, 1 H, CH,), 1.19 (s, 9 H, +-Bu). >C NMR (CDCl,) & 136.7 (d, CH=), 116.0 (t,
CH,=), 88.0 (s, Cp), 81.9 (s, Cp), 70.6 (d, 5 C, Cp"), 70.4 (d, Cp), 70.1 (d, Cp), 68.5 (d, Cp), 56.3 (s, CS), 31.5
(t, CH,), 23.5 (g, 3 C, Me). MS m/z FAB 330 (M+, 40%), 274 (100%), 256, 226, 191, 155, 136, i121. Anal.

Calcd for C-H,,FeOS: C, 61.82; H, 6.71. Found: C, 61.65; H, 6.93

(SR, 18, 2R, 1'S)-1-(t-Butylsulfinyl)-2-(1-hydroxy-2-propenyl)ferrocene (22a) and (SR, 1S, 2R,
1'R)-1-(t-butylsulfinyl)-2-(1-hydroxy-2-propenyl)ferrocene (22b). The anion of 101 mg (0.35 mmol) of 8 was
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reacted with 58 pL (0.86 mmol) of freshly distilled acrolein (acrolein was dissolved in 1 mL of THF) at -85 °C
for 10 min. After which time the characteristic orange color of ferroceny! anion 11 had disappeared
(indicating that the reaction was nearly complete). The reaction mixture was diluted with 20 mL of brine and

extracted three times with ("H..('l. (40 mL each). The combined organic extract was dried (MgSQé),
concentrated, and column chromatographed on silica g l sing a gradient mixture of petroleum ether / diethyl
ether as eluant to give 84 mg (69% yzeld) of 22b, 25 mg (21% yield) of 22a and 9 mg (9% recovery) of 8.
Compound ZZb (iess poiar isomer): {a j" =-256.7° (¢ 0.4, CHCl,), '"H NMR (CDCl,) 6 6.48 (s, 1 H, OH),

6.10 (ddd, J=17.1, 10.1, 6.7 Hz, 1 H, CH=), 5.42 (dt,J=17.1, 1.4 Hz, 1 H, CH,=), 5.30 (dd, /= 10.1, 1.4 Hz,
1 H, CH,=), 4.94 (dd, J= 6.7, 1.4 Hz, 1 H, CH-0), 4.51 (s, 5 H, Cp'-H), 4.41 (t,J= 2.0 Hz, 1 H, Cp-H), 4.32
(d,J=2.0Hz, 2 H, Cp-H), 1.22 (s, 9 H, +-Bu); '*C NMR (CDCl;) & 138.8 (d, CH=), 116.6 (t, CH,=), 93.9 (s,
Cp), 81.6 (s, Cp), 72.4 (d), 71.5 (d), 70.7 (d, 5 C, Cp'), 68.4 (d), 68.3 (d), 57.2 (s, C-S), 23.3 (g, #-Bu); Anal.
Calcd for C;,H,,Fe0,S: C, 58.97; H, 6.40. Found: C, 58.61; H, 6.51. Compound 22a (more polar isomer):
[a]p=-107.5° (c 0.4, CHCI,), '"H NMR (CDCL,) 3 6.01 (ddd, J= 16.5, 10.4, 7.0 Hz, 1 H, CH=), 5.78 (dd, J

=7.0,09Hz, 1 H, CH-0), 534 (d, J=16.5 Hz, 1 H, CH,=), 5.15 (t, J= 6.1 Hz, 1 H, Cp-H), 5.08 (dd, J =

10.4, 0.9 Hz, 1 H, CH,=), 4.43 (s, 5 H, Cp-H), 4.37-4.34 (m, 2 H, Cp-H), 1.19 (s, 9 H, -Bu); ’C NMR

(CDCly) 6 141.61 (d, CH=), 114.11 (t, CH,=), 93.08 (s, Cp), 82.36 (s, Cp), 71.43 (d, 5 C, Cp"), 71.27 (d),
3

(SR,18,2R)-2-(Allyldimethylsilyl)- 1-(t-butylsulfinyl)ferrocene (24). After the anion of 98 mg (0.34 mmol)
of 8 was reacted with 100 mg (0.68 mmol) of freshly distilled allyldimethylsilyl chloride (the silyl chloride
was dissolved in 1 mL of THF) at -80 °C for 45 min, 20 mL of brine was added and the mixture was diluted
with CH,Cl, and washed with saturated aqueous NaHCO;. The aqueous layer was extracted three times with
CH,Cl, (75 mL each). The combined organic laver was dried (MgSQ,), concentrated, and column

chromatographed on silica gel using a gradient mixture of petroleum ether and diethyl ether as eluant to give

2 _ .
96 mg of 24 (73% yield) and 24.5 mg (25% recovery) of 8. Compound 24: [0]p =-70.4° (c 1.85, CH,CL);
Tor wra swe somers s LY - rr

NMR (CDCi;) 6 5.83 (ddt, J=17 H=),4.89(d, /=17 1Hz,1" H
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=10.1 Hz, 1H, CH,=), 4.52 (d, /= 1.8 Hz, 2 H, Cp- H),433 (s, 5H, Cp'-H), 4.32 (t, /= 1.8 Hz, 1 H, Cp-H),
1.94 (dd, J= 13.1, 8.0 Hz, 1 H, CH,Si), 1.87 (dd, /= 13.1, 8.0 Hz, 1 H, CH,Si), 1.15 (s, 9 H, -Bu), 0.42 (s, 3
H, MeSi), 0.37 (s, 3 H, MeSi). >C NMR (CDCl,) 6 135.9 (d, CH=), 112.9 (t, CH,=), 91.6 (s, Cp), 77.0 (d,
Cp), 72.4 (d, Cp), 70.7 (d, Cp), 70.3 (d, 5 C, Cp'), 70.0 (s, Cp), 56.1 (s, CS), 25.8 (1, CH,Si), 23.5 (g, 3 C, Me),
-0.0 (q, MeSi), -0.7 (q, MeSi). MS m/z FAB 388 (M+), 347, 290. Anal. Calcd for C,gHysFeOSSi: C, 58.75;
H, 7.27. Found: C, 58.69; H, 7.41.

) 1l t ok
were carried out starting with 52 mg (O 18 mmol) of 8 and 56 mg (0.40 mmol) of (chloromethyl)dlmethylsllyl
chioride to give 60 mg (85% yxexa) of 25 and 7 mg (13% recovery) of 8. Compound 25: mp. 62-63 °C;

[a]*?, =-60.6° (c 0.6, CH,CL,); 'H NMR (CDCl;) & 4.57 (t,J=2.4Hz, 1 H, Cp-H), 4.55 (dd, J=2.4,1.2
Hz, 1 H, Cp-H), 4.37 (dd, J= 2.4, 1.2 Hz, 1 H Cp-H), 4.34 (s, 5 H, Cp'-H), 3.24 (d, /= 13.4 Hz, | H, CH,C]),
3.14 (d,J=13.4 Hz, 1 H, CH,CI), 1.13 (s, 9 H, -Bu), 0.52 (s, 3 H, MeSi), 0.47 (s, 3 1, MeSi). *C NMR
(CDC1,)) 8 91.5 (s, Cp), 76.9 (d, Cp), 72,9 (d, Cp), 70.5 (d, Cp), 70.4 (d, 5 C, Cp"), 67.1 (s, Cp), 56.2 (s, CS),
32.7 (t, CH,C)), 23.3 (q, 3 C, Me), -0.9 (q, MeSi), -1.2 (q, MeSi). MS m/z FAB 398, 397, 396 (M+, 20%), 340
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%), 323, 292, 243, 217, 167, 133. Anal. Calcd for C,,H,;CiFeOSSi: C, 51.45; H, 6.35. Found: C,

(SR, 18,25)-1-(t-Butylsulfinyl)-2-(trimethylstannyl)ferrocene (26). The anion of 66 mg (0.23 mmol) of 8
was reacted with 100 mg (0.51 mmol) of trimethyltin chloride (the tin chloride was dissolved in 1 mL of THF)
at -78 °C for 10 min, and -30 °C for 20 min. After the addition of 20 mL of brine and 30 mL of aqueous
NaHCQO;, the mixture was extracted with 75 mL of ether and twice with CH,Cl, (50 mL each), and the

24

comhined aroanie extract wace dried (MoSO.) concentrated and column chromatooranhed on silica oel uging a

CUILIDHING ViRt CAUGLS Was WRLG UWVAED V4, COLURLRIGICA, alill LN CIHVINGIVEIGpPIITUa ULk Skala gl weaiip A

aradiant mivhiera Af natenloanim othor and diaothul othor ac alnant tn ogiva RQ mao (RKY. vialdY AfF Y& ac uallaws
CGUIWILIL HIMIIALULG UL SAVZEWAALEL WLLAWL QIR MIVLILY L WwililwE A0 vilalriL v 51 Yvw s llls \UU /0 l\Jlul 1 &= QO wilvwyryy

solids and 6.6 mg (10% recovery) of 8. Compound 26: mp. 60-61 °C; [oc]Dn: -93.1° (¢ 0.75, CH,Cl,); 'H
NMR (CDCl;) 64.53 (t,J=2.4Hz, 1 H, Cp-H), 4.49 (dd, /= 2.4, 0.7 Hz, 1 H, Cp-H), 4.29 (s, 5 H, Cp'-H),
427 (dd, J=2.4,0.7 Hz, 1 H Cp-H), 0.32 (s, 9 H, #-Bu), 0.32 (s, 9 H, MeSn), 0.32 (d, J = 55 Hz, Me-Sn''®);
3C NMR (CDCl;) 8 90.5 (s, Cp), 75.6 (d, Cp), 73.2 (d, Cp), 69.8 (d, 5 C, Cp"), 69.4 (d, Cp), 66.8 (s, Cp), 55.5
(s, CS), 23.0(q, 3 C, Me), -5.6 (q, 3 C, Me;Sn). MS m/z FAB 452, 453 (M+ andAisotope), 437, 438 (M-Me,
100%), 382, 381, 349, 348, 300, 217, 165, 121. Anal. Calcd for C;;H,,FeOSSn: C, 45.07; H, 5.78. Found:
C, 44.85; H, 6.02.

/SR 1 Ri_1_ft-Butvienulfinvl)-2-fdinhenvinhosnhinoerrocene (27). The anion of 357 mo (1 23 mmol) of
(SR, 13, 28)-1-(1-Butylsuifiny!)-Z-{aiphenyiphosphing)fervocene (£7). 1he anion of 30/ mg{1.23 mmel) of
Q sxrna ranntad wiith N AL sl () AL mmsoanl) AfrhlaradinhanuvlahAacnhina (feachlyvy AigtilladY at 7L amd VK O
O Wad 1TaViCAl Willl V.»J 111 “a»"u llullul} vl Uululuull.luoll llJllUBPlllllL/ \ll\ablll ulDLlllUu} al 10 U, Al LJ o
o~ My a1 [ h T r'rr £ A0 33 £ T L o abl Voo oal o al . Tt el YN T
ori./n (me reactlon was momloreﬂ Dy LA ). ALET dading S Ii, 01 MEtdnol! 10 Uie reacion soiuuon, Lu mhbL

of aqueous NaHCO, was added and the mixture was extracted with diethyl ether three times. The combined
extract was washed with brine, dried (MgSO,), concentrated, and column chromatographed on silica gel using
a gradient mixture of hexane, toluene and diethyl ether as eluant to give 480 mg (82% yield) of 27 and 50 mg
(14% recovery) of sulfoxide 8. Compound 27: yellow solids (the compound could be stored as the solid form
under argon in the freezer for long period of time without decomposition, however, when kept in methylene

chloride solution, the material decomposed at room temperature); mp. 162-163 °C (dec.); [a]*p =-303.3° (¢

3.25, benzcne) "H NMR (benzene-d6) & 7.70 (m, 2 H, Ph), 7.19 (t, J= 6.8 Hz, 2 H, Ph), 7.05 (m, 6 H, Ph),
4.34 (broad s, 1 H, Cp-H), 4.25 (s, 1 H, Cp-H), 4.16 (broad s, 1 H, Cp H), 4.13 (s, 5 H, Cp'-H), 0.98 (s, 9 H,

5.7 1C,Cp),73.7(d,/=42Hz,1C,Cp),72.6 (d,J=
Cp), 72.2 (s, 5 C, Cp"), 55.9 (s, CS), 24.2 (s, 3 C, Me€); Anal. Calcd for C,4H,;FeOPS: C, 65.8

Found: C, 65.77; H, 5.91.

-(t-Butylsulfi ny 1)-2-hydroxyferrocene (28) The anion of 65 mg (0.22 mmol) of 8 was reacted
4m imethyvls lvl\neromde at -40 °C for 10 min, and -20 °C for 1 h (the reaction

= 7

» was extracted with 75 mL

concentrated, and column chromatographed on silica gel using a gradient mixture of petroleum ether an

~Ames cmon 10

diethyl ether as eluant to give 37 mg of 28 (55% yield) as yeliow solids and 12 mg (ns % recovery) of 8.
Compound 28: mp 122-124 °C (dec.); [oc]“D =-136.7° (¢ 0.9, CH,Cl,); 'H NMR (CDCly) §7.75(s,1H
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OH), 4.37 (s, 5 H, Cp'-H), 4.34 (1, J= 1.8 Hz, | H, Cp-H), 3.96 (4, /=1.8 Hz, 2 H, Cp-H), 1.23 (5, 9 H, +-Bu);
*C NMR (CDCl,) & 125.5 (s, C-O, Cp), 71.0 (d, 5 C, Cp"), 65.5 (s, CS, Cp), 62.6 (d, Cp), 61.8 (d, Cp), 59.1
(d, Cp), 56.9 (s, CS), 22.5 (q, 3 C, Me); Anal. Calcd for C;4H (FeO,S: C, 54.91; H, 5.93. Found: C, 54.63;
H, 6.21.

(SR, 18,2R, 1'S)-1-(t-Butylsulfinyl)-2-(a-hydroxybenzyl)ferrocene (23a) and

(SR IS OP I'D ) Sy osn £V28) Tha neinee ~F 106 miz (0.36 mimi

(DI LD, L00, 4 n/-'J -(s-uu;_yuuytrlytj'A‘(u.-n_yur U./LJ/U(ZHA]L/_]KIIULCI[U («34/. 11X anion of 10 mg (u. 101] of
o . PN S U I T "

O Was T m‘u:u withi 93 '..I.L \7/ g, 0. )l IlullUl} Ul ucbmy UIbLlllb‘d bcu&dlu h yd ( ihe dldb‘ﬂ)’(le was (ussoweu in

——

i mL of THF) at -78 °C 10 min. The characteristic orange color of the ferrocenyi anion i1 had disappeared.
The reaction mixture was diluted with 15 mL of brine, extraction with diethyl ether (50 mL) and CH,Cl, (3 x
50 mL), the combined organic extract was dried (MgSQy), concentrated, and column chromatographed on

.

silica gel using a gradient mixture of petroleum ether / diethyl ether as eluant to give 108 mg (75% yield) of a
1:1 mixture of diastereomeric products, 23a and 23b. Since the 'H and '*C NMR spectra of 23a are the same
as those listed in the next experiment, only spectra of 23b are reported here (signals for 23a have been
moved); 23h: IHNMR((‘D(‘H 3744(d, J=79Hz 2H Ph) 739(t J=80Hz 2H Ph) 732(t J=80
1

Hz, H, Ph) 661 (s, 1 H,OH) 562(d, J=85Hz, 1 H CH-OH) 451 (s, 5SH, Cp-H), 448 (s, S H, Cp-H),
4.41(dd,J=2.6,1.5Hz, 1 H, Cp-H), 4.18 (t,/=2.6 Hz, 1 H, Cp-H), 3.50 (dd, J=2.6, 1.5 Hz, 1H, Cp-H),
1.28 (s, 9 H, i-Bu); ”CNIvuq\,uuyo 146.1 (s, 1 C, Ph), 127.9(d, 2 C, Ph), 127.4(d, 1 C, Ph), 127.2 (d, 2

C, Ph), 88.4 (s, Cp), 87.0 (s, Cp), 74.0 (d, Cp), 71.1 (d, Cp), 70.8 (d, 5 C, Cp’), 69.0 (d, Cp), 68.0 (d, C-0),
57.2 (s, C-S), 23.4 (q, 3 C, Me) (the assignment was based on pure 23a obtained from 19).

(SR, 18,2R, 1'S)-1-(t-Butylsulfinyl)-2-(a-hydroxybenzyl)ferrocene (23a). From 19. To a cold (0 °C)
solution of 267 mg (0.902 mmol) of 19 in 15 mL of THF was added 0.35 mL (1.17 mmol) of titanium
tetraisopropoxide The solution was stirred at 0 °C for 30 min, cooled to -78 °C and 0.90 mL (1.8 mmol) of
nvlmagnesium bromide (2 M solution in THF) was added. The resulting solution was warmed to 0 °C over

tion (mnrnfnn:d l-nr TI, F\ the reaction miyture was dilut
on the react ure was guute

LS H 89,41
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of diethyl ether and then twice with CH,Cl, (75 mL and 30 mL). The combined organic extract was dried
(MgSQ,), concentrated, and column chromatographed on silica gel using a gradient mixture of petroleum ether
and diethyl ether as eluent to give 317.9 mg (89% yield) of 23a as a yellow solid; mp. 137 ~ 139 °C; [(1]22D =
-45.3° (¢ 0.8, CH,CL); 'H NMR (CDCl,) & 7.44 (d, J=7.9 Hz, 2 H, Ph), 7.25 (dd, J= 7.3, 7.9 Hz, 2 H, Ph),
7.16 (t,J=7.3 Hz, 1 H, Ph), 6.38 (d, /= 8.5 Hz, 1 H, OH), 5.62 (d, /= 8.5 Hz, 1 H, CH-OH), 4.48 (s, 6 H,
1Cp + unsubstituted Cp'"), 4.41 (t, /=2.4 Hz, 1 H, Cp), 4.37 (dd, J=2.4, 1.5 Hz, 1 H, Cp), 0.87 (s, 9 H, t-Bu);
BC NMR (CDCl,) 8 144.8 (s, Ph), 127.7 (d, Ph), 126.5 (d, Ph), 125.8 (d, Ph), 94.2 (s, Cp), 81.8 (s, Cp), 72.7

(d, Cp), 71.2(d, 5 C, Cp"), 70.9 (d, Cp), 69.8 (d, Cp), 68.9 (d, CH-0), 56.8 (s, CS), 23.1 (q, 3 C, Me). MS m/z

61(\ Found: C.6341-H £11
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Reaction of aldehyde 19 with phenyimagnesium chioride. Formation of 23a and 23b. To a cold {(-78
solution of 16.8 mg (0.053 mmol) of aldehyde 19 in 2 mL of THF was added 29 uL (0.058 mmol) of
phenylmagnesium chloride (2.0 M in THF). After stirring at -78 °C for 1 h, the reaction mixture was diluted
with 25 ml of brine and extracted with diethyl ether (50 mL) and CH,Cl, (3 x 30 mL). The combined organic

o
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layer was dried (MgSO,) and concentrated to give 35 mg of crude yellow oil. '"H NMR analysis of this crude
mixture showed a 4.4:1 diastereomeric mixture of 23a and 23b.

(18, 2R)-1-(t-Butylthio)-2-(hydroxymethyl)ferrocene (18) from the reduction of methyl ester 280.
To a solution of 55 mg (0.166 mmol) of 20 in 4 mL of diethyl ether under argon was added 19 mg (0.497
mmol) of LiAlH, at 0 °C. The solution was stirred at 0 °C for 15 min and then at 25 °C for 4 h, and then

diluted with diethy! ether and water (carefully added). The water layer was extracted twice with diethyl ether
AN AT Y nnd tha cnmhinad athar avtranta wraras vwrachad vrith hedama Aeiad MASCMN Y ammAansmtentad 64 civra AQ enn s
\"’U 1 11.«) U LEN ITHIULIICAL TUHIUE CAUGLLD WUIU wasliCu witll uUl111C, Ullcuyu \1.V150U4}, LCULILTIIU AtTU W SIVC 40 l&
N0/ S 13N 011110
{7070 ¥1€IA4} OI 4ICONOI 10.

(18, 2R)-1-(t-Butylthio)-2-(methoxycarbonyl)ferrocene (29). To a solution of 118 mg (0.34 mmol) of 20 in
10 mL of acetic acid was added 150 mg of activated zinc dust. The suspension was stirred vigorously at 25 °C
for 2 days. The reaction was diluted with methylene chloride, filtered through Celite, concentrated to remove
solvents, diluted with 200 mL of diethyl ether, and washed with 1 N NaOH solution. The aqueous layer was
extracted twice with diethyl ether (75 mL each) and the combined ether layer was dried (MgSO,),
concentrated, and column chromatographed on silica gel using a gradient mixture of petroleum ether and
0

diethvl ether ag eluant to mvp 53me(47% v 1 eld) of s

diethy! ether as el ve 53 mg (4

¢)
. iy amvm

3 ]
i
|

-GN
wh

) <

—~
I ¢}
<O
'Lh
¢
R

6 H
(s, 9 H, tBu) l3CNMR(CDCI,)E') 171.0 (s, C=0), 81.4 (d, Cp), 78.4 (s, Cp), 73.9 (s, Cp), 72.8 (d, Cp), 71 3
(d,5 C,Cp), 71.1 (d, Cp), 51.3 (q, OMe), 46.1 (s, C-S), 30.6 (q, 3 C, Me); MS m/z FAB 332 (M+; 80%), 301,
276 (100%), 245, 216, 152, 121. Anal. Calcd for C,4 H,FeO,S: C, 57.84; H, 6.07. Found: C, 57.97; H,
6.33.

(SR, 18,2R, 1'S)-1-(t-Butylsulfinyl)-2-(1-hydroxy-2-propenyl)ferrocene (22a). From 19. To a cold (0 °C)
solution of 27 mg (0.08 mmol) of 19 in 1.5 mL of THF was added 35 pL (0.12 mmol) of titanium

tetraisopropoxide. The solution was stirred at 0 °C for 30 min, cooled to -78 °C and 0.24 mL (0.24 mmol) of
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3.5 h. Afier compietion of the reaction (monitored by TLC), the reaction mixture was diluted with diethyi
ether and washed with brine and then NaHCO; solution. The aqueous layer was extracted once with 30 mL of
diethyl ether and then twice with CH,Cl, (30 mL each). The combined organic extract was dried (MgSQOy),
concentrated, and column chromatographed on silica gel using a gradient mixture of petroleum ether and
diethyl ether as eluent to give 24 mg (86% yield) of 22a. Optical rotation and spectral data were the same as
those obtained from sulfoxide 8.

solution was stirred at O °C fo

s} AP
< L1V} O
bromide (2 M solution in THF) was added. i

~

he resumng solution was warmed to 0 °C over 3 h. The reaction

'—l

mixture was diluted with diethyl ether and washed with brine and then NaHCO; solution. The aqueous layer
was extracted twice with CH,Cl, (30 mL each). The combined organic extract was dried (MgSQ,),
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concentrated, and column chromatographed on silica gel using petroleum ether and diethyl ether (7:1) as
eluent to give 79 mg (76% yield) of 31; mp. 77 ~ 78 °C; [a]*’p =-83° (¢ 2.2, CH,Cl,); 'H NMR (CDCly) &
5.31(d,J=7 Hz, 1 H, OH), 5.01 (pent, /=7 Hz, 2 Hz, 1 H, CH-O), 4.41 (t, J=2.4 Hz, 1 H, Cp-H), 4.35(s, 5
H, Cp", 4.3 ~ 4.34 (m, 2 H, Cp), 1.47 (d,J =7 Hz, 3 H, Me), 1.23 (s, 9 H, r-Bu); >C NMR (CDCL,) § 94.9 (s,
Cp), 83.2 (s, Cp), 71.3(d, 5 C, Cp"), 69.8 (d, Cp), 69.1 (d, Cp), 68.8 (d, Cp), 65.5 (d, C-0), 57.2 (s, C-S), 24.2
(fa Me) 230 (a 3C Mey: MSm/zFAR 334 (M+\ Anal. Caled for {“ JFeQ.S: C

AM) LVAW Sy dacdel (Vs & vy AVAWSy ATAMS AN & X 4 RAS LT \IVR T ) 1dax. iV AU -Ll TE T IIe Sy

57.49; H, 6.63. Found: C, 57.57; H, 6.45.

(18, 2R)- i -(t-Butyisuifonyij-2-[trans-(2-butenoyijoxymethyijferrocene (32) and
(1S, 2R)-1-(t-butylsulfonyl)-2-[cis-(2-butenoyl)oxymethyl]ferrocene (33). To a cold (-78 °C) solution of 122
mg (0.51 mmol) of 14 in 8 mL of THF was added dropwise 0.32 mL (0.51 mmol) of n-BuLi (1.6 M in
hexanes). The resulting mixture was stirred at -78 °C for 10 min, and 54 pL of distilled crotonyl chloride
(0.56 mmol; a 4:1 mixture of trans and cis) was added. The solution was stirred for 20 min at -78 °C, and 30
min at 0 °C. The reaction mixture was quenched with 50 mL of NaHCO3 and the aqueous layer was extracted

b c 4 =TT T oI AN U haad l
concentrated and coluimn chromatooranhed on silica gel usine a gradient mixture of netrolenm ether and
concentrated and column chromatographed on silica gel using a gragient mixture of petroleum ether and
Asatl thav na aat to owr Q7 may (RAV Y AF frauo_rratanata agtar Y and 21 mao (TAVUN AF Alo_rentnanata actar

Z1 l‘ls \UU Z0) UL 7 Wiy~ uviviiulnailv Lol Ja L 1 1115 \I-T/U} Ul CoTuviviviialy volvi

5 6.95 (dq, J —156 7.0 Hz, 1 H, CH=), 5.79 (dq, J=15.6, 1.8 Hz, 1 H, CH=), 5.34 (d, /= 12.2 Hz, 1 H,
CH,-0), 5.22(d, J=12.2 Hz, 1 H, CH,-0), 4.64 (dd, J=2.4, 1.5 Hz, 1 H, Cp-H), 4.61 (dd,J=2.4,1.5Hz, 1
H, Cp-H), 4.47 (t, /= 2.4 Hz, 1 H, Cp-H), 4.46 (s, 5 H, Cp'-H), 1.87 (dd, /= 7.0, 1.8 Hz, 3 H, CH,), 1.32 (s, 9
H, ¢-Bu); *C NMR (CDCL,) 8 166.0 (s, C=0), 145.0 (d, CH=), 122.4 (d, CH=), 83.8 (s, Cp), 82.1 (s, Cp), 73.8
(d, Cp), 73.4 (d, Cp), 71.5(d, 5 C, Cp"), 70.5 (d, Cp), 59.7 (t, C-0), 59.3 (s, C-S), 23.6 (q, 3 C, #-Bu), 18.0 (q,
CH, \ Anal. Calcd for C,oH,.FeQ,S: C, 56.44; H, 5.98. Found: C, 56.17; H, 6.25. Cis-crotonate ester 33:

195124

[ 5= -13.8° (¢ 0.6, CH,CL,); '"H NMR (CDCl,) 6 6.34 (qd, J=11.6, 7.0 Hz, 1 H, CH=), 5.73 (qd, J=11.6,
1.8Hz, 1 H, CH=), 5.33(d,/=12.5Hz, 1 H,CH,0),5.21(d,J=125Hz, 1 H,CH,0),4.64 (dd, J=2.4, 1.7
I 1LY M ALV LAL T -7 1T 1 M TN AAT(AA T=D7T 2A 10> 1 e TIN A AL fa & T Naat! 1T
Z, 1 1L, WP, 404 \WQQ, v = 4.7, 1.7 01Z, 1 01, UP-11), 4.5/ \QQ, v = 2.7, 2.4 112, L 11, UP-11), 440 5, J 11, LP -11),
A~ w m e - S~ ~ FNT T % s I\I‘YA“\‘.; a TR ’'fataYatl [~ ety 1 A~ m~ s 1 LYY N
2.15(dd, /= 7.0, 1.8 Hz, 1 H, CH,), 1.31 (s, 9 H, +-Bu); "C NMR (CDCl,)  165.9 (s, C=0), 145.7 (d, CH=),

120.2 (d, CH=), 839(3, Cp), 82.1 (s, Cp), 73.7 (d, Cp), 73.3 (d, Cp), 71.5 (d, 5 C, Cp"), 70.5 (d, Cp), 59.4 (t,
C-0), 59.3 (s, C-S), 23.5 (q, 3 C, +-Bu), 15.4 (q, CH,); MS m/z FAB 404 (M+).

(18, 2R)-1-(t-Butylsulfonyl)-2-[(3-butenoyl)oxymethyl]ferrocene (34). To a cold (0 °C) solution of 114 mg
(0.34 mmol) of 14 in 3 mL of CH,Cl, was added 0.2 mL (1.44 mmol) of Et;N and 65 pL (0.68 mmol) of
crotonyl chloride. The resulting solution was stirred at 0 °C for 10 min, and at 25 °C for 15 min. The reaction
mixture was diluted with 50 mL of CH,Cl, and washed with 75 ml of saturated agueous solution anaH(“(L

ALLAAVGLY VoA UL LA Ra%uds Qs WaASLILAL WA /2 22 sgiiiaiill gy

The aqueous layer was extracted twice with diethyl ether (50 mL each). The combined organic extract was

washed with 50 mL of brine, dried (MgS0y,), concentrated, and column chromatogra "pl‘ d on silica gel using a
gradient mixture of petroleum ether and diethyl ether as eluant to give 135 (“8 5 % yield) of 34. [« ]ZZD =
-37.2° (¢ 1.5, CH,ClLy); 'H NMR (CDCl,) 5 5.88 (ddt, /= 16.4, 10.9, 7.0 Hz, 1 H ), 530(d,/=124H

1 H, CH,0), 5.19 (d, /= 12.4 Hz, 1 H, CH,0), 5.15 (dq, /= 16.4, 1.4 Hz, 1 H, c112—), 5.14 (dq, J=10.9, 1
Hz, 1 H, CH,=), 4.64 (dd, J = 2.5, 1.4 Hz, 1 H, Cp-H), 4.59 (dd, /= 2.5, 1.4 Hz, 1 H, Cp-H), 4.48 (1, J=2.5
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Hz, 1 H, Cp-H), 4.45 (s, 5 H, Cp"-H), 3.05 (dt, J = 7.0, 1.4 Hz, 2 H, CH,C=0), 1.31 (s, 9 H, -Bu); *C NMR
(CDCl,) § 170.9 (C=0), 130.0 (d, CH=), 118.6 (t, CH,=), 83.3 (s, Cp), 82.1 (s, Cp), 73.7 (d, Cp), 73.4 (d, Cp),
71.5(d, 5 C, Cp", 70.6 (d, Cp), 60.2 (t, C-0), 59.3 (C-S), 39.1 (t, CH,), 23.5 (q, CH,); MS m/z FAB 404 (M+).

The f‘hllnwmg experiment serves as the general procedure fnr the 1,4-a

oY et LLLLION TE

ferrocenylesters (32, 33, and 42).

(18, 2R)-1-(t-Butylsulfonyl)-2-[(38)-3-methyl-4-pentenoyloxymethyl[ferrocene (35a) and

P
a)
!.
S
S:

oot -~ = r " . o~

(18,2R)-i-(t-butylsuifonyi)-2-{(3R)-3-methyi-4-pentenoyloxymethyl]ferrocene (35b) from 32. Preparation of
bromomagnesium divinylcuprate: A solution of divinylcuprate reagent was prepared by adding 0.18 mL
(0.163 mmol) of vinylmagnesium bromide (1 M in THF) to a -20 °C suspension of 22 mg (0.081 mmol) of
cuprous iodide - dimethylsulfide complex in 4 mL of THF. The black reaction mixture was stirred at -20 °C
for 30 min and was ready for use.

To a -78 °C solution of 15 mg (0.037 mmol) of 32 in 1 mL of THF was added 2 mL of the -20 °C cuprate
solution. The resulting solution was stirred at -78 °C for 10 min, after which time another 2 mL of cuprate

d at -78 °C for 30 min. (The reaction was monitored by
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was quenched with 20 mL of NH,CI/NH,OH (4/1) solution and the resulting two-phase solution was
vigorously stirred at 25 °C for 30 min. The aqueous iayer was exiracted successively with 50 mL of diethyl
ether and twice with CH,Cl, (50 mL each). The combined organic extract was dried (MgSQO,), concentrated,
and column chromatographed on silica gel using a gradient mixture of petroleum ether and diethyl ether as
eluant to give 13 mg (75% yield) of the 1,4-adducts 35 as an inseparable mixture of diastereomers (35a and
35b) in a ratio of 1.8:1 (based on the 'H NMR spectrum of the crude product). [a]’p=-37.0° (c 0.5, CH,CL,);
'HNMR (CDCl;) & 5.74 (ddd, J= 17.2, 10.3, 7.0 Hz, | H, CH=; 35a and 35b), 5.32 (d, J=12.4 Hz, 1 H,
CH,-0; 35a and 35b), 5.15 (d, /= 12.4 Hz, 1 H, CH,-0, 35a and 35b), 5.00 (dt,J=17.2, 1.4 Hz, 1 H, Hp of

CH,=; 35b),4.99 (dt, 1 = 17.2, 1.4 Hz, | H, Hy of CH,=; 352), 4,95 (dt,J=10.3, 1.4, Hz, 1 H, H. of CH;~;

35a), 4.93 (di, /= 10.3, 1.4, Hz, 1 H, H¢ of CH,=; 35b), 4.64 (broad dd, J=2.4, 1.5 Hz, 1 H, Cp-H; 35a and
35b), 4.59 (broad dd, J= 2.4, 1.5 Hz, 1 H, Cp-H; 35a and 35b), 4.47 {t, /= 2.4 Hz, 1 H, Cp-H; 35a and 35b),
4.45 (s, 5 H, Cp'-H; 35a and 35b), 2.65 (heptet-doublet, /= 7.0, 1.4 Hz, 1 H, CH; 35a and 35b), 2.32 (dd, /=

15.0, 7.0 Hz, | H, CH,C=0; 35a and 35b), 2.22 (dd, J= 15.0, 7.0 Hz, 1 H, CH,C=CO; 35a and 35b), 1.31 (s,
9 H, t-Bu; 35a and 35b), 1.03 (d, J= 7.0 Hz, 3 H, CH;; 35a and 35b); ''C NMR (CDCl;) (mixture of two
isomers) & 173.4 (s, C=0), 142.3 (d, CH=), 113.5 (t, CH,=), 82.7 (s, Cp), 82.1 (s, Cp), 73.7 (d, Cp), 73.4 (d,
Cp), 71.6 (d, 5 C, Cp"), 70.7 (d, Cp), 59.9 (t, C-0), 59.3 (s, C-S), 41.2 (t, CH,C=0), 34.3 (d, CH), 25.6 (4, 3 C,
t-Bu), 19.7 (g, CH;); MS m/z FAB 432 (M+).

(18, 2R)-1-(t-Butylsulfonyl)-2-[(3S)-3-methyl-4-pentenoyloxymethylferrocene (35a) and
(18, 2R)- I -(i-butylsulfonyl)-2-[(3R)-3-methyl-4-pentenoyloxymethyl[ferrocene (355) from cis-crotonyl ester 33.
A mixture of 5 mg (0.012 mmol) of ene ester 33 and 4 equiv of bromomagnesium divinylcuprate was allowed
to react at -78°C for 0.5 h, and -50 ~ -45 °C for 1 h. The reaction mixture was quenched with 25 mL of
NH,CI/NH,OH (4/1) solution and the resulting two-phase solution was vigorously stirred at 25 °C for 30 min.
The aqueous layer was extracted successively with 50 mL of diethyl ether and three times with CH,Cl, (25

mL each). The combined organic extract was dried (MgSO,), concentrated, and column chromatographed on
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silica gel using a gradient mixture of petroleum ether and diethyl ether as eluant to give 7 mg (60% yield) of
the 1,4-adducts 35 as an inseparable mixture of diastereomers (35a : 35b) in a ratio of 4:5 (based on the 'H
NMR spectrum of the crude product).

+)-£S)-3-Methvi-4-pentenoic acid 37). To a solution of 75 me (0,171 o) of ecter 38a and 38h (1 R:1)
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in 2 mL of THF was added 0.7 mL of 0.46 M KOH (0.31 mmol). The reaction mixture was monitored by
TLC [eluant: petroleum ether/diethyl ether (1/2)]. Additions of 2 mL of THF and 2.4 mL of 0.46 M KOH

were added in small amounts periodically over 72 h. After 95 h, the reaction was compiete. The mixture was
diluted with 75 mL of H,0 and extracted with 100 mL of diethyl ether. The aqueous layer was washed twice
with diethyl ether (50 mL each) and the combined organic layers (200 mL) were washed with 25 mL of 1 M
NaOH. The combined aqueous layer was acidified to pH ~ 3 with 1 N HCI and extracted three times with
CH,Cl, (50 mL each). The combined extract was dried (MgSQy,), concentrated by distillation of CH,Cl,
under normal pressure, and purified by silica gel column chromatography using a gradient mixture of

petroleum ether and diethyl ether as eluant to give 11.4 mg (60% yield) of desired product (5)-37. [a ]:"Z
+12.6° (¢ 0.9, CHCL); 'H NMR (CDClL3) 6 5.79 (ddd, /=17.4,10.4,7.0Hz, 1 H, CH=),4.99(d,/=17.4 Hz,
1 H, CH,=), 4.93 (d, /= 10.4 Hz, 1 H, CH,=), 2.73 (heptet, J=7.0 Hz, 1 H, CH), 2.44 (dd,J =16.2, 70Hz, 1
H, CH,(=0), 2.33 (dd, /= 16.2, 7.0 Hz, 1 H, CH,C=0), 1.01 (d, /= 7.0 Hz, 3 H, CH,); 3C NMR (CDCiy) 6
165.5 (s, C=0), 142.1 (d, CH=), 113.6 (t, CH,=), 41.0 (d, CH), 34.1 (t, CH,), 19.7 (q, CH,)

(¥)-Methyl 3-methyl-4-pentenoate (38). To a cold (-20 °C) suspension of 5.220 g (20.67 mmol) of cuprous
iodide - dimethyl sulfide complex in 50 mL of diethyl ether was added 41.30 mL (20.65 mmol) of a 1.0 M
solution of vinylmagnesium bromide in THF. Afier 10 minutes, S0 mL of dimethyl sulfide were added. The
resulting black suspension was stirred at -20 °C for 30 min and used as such. To a cold (-50 °C) solution of
1.80 mL (1.700g, 0.017 mol) of methyl crotonate in 20 mL of THF was added a cold (-10 °C) solution of th

€
above cuprate reagent. The resulting solution was allowed to reach -10 °C over 45 min, and was stirred at this
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wa at 25 °C for 45 min, after which time 200 mL of diethyl ether was added.
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After separation of the two layers, the biue aqueous layer was extracted with 300 mL of diethyl ether and 100
mL of CH,Cl,. The combined organic extract was dried (MgSQ,), concentrated by distillation of the solvent
at atmospheric pressure, and column chromatographed on silica gel using a gradient mixture of petroleum
ether / diethyl ether as eluant to give 1.279 g (59% yield) of 38 as a colorless oil and 0.272 g (16% recovery)
of methyl crotonate. Compound 38:** 'H NMR (CDCl,) 8 5.77 (ddd, J = 17.2, 10.4, 7.0 Hz, 1 H, CH=), 5.02
(dt,J=17.2,1.4 Hz, 1 H, CH,=), 4.95 (dt, /= 10.4, 1.4 Hz, 1 H, CH,=), 3.66 (s, 3 H, MeO), 2.68 (heptet, J =
70Hz 1H CH),zsﬁ, (dd, J=15.0, 7.0 Hz, 1 H, CH,C=0), 2.26 (dd, /= 15.0, 7.0 Hz, 1 H, CH,C=0), 1.05
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Racemic 3-methyl-4-pentenoic acid. To a solution of 185 mg (1.44 mmol) of methyl
3-methyl-4-pentenoate (38) in 3 mL of THF was added 3 mL (4.5 mmol) of a 1.5 M aqueous solution of KOH.
After stirring at 25 °C for 65 h, 55 °C for 12 h, the reaction was then diluted with 50 mL of diethyl ether. The
mixture was transferred to a separatory funnel, and was washed with 50 mL of 4 N NaOH. The aqueous layer

was extracted with 25 mL of diethyl ether. The combined etner extract was washed with 10 mL of 4 N NaOH.
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The combined aqueous layer was acidified to pH~3 with 4 N HCI, and were then extracted three times with
CH,Cl, (50 mL and 2 x 20 mL). The combined organic extract was dried (MgSO,) and concentrated by
distillation of the solvent at atmospheric pressure to give 147 mg (89% yield) of the acid. 'H NMR (CDClL) 6
5.79 (ddd, J=17.4,104,7.0Hz, 1 H,CH=),4.99(d, /=174 Hz, 1 H, CH,=~),4.93 (d,J=104Hz, 1 H,
CH,=), 2.73 (heptet, J=7.0Hz, 1 H, CH), 2.44 (dd, /= 16.2, 7.0 Hz, 1 H, CH,C=0), 2.33 (dd, /=16.2, 7.0
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A 1:1 mixiure of 35a and 356. To a solution of 53 mg (0.16 mmotl) of suifone i4 in 2.5 mL of CH,Cl, was
added 486 mg (2.35 mmol) of DCC, along with 75 pL (54 mg; 0.54 mmoti) of Et;N and a solution of 50 mg
{0.44 mmol) of racemic 3-methyl-4-pentenoic acid in 1.5 mL of CH,Cl,. The resulting solution was stirred at
25°C for 15 h. A totdl of 20 mL of brine was added and the mixture was extracted three times with CH,Cl,
(50 mL each). The combined organic extract was dried (MgSQO,) and concentrated to give 72 mg of crude
product, the '"H NMR spectrum of which revealed two distinct sets of signals (in a 1:1 ratio) for 35a and 35b.

(18,2R)-1-(t-Butylsulfonyl)-2-[(3S-(cyclohex- 1 -enyl)-butanoyl)oxymethyl]ferrocene (39a) and
(18, 2R)-1-(t-butylsulfonyl)-2- [(3R-(cyclohex-1-enyl))-butanoyloxymethyl]ferrocene (39b). Preparation of
lithium dicyclohexenylcuprate: To a cold (-78 °C) solution of 200 mg (1.24 mmol) of labramecyclohexene in
3 of diethyl ether was added 1.5 mL (2.48 mmol) of +-BuLi (1.7 M in pentane). The solution was stirred at

-78 °C for 1 h and then added via cannuia to a -30 °C suspension of 150 mg (0.60 mmol) of cuprous
iodide-dimethyl sulfide complex in 1.5 mL of diethyl ether. After 10 min of stirring at -30 °C, 3 ml of
dimethy! sulfide was added and the resulting solution was stirred for another 30 min at -30 °C and then cooled
to -50 °C prior to use.

To a-78 °C solution of 29 mg (0.072 mmol) of ester 32 in 1 mL of diethyl ether was added 3 mL (3 equiv)
of the above cuprate solution (-50 °C). The resulting mixture was stirred at -78 °C for 1 h, after which time
100 mL of a 4/1 mixture of NH,Cl and NH4,OH was added. The solution was warmed to 25 °C and stirred for

30 min. The blue aqueous layer was extracted successively with 100 mL of diethyl ether and 50 mL of
b T SRS P R | PAPUU - . g e S o A ad IMMASCQMN Y cmvi bt ad aead o liian o
meinyliene ciora THC COIMMDINCA UITgallc e€xtract was ariea VIO, ), COLIL fitiat u, 10U COIULIL
Fad A |

chromatographed on silica gel using a gradient mixture of petroleum ether and diethyl ether as eluant to give
27 mg (77% yield) of the 1,4-adducts 39 as an inseparable mixture of diastereomers 39a : 39b in a ratio 3:2
(based on the 'HNMR spectrum of the crude product) along with 1 mg (3% recovery) of 32. Compounds 39:
[a]?p= -34.0° (c 1.2, CH,Cl,); 'H NMR (CDCL,) & 5.41 (broad t, J= 3.7 Hz, 1 H, CH=; 39b), 5.38 (broad t, J
=3.7Hz, 1 H, CH=; 39a),5.34(d,/J=12.4Hz, 1 H, CH,0; 39b), 5.33 (d, /= 12.4 Hz, 1 H, CH,0; 39a), 5.12
(d,J=12.4 Hz, 1 H, CH,0; 39a and 39b), 4.63 (dd, J=2.5, 1.6 Hz, 1 H, Cp-H; 39a and 39b), 4.58 (dd, J =
2.5,1.6 Hz, 1 H, Cp-H; 39a and 39b), 4.46 (t, /= 2.5 Hz, 1 H, Cp-H; 39a and 39b), 4.45 (s, 5 H, Cp'-H; 39a
and 39b), 2.50 (sextet, J= 7.4 Hz, 1 H, CH; 39a and 39b), 2.40 (dd, J = 14.5, 7.4 Hz, 1 H, CH,C=0; 39b),
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2.39(dd, J=14.5, 7.4 Hz, 1 H, CH,C=0; 39a), 2.20 (dd J=14.5,7.4 Hz, 1 H, CH,C=0; 39a and 39b), 1.95
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C=0; 39a), 140 4 (s, C=; 39a), 120.7 (d, CH— 39a), 83.8 (s, Cp; 39a), 82.0 (s, Cp; 39a), 73.7 (d,
73.7 (d, Cp; 39a), 71.5 (d, 5 C, Cp'; 39a), 70.5 (d, Cp; 39a), 59.6 (4, C-O, 39a), 59.3 (s, C-S; 39a), 40.4 (t,
CH,C=; 39a), 37.9 (t, CH,C=; 39a), 25.5 (t, CH,; 39a), 25.1 (t, CH,; 39a), 23.5 (q, 3 C, #-Bu; 39a), 22.9 (1,
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"Hs; 39a); MS m/z FAB 486 (M+). Anai. Caicd for C,sH3,Fe0,S:

(18, 2R)-1-(t-Butylsulfonyl)-2-[(3S)-3-methylheptanoyloxymethyl]ferrocene (40a) and
(18,2R)-1-(t-butylsulfonyl)-2-[(3R)-3-methylheptanoyloxymethyl]ferrocene (40b). Preparation of the cuprate
reagent: To a -40 °C suspension of 120 mg (0.47 mmol) of cuprous iodide-dimethyl sulfide complex in 1.2
mL of diethyl ether was added 0.6 mL (0.95 mmol) of n-BuLi (1.6 M in hexanes). After stirring for 10 min at

-40 °C, 2 mL of dimethyl sulfide was added, and the resulting solution was stirred at -35 °C for 30 min
To a -78 °C solution of 28 mg (0.07 mmol) of ester 32 in 1 mL of ether was added 1.9 mL (3 equiv) of the
above cuprate solution. Afier the resulting solution was stirred at -78 °C for 1 h and -50 °C for 3 h, 100 mL of

a 4/1 mixture of saturated aqueous NH,Ci/NH,OH soiutions was added. The mixture was aliowed to reach 25

[=%
wn
<

°C and was stirred for 30 min. The blue aqueous layer was extracted successively with 100 mL of ether and
mlL of methylene chloride. The combined organic layer was dried (MgSO,), concentrated, and column
chromatographed on silica gel using a gradient mixture of petroleum ether and diethyl ether as eluant to give
24 mg (75% yield) of the 1,4-adducts 40 as an inseparable mixture of diastereomers 40a and 40b in a ratio of
2:1 (based on the 'H NMR spectrum of the crude product), 3 mg (10% recovery) of 32, and 2 mg of sulfone
14. Compound 40; [a]?p=-29.7° (¢ 1.0, CH,Cl,); 'H NMR (CDCl,) 8 5.32 (d, J= 12.3 Hz, 1 H, CH,0;

major isomer 402), 5.31 (d, /= 12.3 Hz, 1 H, CH,0; minor isomer 40b), 5.15(d, /=123 Hz, | H, CH,0),
5.14(d, /=123 Hz, L H,CH,0; 40a), 4.63 (dd, /=27, 1.6 Hz, 1 H, Cp-H; 40a and 40b), 4.59 (dd, J=2.7,
T £T1X r Y. Nn_ .1 AN\ A A77 /. T Y 71T, 1 IT M IT. A ] AOLN A AL 7. & LY M1 AN

1. ; 40m and 4Up), 4.47 (I, /= 2.7 0z, 1 O, Up-1; 4Va ana 4uv), 4.45 (8,5, Up -H; 40a and

=14.6, 6.5 Hz, 1 H, CH,C=0; 40b), 2.26 (dd, J = 14.6, 6.5 Hz, 1 H, CH,C=0; 40a), 2.06
(dd, J= 14.6, 6.5 Hz, 1 H, CH,C=0; 40a), 2.05 (dd, J = 14.6, 6.5 Hz, 1 H, CH,C=0; 40b), 1.91 (octet, J = 6.5
Hz, 1 H, CH; 40a and 40b), 1.31 (s, 9 H, 7-Bu; 40a and 40b), 1.29-1.15 (series of multiplets, 6 H, 3 CH,; 40a
and 40b), 0.90 (d, J = 6.5 Hz, 3 H, CH;; 40a and 40b), 0.87 (t, J= 6.5 Hz, CH;; 40a and 40b); '°C NMR
(CDCl,) 8 172.9 (s, C=0), 83.8 (s, Cp), 82.1 (s, Cp), 73.7 (d, Cp), 73.4 (d, Cp), 71.5 (d, 5 C, Cp"), 70.2 (4,
Cp), 59.7 (t, C-0), 59.3 (s, C-S), 419 (t, CH,C=O for 40a), 41.8 (1, CH,C=O for 40b), 36.4 (d, CH), 30.3 (t,
CH,), 29.1 (t, CH,), 23.5 {n 3 C, t-Bu), 22.8 (1, CH,), 19.7 (q, CH,), 14.0(q, CH,).
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S,2R)-1-(t-butylsulfonyl)-2-{(3R-t-butylj-bu

{
anoytoxymemyt]ferro cene (41b). Preparafion o
reagent: To a-30 °C suspension of 138 mg (0.55 mmol) of cuprous iodide-dimethyi suifide complex in 1.3
mL of diethyl ether was added 0.65 mL (1.10 mmol) of +-BuLi (1.7 M in pentane). After stirring at -30 °C for
10 min, 2 mL of dimethyl sulfide was added and the resulting mixture was stirred at -30 °C for 30 min.
To a -78 °C solution of 26 mg (0.064 mmol) of ester 32 in 1 mL of diethyl ether was added 1.4 mL (3
equiv) of the above cuprate solution (-30 °C). The reaction mixture was stirred at -78 °C for 1.5 h, allowed to

reach -40 °C, stirred from -40 to -20 °C over 1 h, and stirred at -20 °C for 30 min. A total of 100 mL of

aqueous solution of NH,CI/NH,OH (4:1) was added at -20 °C. Thes olution was allowed to reach 25 °C and
was stirred for 30 m" The blue aqueous layer was extracted successively with 100 mL of diethyl ether and

twice with methylene chloride (25 mL each). The combined organic extract was dried (MgSO,), concentrated,

1

s m b

and coiumn cnromatograpneu on silica gel using a graalem mixture of petroleum ether and diethyl ether as

T
eluant to give 30 mg (100% yield) of 1,4-adducts 41 as an inseparable mixture of two diastereomers (41a an

O
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41b)in a 5.2:1 ratio. 'H NMR (CDCLy) 8 5.33 (d, /= 12.4 Hz, 1 H, CH,0; major isomer 41a), 5,31 (d, J =
12.4 Hz, 1 H, CH,O; 41b), 5.16 (d, J= 12.4 Hz, 1 H, CH,-O; 41b), 5.14 (d, J = 12.4 Hz, 1 H, CH,-O; 41a),
4.64 (dd, J= 2.6, 1.5 Hz, 1 H, Cp-H; 41a and 41b), 4.59 (dd, J= 2.6, 1.5 Hz, 1H, Cp-H; 41a and 41b), 4.48
(t,J=2.6 Hz, 1 H, Cp-H; 41a and 41b), 4.45 (s, S H, Cp'-H; 41a and 41b), 2.44 (dd, /= 14.4,3.2 Hz, 1 H,
CH,C=0; 41a and 41b), 1.91 (dd, J= 14.4, 10.8 Hz, 1 H, CH,C=0; 41b), 1.90 (dd, J = 14.4, 10.8 Hz, 1 H,
CH,C=0; 41a), 1.77 (dqd, J = 10.8, 6.7, 3.2 Hz, 1 H, CH; 41a and 41b), 1.32 (s, 9 H, #-Bu; 41a and 41b), 0.85

(d,J=6.7 Hz, 3 H, CH,; 412 and 41b); °C NMR (CDCl;) 5 174.0 (s, C=0), 83.9 (s, Cp), 82.2 (s, Cp}, 73.9
(d, Cp), 73.6 (d, Cp), 71.7 (d, 5 C, Cp"), 70.8 (d, Cp), 60.0 (i, C-0), 55.5 (s, CS), 40.2 {t, CH,), 37.7 (d, CH),
32.9 (s, CMe3), 27.3 (g, 3 C, Me), 23.8 (g, 3 C, Me), 15.2 (g, Me); MS m/z FAB 462 (M+). Anal. Calcd for
CpHyFeO,S: C, 59.74; H, 7.41. Found: C, 59.58; H, 7.57.

(18,2R)-1-(t-Butylsulfonyl)-2-[trans-(3-phenyl-2-propenoyl)oxymethyl]ferrocene (42). To a cold (0 °C)
solution of 120 mg (0.36 mmol) of alcohol 14 in 2 mL of CH,Cl, was added 0.2 mL (1.44 mmol) of Et;N and
a solution of 119 mg (0.72 mmol) of trans-cinnamoyl chloride in 2 mL of CH,Cl, via cannula. The resulting
solution was stirred at 0 °C for 10 min, then at 25 °C for 48 h. The reaction mixture was washed with 10 mL
of saturated a aqueous solution of NaHCQ, and extracted twice with CH,Cl, (50 mL Pagh\ The combined

MRS SUasealie RPa 2 ARG SR BRGNS S AR AL YA CTAY D2

organic layer was washed with brine (10 mL), dried (MgS0O,), concentrated, and column chromatographed
,. ~lazaean

silic g { using a gradient mixture o 'p oleum ether and diethy! ether as eluant to give 91 mg (54% yield) of
ester 42 as yellow solids, along with 29 mg (24 % recovery) of starting alcohol 14. Ester 42: mp 185-187 °C;

[a]’zn— -68.8° (¢ 1.55, CH,Cl,); 'HNMR (CDCL,) 8 7.66 (d, J = 16.0 Hz, 1 H, CH=), 7.50 (m, 2 H, Ph), 7.38
(m, 3 H, Ph), 6.37 (d, J= 16.0 Hz, 1 H, CH=), 5.41 (d, J=12.3 Hz, 1 H, CH,0), 5.32 (d,J=12.3 Hz, 1 H,
CH,0), 4.67 (d, J=2.4 Hz, 1 H, Cp-H), 4.66 (d,J = 2.4 Hz, 1 H, Cp-H), 4.50 (t, /= 2.4 Hz, 1 H, Cp-H), 4.48
(s, 5 H, Cp'-H), 1.34 (s, 9 H, -Bu); '>C NMR (CDCl,) & 166.4 (s, C=0), 145.1 (d, CH=), 134.2 (s, Ph), 130.4
(d, CH=), 128.9 (d, 2 C, Ph), 128.0 (d, 2 C, Ph), 117.7 (d, Ph), 83.7 (s, Cp), 82.2 (s, Cp), 73.9 (d, Cp), 73.4 (d,

Cp), 71.6 (4, 5 C, Cp", 70.6 (d, Cp). 60.1 (t, C-O), 59.3 (s, C-S), 23.6 (q, 3 C, -Bu); MS m/z FAB 466 (M+).
Anal. Calcd for C,;H,,FeQ,S: C, 61.81; H, 5.62. Found: C, 61.56; H, 5.73.

(18,2R)-1-(t-Butylsulfonyl)-2-[(35—(cyclohex-1-enyl)-3-phenylpropanoyl)oxymethyl]ferrocene (43a) and
(18, 2R)- 1-(t-butylsulfonyl)-2-[(3R—(cyclohex-1-enyl)-3-phenyl propanoyl)oxymethyl]ferrocene (43b).
Preparation of the cuprate reagent: To a cold (-78 °C) solution of 275 mg (1.71 mmol) of
1-bromocyclohexene in 3.2 mL of THF was added 2.0 mL (5.42 mmol) of ¢-BuLi (1.7 M in pentane). The
resulting solution was stirred at -78 °C for 1 h, then transferred via cannula into a cold (-30 °C) suspension of
205 mg (0.81 mmol) of cuprous iodide - dimethyl sulfide complex in 2 mL of diethyl ether. After stirring for
10 min at -30 °C, 7 mL of dimethyl sulfide was added to the greenish brown solution. The reaction mixture
was stirred at -30 °C for 30 min and was used as such.
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mixture was quenched with 100 ml of a 4/1 mixture of aqueous NH,C1/NH,OH solutions and stirred at 25 °C

for 30 min. After extraction with diethyl ether (100 mL) and CH,Cl, (50 mL), the combined organic layer was
dried (MgS0,) and concentrated to give 48 mg of crude product as a yellow oil. 'H NMR analysis of this
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crude mixture revealed a 1:1 mixture of 43a and 43b. Column chromatographic separation using a gradient
mixture of hexane and ether as eluant gave 29 mg (95% yield) of 43a and 43b. The NMR chemical shift
assignment is arbitrary. 'H NMR (CDCl,) 8 7.28-7.12 (m, 10 H, Ph-H), 5.57 (broad s, 2 x 1 H, 2 x CH=),
5.30 (d, J=12.0 Hz, 1 H, CH,0 of 43a), 5.28 (d, /= 12.0 Hz, 1 H, CH,0 0f43b), 5.07 (d,/=12.0 Hz, 1 H,
CH,0 of 43a), 5.06 (d, /= 12.0 Hz, 1 H, CH,0 of 43b), 4.60 (m, overlap, 2 H, 2 Cp-H), 4.45 (m, overlap, 2
H, 2 Cp-H), 4.42 (s, 5 H, Cp-H of 43a), 4.41 (s, 5 H, Cp'-H 0f 43b), 4.38 (m, overlap, 2 H, 2 Cp-H), 3.68 (t,J

=R0Hz 1TH CHf42a) 366t J=85Hz 1 C nf'd‘«lh\ 279(d4. J=15.0.80Hz. 1 H CHCO of
UV X2y & K1y Wil UL FIRJy o UV vy & Seod ARy & Lky AL VLI SOR) My v A\YPRACIAV S S VA U & VUL % 8 L A WV 29
43a), 2.78 {dd, J=15.0, 8.0 Hz, 1 H, CHCO 0f 43b), 2.65 (dd, /=15.0, 8.0 Hz, 1 H, CHCO of 43a), 2.61 {dd,
e e n oo e T £ A AANA A oTT T PN oTr T 13,.,“,.\,,.,....-.”.
J=130,80Hz, 1 H,CHLUO0143D), £.LU-2.1U (M, 5 H,LH, C=),1.28 (s, 18 H, l-bu) (LDCI3) 0

172.3, 172.2 (s, C=0), 142.8 (s, C=), 138.9 (s, Ph), 128.54, 128.50 (d, 2 C, Ph), 127.9, 127.8 (d, 2 C, Ph),
126.7 (d, CH=), 121.8 (d, Ph), 83.9, 83.8 (s, Cp), 82.0, 81.96 (s, Cp), 74.0, 73.7 (d, Cp), 73.4 (d, Cp), 71.7,
71.7 (d, 5 C, Cp"), 70.7 (d, Cp), 59.9, 59.9 (t, C-O), 59.4 (s, CS), 48.8 (d, CH), 39.2, 39.1 (1), 27.44, 27.40 (1),
25.4 (1), 23.7 (g, 3 C, t-Bu), 23.0, 22.6 (t), 19.3 (). MS m/z FAB 548 (M+). Anal. Calcd for C3yHssFeO,S:
C, 65.69; H, 6.62. Found: C, 65.41; H, 6.89.
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of sulfoxide 23a in
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resu u.mg solution was stirred at 30 °C for 20 min, diluted with 1 ¥ NaQ

llLL;} ald

extracted with diethyi ether (50 mL) and twice with CH,Ci, (30 mL each). The combined organic extract was

l

dried (MgSO,), concentrated, and column chromatographed on silica gel using a gradient mixture of
petroleum ether / diethyl ether as eluant to give 28 mg (100% yield) of sulfone 44A as a yellow oil. [a]?p=
+101.6 (c 0.8, CH,Cl,); 'H NMR (CDCl,) & 7.51 (d, J=7.3 Hz, 2 H, Ph-H), 7.34 (t, J = 7.3 Hz, 2 H, Ph-H),
7.25(t,J=7.3Hz, 1 H, Ph-H), 5.84 (d, /= 7.3 Hz, 1 H, OH), 4.59 (dd, J=2.1, 1.9 Hz, 1 H, Cp-H), 4.51 (dd,
J=2.1,1.9Hz, 1 H, Cp-H), 4.48 (t,/=2.1 Hz, 1 H, Cp-H), 4.35 (s, S H, Cp'-H), 4.01 (d, /=73 Hz, 1 H,
CH), 1.32 (s, 9 H, -Bu); BC NMR (CDCl, ;) 8 144.0 (s, Ph), 128.1 (d, Ph), 127.3 (d, Ph), 126.3 (d, Ph), 94.2

AN

, Cp), 81. , ,72.7(d, Cp), 72.7 (d, Cn\ 71.9(d, 5 C, Cp"), 70.7 (d, Fn\ 70.0 (d, C-0), 60.2 (s, C-S),
23.6 (q, +-Bu); MS m/z FAB 412 (M+)

(18, 2R, 1'S)-1-(t-Butylsulfonyl)-2-[a-(2-propenoyl)oxybenzyl]ferrocene (44). To a cold (-78 °C) solution
of 140 mg (0.34 mmol) of sulfone 44A in 4 mL of THF was added 0.23 mL (0.37 mmol) of #-BuLi (1.6 M in
hexanes). The resulting solution was stirred at this temperature for 15 minutes and 33pL of freshly distilled
acryloyl chloride was added. The resulting mixture was stirred at -78°C for 20 min, allowed to reach 0 °C,
and stirred at 0 °C for 30 min. The reaction mixture was diluted with 10 mL of brine and extracted with
diethyl ether (30 mL) and three times with CH,Cl, (30 mL each). The combined organic extract was dried
(MgS0O,), concentrated, and column chromatographed on silica gel using a gradient mixture of petroleum ether

Ph), 7.43 (t, J= 7.3 Hz, 2 H, Ph), 7. 3 .

1 H, CH,=), 6.02 (dd, J=17.4, 10.4 Hz, 1 H, CH=), 5.74 (dd, J= 10.4, 1.
1.7Hz, 1 H, Cp-H), 4.60 (dd, J=2.7, 1.5 Hz, 1 H, Cp), 4.52 (t, /= 2.7 Hz, | H, Cp), 4.06 (s, 5 H, Cp-H),
1.31 (s, 9 H, t-Bu); *C NMR (CDCly) 8 164.4 (s, C=0), 141.1 (s, Ph), 131.0 (t, CH,=), 128.2 (d, 2 C, Ph),
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128.2 (d), 128.1 (d), 127.2 (d, 2 C, Ph), 89.1 (s, Cp), 81.4 (s, Cp), 72.6 (d, Cp), 72.6 (d, Cp), 72.0(d, 5 C, Cp"),
72.0 (d, Cp), 70.8 (d, C-0), 59.5 (s, C-8), 23.4 (q, 3 C, -Bu); MS m/z FAB 466 (M+). Anal. Caled for
C,4H,sFeO,S: C, 61.81; H, 5.62. Found: C, 61.75; H, 5.89.

(18,2R, 1'S)-1-(t-Butylsulfonyl)-2-(5'-0xo-1"-phenyl-3"-pentenyl)ferrocene (45). solution of 17 m

\
»

of sulfone 44, 8 mg (0.072 mmol) of 1-acetoxy-1,3-butadiene, and 4 mg (0.

ft Alrama x atiread at I8 O yantil TT (O nem reie invdinatad that tha +an

N\ & saaT xrnc anmnluaie Aian ~
V.o Mo UIlUuCLHIU wad DUIIUU at &4J o Uil L1AL allalyold 1uu1ba Tl Uial uic | o
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reaction mixture was diluted with diethyl ether (10 mL) and washed with 10 mL of brine. The aqueous layer
was extracted twice with CH,Cl, (30 mL each). The combined organic layer was dried (MgSO,),
concentrated, and column chromatographed on silica gel using a gradient mixture of petroleum ether/ diethyl
ether as eluant to give 11 mg (65% yield) of aldehyde 45. [a]**,=-5° (c 0.1, CH,Cl,); '"H NMR (CDCly) &
9.30 (d, J=17.9 Hz, 1 H, CHO), 7.55 (d, /= 7.5 Hz, 2 H, Ph), 7.43 (t, J=7.5 Hz, 2 H, Ph), 7.31 (t, /= 7.5 Hz,
1 H, Ph), 6.46 [ddd, J = 15.5 (indicating trans-C=C), 8.2, 6.7 Hz, 1 H, CH=], 5.94 [dd, J = 15.5 (indicating
trans-C=C), 7.9 Hz, 1 H, CH=], 4.54 (dd, /=2.7, 1.5 Hz, 1 H, Cp-H), 4.51 (dd, /= 2.7, 1.5 Hz, 1 H, Cp-H),

446 (t,J=2.7Hz, 1 H,Cp), 4.30(dd, J=12.0,3.4 Hz, | H, CH-Ph), 3.84 (s, 5 H, Cp'-H), 2.97 (ddd, /= 16.0,

11,

12.0, 6.7 Hz, 1 H, CH,C=), 2.63 (ddd, J = 16.0, 8.2, 3.4 Hz, 1 H, CH,C=), 1.38 (s, 9 H, -Bu); >C NMR

(CDCl;) & 193.8 (d, CHQO), 155.2 (d, CH=), 144.6 (s, Ph), 133.8 (d, CH=), 128.6 (d, 2 C, Ph), 128.4 (d, 2 C,
Ph), 127.2 (d, 1 C, Ph), 973 (5, Cp), 94.1 (5, Cp), 71.7 (d, 5 C, Cp), 70.7 (d, Cp), 699 (, Cp), 69.4 (d, Cp),
59.4 (s, C-S), 41.8 (d, CH), 40.1 (t, CH,), 23.7 (q, 3 C, t-Bu); MS m/z FAB 464 (M+). Anal. Calcd for
CstngCOgS C 64. 66 H 6.08. Found: C, 64 38, H, 6.29
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