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Experimental Section

A typical procedure for the reaction of 1 with benzaldehyde: To a
suspension of [Cp,ZrHCI] (507 mg, 2.0 mmol) in CH,Cl, (8 mL) was added
1-octene (0.62 mL, 4.0 mmol), and the resulting mixture was stirred for
30 min at ambient temperature. After the mixture had been stirred under
an atmosphere of CO for 2 h, benzaldehyde (0.10 mL, 1.0 mmol) and BF;-
OEt, (0.24 mL, 2.0 mmol) were added at —20°C, and the mixture was
stirred at 0°C for 1h. The reaction mixture was treated with aqueous
NaHCO; and extracted with ether (3 x 15 mL). The combined ethereal
extracts were washed with saturated sodium chloride solution, dried over
MgSO,, and concentrated under reduced pressure to give a crude oil, which
was purified by flash column chromatography (silica gel, hexane:EtOAc =
20:1 —15:1 —10:1) to give 1-hydroxy-1-phenyl-2-decanone (193 mg, 79 % ).
Spectroscopic data for 1-hydroxy-1-phenyl-2-decanone: mp 33.3-35.5°C;
'H NMR (400 MHz, CDCL,): 6 =0.84—0.88 (3H, m), 1.15-1.28 (10H, m),
1.43-1.55 (2H, m), 2.29 (1H, ddd, J =6.9, 7.9, 16.8 Hz), 2.37 (1H, ddd, /=
6.5, 8.2, 16.8 Hz), 4.35 (1H, d, J=4.2 Hz), 5.08 (1H, d, /=42 Hz), 7.30-
740 (5H, m); *C NMR (100.6 MHz, CDCl;); 6 =14.0, 22.5, 23.6, 28.87,
28.94, 29.1, 31.7, 37.7, 79.6, 1274, 128.6, 128.9, 138.1; IR (KBr) v =3431
(broad), 2917, 1716 cm™!; EIMS m/z 248 [M*]. Analysis calcd for C;sH,,0,:
C 77.38, H 9.74; found: C 77.14, H 9.57.
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Highly Enantioselective One-Pot Synthesis of
Chiral Tri- and Tetrasubstituted Ferrocenes
from 1,1'-Ferrocenedicarbaldehyde™**

Gabriel Iftime, Jean-Claude Daran, Eric Manoury,*
Gilbert G. A. Balavoine*

Owing to the increasing involvement of ferrocene deriva-
tives in various fields!! such as asymmetric synthesis and
catalysis®?! and materials chemistry (especially for nonlinear
optics),B! new methods for obtaining pure enantiomers of
substituted ferrocenes with planar chirality are of current
interest. Several efficient syntheses of chiral disubstituted
ferrocenes are based on diastereoselective lithiation of
ferrocenyl derivatives in the position ortho to substitutuents
that exhibit asymmetric induction, such as tertiary amines,
acetals,l sulfoxides,®! and oxazolines.l”) Recently, enantiose-
lective ortho lithiation of nonchiral monosubstituted ferro-
cenes (direct synthesis)® with chiral tertiary amines as
auxiliaries was reporeted. This led to disubstituted ferrocenes
with enantioselectivities of up to 99 % ee.[**! The enantiose-
lective synthesis of C,-symmetric tetrasubstituted ferrocene
derivatives with planar chirality has so far received little
attention, and all the reported methods followed the diaster-
eoselective ortho lithiation strategy.l”)y However, C,-symmetric
tetrasubstituted ferrocenes are important starting materials
for the design of chiral ligands that have given enantiomeric
excesses of up to 99 % in asymmetric syntheses.['"]

In 1981 Comins and Brown described a straightforward
method in which the addition of a lithium amide to an
aromatic aldehyde produced an aminal anion as a temporary
protecting/directing group for ortho metalation.'!! Recently,
Alexakis et al.l”l reported the enantioselective ortho lithia-
tion of a benzaldehyde complex of tricarbonylchromium by
applying the same strategy with chiral amides. We described a
new method for the synthesis of 1,1'-disubstituted ferrocenes
by a one-pot procedure based on the addition of the lithium
salt of N-methylpiperazine to ferrocenecarbaldehyde. This
produced an aminoaminal anion that protects the formyl
group of one ring while its amino group directs the deproto-
nation in the other ring.!*!

Here we report an extension of this procedure to the
enantioselective synthesis of C,-symmetric tetrasubstituted
ferrocenes 5 from 1,1’-ferrocenedicarbaldehyde (1) by means
of the lithium salt of (§)-(+)-1-(2-pyrrolidinylmethyl)pyrroli-
dine (2; Scheme 1). Treatment of the diaminal dianion 3 with
BuLi (1.5 equiv) at —78°C followed by reaction with the
electrophile trimethylsilyl chloride afforded (R)-4, which after
hydrolysis and purification by flash chromatography was
obtained in 29 % yield with an enantiomeric excess!'¥) of 96 %
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monolithiated intermediate is obtained

SiMe; SiMes
CH,0H CHO CHO initially, as in entry 1) gave similar results.
Fe - Fe + Fe  SiMes With a large excess of tBuLi (5 equiv,
S—chon S—cro S-cro entry 7) the enantiomeric excess of 4
6 (R)-4 (S)-4 dropped to 56%..This could be explgined
by faster conversion of the monolithiated
Me,SiCl Me;SiCl intermediate A (Scheme 1) to the dilithi-
O\/N o- U o= o- ated species, which would give an A/B
CHO N @—( mixture enriched in the (S)-configured
o N s S _sw - S, e enriche (S)-config
Fe Fe — e 4 Fe Li minor diastereoisomer B.
S—cro fBuLi @_(O @_<O < We also report the transformation of the
1 N* N N tetrasubstituted ferrocene 5 into the first
major A minor B

N*= Q\/NO 3

l tBuLi

SiMes SiMeg SiMes Li o~
b a MegSiCl N*
Fe O« Fg —=<—— Fe - Fe
o-
@—CHZOH @—CHO
Me3Si MesSi Me,Si Li N
(R,R)-8 (R,R)7 (R,R)-5

Scheme 1. Asymmetric synthesis of chiral ferrocenes. a) NaBH, (15 equiv)/MeOH/NaOH (2N).

b) TsCl (1 equiv)/toluene/4-A molecular sieve.

(Table 1, entry 1).[1 No other substituted ferrocenes were
detected, but the observation of significant amounts of
insoluble brown material indicated partial decomposition of
the ferrocene derivatives under these conditions. Increasing
the temperature of the deprotonation step (— 45 °C) decreas-
es the yield of 4 to 15% without loss of enantioselectivity
(entry 2). With an excess of rBuLi (3 equiv), bis-metalation
occurs in the 2- and 2'-positions to give the C,-symmetric
disilylated compound S, which was isolated in 28% yield
(entry 4). No other regio- or stereoisomers were detected. The
enantiomeric excess of 5 is very high (> 99 %), and the minor
enantiomer could not be detected by NMR spectroscopy.['¥
The molecular structure of 5 was elucidated by X-ray
crystallography(*®! (Figure 1), which confirmed that the com-
pound is C,-symmetric and substituted in the 2- and 2'-
positions. The R,R configuration of the planar-chiral 5 is
consistent with the R configuration obtained for 4.

When the amount of rBuLi was sufficient to give the
dilithiated precursor of 5, a lower enantiomeric excess of 4
was obtained (entries 1, 3, and 4). Adding three equivalents of

C,-symmetric  disubstituted ferroceno-
phane to be obtained as a pure enantiom-
er.l'l Reduction of 5 with an excess of
NaBH, gave the diol 7 (71% yield). By
means of a procedure described by Hill-
man et al. and modified by us,["®! 7 was
dehydrated with tosyl chloride (TsCl) in
toluene in the presence of 4 A molecular
sieves at 50°C."" The (R,R)-bis(trimethyl-

‘!BuLi

slower reaction

Figure 1. CAMERON representation of the molecular structure of 5
(single-crystal analysisl'®!). The thermal ellipsoids correspond to 30%
probability. Selected distances [A]: C(1)-Si(1) 1.876(2), C(6)-Si(2)

) : . . 1.866(3), C(2)-C(21) 1458(4), C(7)-C(71) 1449(4), C(21)-O(1)
fBuLi in one portion (entry 5) or in two portions (entry 6: the 1.193(5), C(71)-0(2) 1.194(3).
Table 1. Direct synthesis of chiral tri- and tetrasubstituted ferrocenes from 1.
Entry Conditions/® Conversion  Yield Yield Total yield ee (4) ee (5)
Equiv/BuLi T [°C] t[h] [%] 4) [%]® (5) [% ]! (1+4+5)[%]0 [% ]t [% ]!
1 1.5 —78 1 80 29 0 49 96 -
2 1.5 —45 1 85 15 0 30 96 -
3 3.0 —78 0.5 77 13 23 59 78 >99
4 3.0 —78 1 90 25 28 63 60 >99
5 3.0 —78 3 97 19 26 48 66 98
6 1)1.5 —78 1
2)1.5 —78 2 90 21 19 50 65 >99
7 5.0 —78 3 100 13 24 37 56 96

[a] 2.2 equiv 2, electrophile = CISiMe;. [b] Yields of isolated products and recovered starting materials. [c] R configuration in all cases. [d] R,R configuration

in all cases.
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silyl)-f-oxatrimethyleneferrocene (8) was obtained in 44 %
yield (Scheme 1) and characterized by X-ray crystallogra-
phy!'! (Figure 2). The geometry of the ferrocenophane unit
(tilt angle: 11.4°) is similar to those of other 1,1’-8-oxatrime-
thyleneferrocenes.!')

Figure 2. CAMERON representation of the molecular structure of 8
(single-crystal analysis!'®'). The thermal ellipsoids correspond to 30%
probability. Selected distances [A]: C(2)-Si(1) 1.857(6), C(7)-Si(2)
1.864(6), C(1)-C(11) 1.45(1), C(6)-C(61) 1.52(1), C(11)-O(1) 1.45(1),
C(61)-0O(1) 1.40(1).

Here we have described the first direct and highly
enantioselective synthesis of tri- and tetrasubstituted ferro-
cenes with exclusively planar chirality by using a chiral
aminoamide as a temporary protecting/directing group. This
method converts achiral 1,1’-ferrocenedicarbaldehyde into
almost enantiomerically pure tetrasubstituted or trisubstitut-
ed ferrocenes in a one-pot procedure. We are now attempting
to improve the yields and to extend the scope of this method.

Experimental Section

(R)-4: A solution of /BuLi in pentane (1.5M, 575 uL) was added to a
solution of (5)-2 (150 mg) in dry ether(4 mL) at 0°C under argon. After
stirring for 30 min, 1,1’-ferrocenedicarbaldehyde (100 mg, 0.41 mmol) in
dry ether (10 mL) was added. After stirring for 30 min at room temper-
ature, the mixture was cooled to —78°C, and 1.5 equiv of a solution of
fBuLi in pentane (1.5M, 410 pL) was added. After stirring for 1h at —
78°C, trimethylsilyl chloride (270 uL, 5 equiv) was added. After aqueous
workup and flash chromatography, (R)-4 was isolated in 29% yield
(37 mg). For physical data, see ref. [18].

(R,R)-5 was prepared as (R)-4 but with 3equiv of rBuLi in the
deprotonation step. After purification, 32 mg (25%) of (R)-4 and 46 mg
(29%) of (R,R)-5 were obtained. '"H NMR (250 MHz, CDCl;, 23°C): 6 =
9.99 (s,2H), 5.04 (dd, J =2.5,1.3 Hz, 2H), 4.72 (t, J = 2.5 Hz, 2H), 4.49 (m,
2H), 0.31 (s, 18 H); *C NMR (63 MHz, CDCl;, 23°C): § =193.7 (CHO),
84.1,80.3, 76.0, 75.7,75.2, — 0.1 (SiMes); GC-MS (IE, 70 eV) m/z (%): 387
[M+1] (31), 386 [M] (100), 371 (51), 191 (10); [a]p=+419 (CHCL;, c=
0.12).

(R,R)-7 was obtained by reduction of (R,R)-5 with NaBH, in methanol
(71%). '"H NMR (250 MHz, CDCl;, 23°C):  =94.49 (d, AB system, J =
12.5 Hz, 2H), 4.38 (d, AB system, J =12.5 Hz, 2H), 4.36 (m, 2H), 4.26 (t,

1700 © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998
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J=23Hz,2H), 4.06 (dd,J=2.3, 1.3 Hz, 2H), 3.42 (brs, 2H), 0.23 (s, 18 H);
13C NMR (63 MHz, CDCl,, 23°C): 6 =93.7, 74.2, 70.7, 70.6, 69.6, 60.6, 0.2
(SiMes).[a]p =—9.57 (CH,CL,, ¢ =0.53).

(R,R)-8 was prepared in 44 % yield by a modification of the procedure
described by Hillman et al.'l "H NMR (250 MHz, C¢D, 23°C): 6 =94.47
(dd, J=2.4,13 Hz, 2H), 429 (t, J=2.4 Hz, 2H), 4.12 (dd, J=2.4, 1.3 Hz,
2H), 4.02 (d, AB system, J=13.0 Hz, 2H), 3.92 (d, AB system, /= 13.0 Hz,
2H), 0.37 (s, 18 H); *C NMR (63 MHz, CDCl;, 23°C): 6 =817.3, 76.5, 74.2,
73.0, 71.4, 64.0 (CH,), 0.8 (SiMe;); GC/MS (IE, 70 ev) m/z (%): 372 [M]
(100); [a]p =—27 (CH,Cl,, ¢ =0.7).
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Preparation of Highly Functionalized
Grignard Reagents by an lodine - Magnesium
Exchange Reaction and its Application in
Solid-Phase Synthesis
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and Paul Knochel*
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Organomagnesium reagents are extremely important in
synthetic organic chemistry. Since their discovery, there has
great interest in these versatile reagents, and numerous
industrial applications have been reported.'l Grignard re-
agents can be conveniently synthesized from organic halides
and exhibit high reactivity and satisfactory chemoselectivity,
which can be further improved by transmetalation.”’ How-
ever, very few functionalized organomagnesium reagents
have been prepared due to the low functional-group tolerance
of these reagents.'l Here we report a general route to highly
functionalized arylmagnesium halides of type 2, which contain
functional groups such as ester, amide, or cyano groups, or a
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PrMgBr (1.0 equiv) MgX E
or iPro,Mg (0.5 equiv) | o~ E-Y | N
THF, -40°C P /P
05-1h FG FG

2: X = Br or FG-CgHy 3:74-95%

Scheme 1. Functional group (FG) =Br, CONR,, CN, CO,Et, CO,/Bu; E-Y =aldehyde, allyl

halogenide substituent and were synthesized from function-
alized aryl iodides of type 1 by an iodine—magnesium
exchange reaction.P’! The reaction of 2 with electrophiles
E-Y (aldehyde or allyl bromide) gave the expected aromatic
products of type 3 in good to excellent yield (Scheme 1 and
Table 1).

Preliminary experiments showed that treatment of 1-
iodonaphthalene (1a) with /PrMgBr or iPr,Mg in THF at
25°C for 1h or 0.5 h, respectively, gave the corresponding
Grignard reagent 2a in 90 % yield (GC analysis of aliquots of

Table 1. Synthesis of compounds 3 by iodine — magnesium exchange of aryl iodides
1 a-i with iPr,Mg followed by reaction with an electrophile E-Y.

Entry Aryliodide1 T [°CJ/t[h]® E-Y Product 3 Yield
[%][b]
! “
1 25/0.5  CH,CHCH,Br OO 80(87)1
| la Ta
2 \©\ & —4005  CH,CHCH,Br IK\Q\ 79141
1b 3B Br
3 —25/05  PhCHO PnthHCO— & 93
3¢
!
4 Brjij ~ 2505  CH,CHCH,Br m 95
1c Br 3a
|
5 O ~25/05  CH,CHCH,Br (\Q(Q 81
1 3e°
|
6 O\ — 401 CH,CHCH,Br IK\Q\ 751
CN CN
le 3f
7 — 40/1 PhCHO Ph(HO)HC_@‘ oN g4
3g
8 — 401 1-CeH,-CHO Hexmo)m:O— on 74
3h
)
9 Kj —40/05  CH,CHCH,Br (j@ 89
NC NC
1f 3i
| CN Ph(HO)HC CN
10 U —40/0.5  PhCHO U 89
1g 33
'\@\ Ph{HO)HC.
11 coru — 4071 PhCHO Occ IRZICHE
1h 3k 2B
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[a] Reaction conditions for iodine —magnesium exchange. [b] Yield of analytically
pure product. [c] Yield obtained by performing iodine — magnesium exchange with
(cyclo-CsHy),Mg. [d] The allylation was performed in the presence of CuCN -2 LiCl

(10 mol %). [e] iPrMgBr (1.05 equiv) was used in this case.
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