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Bromide-mediated methods for the synthesis of 1,2,3- and 1,3-substituted ferrocenes are described.
Starting from monosubstituted ferrocene derivatifes-R!, R! = 1-dimethylaminoethyl [CH(NMg-
Me], p-tolylsulfinyl [4-MeCsH,S(O)], (2-methoxymethylpyrrolidin-1-yl)methyl [2-MeOGHC,H/N)CH_],
ephedrine derivative Cill(Me)CH(Me)CH(Ph)OMe, and dimethylaminomethyl [giNMe,)]} achiral,
racemic and chiral, nonracemic 1,2,3-trisubstituted ferrocene derivatives are accessible through two
consecutiveortho-lithiations. In the first deprotonation step bromide is introduced stereoselectively into
position 2. In the second step, the use of Li-TMP (TMP2,2,6,6-tetramethylpiperidine) as the base
leads to deprotonation of thertho-position next to bromide, and subsequent reaction with different
electrophiles gives a variety of 1,2,3-trisubstituted ferrocene derivatives. Removal of the central bromide

substituent leads to 1,3-disubstituted derivatives,

Introduction

including pincer-type ferrocene ligands.

with these substitution patterns have been prepared using routes
involving either one or two enantio- or diastereoselective

At present, enantiopure ferrocene derivatives are mainly usedjithiations of appropriate mono- or I;tlisubstituted precur-

as ligands for homogeneous enantioselective catdipststhese

sors®’ For example, most enantiopure 1,2-di- and 1,2,3-

compounds have also found applications in a number of other yisypstituted ferrocenes have been prepared starting from a

fields including polymer chemistr§jiquid crystal chemistry,
electrochemistry,and bioorganometallic chemisttyMost of

monosubstituted derivative Fc:Rwhere R is a stereogenic
directing group (Scheme 1, route 1). After a diastereoselective

the ferrocene-based catalyst ligands in use are 1,2-disubstitutedhtho.jithiation and reaction with an electrophile, 1,2-disubsti-
derivatives. In addition, several higher substituted ferrocenes yyteq derivatives are obtained. A number of such directing

such as 1,12-tri-, 1,2,3-tri-, or 1,1,2,2-tetrasubstituted deriva-

groups can also promote a secoodho-lithiation, and this

tives have been found to give excellent performance as catalystyoyides access to 1,2,3-trisubstituted derivatives. In many cases,
ligands in asymmetrically catalyzed reactions. Almost all ligands 5 fyrther step can be carried out in which the stereogenic
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directing group Ris replaced by a third substituenf R
Interestingly, applications of chiral, nonracemic 1,3-disub-
stituted ferrocenes are very rare, a situation that might be due
to the fact that until very recently suitable methods for the
synthesis of both achiral and chiral 1,3-disubstituted derivatives

were severely lackingf.35dHowever, in 2002 KoridZe-as well

as Brown, van Koten, and co-workérsextended the concept
of aryl-based pincer ligands to the ferrocene backbbaed a
search for short and facile routes to chiral, nonracemic 1,3-
disubstituted ferrocenes was initiated. Originally, highly enan-
tiomerically enriched 1,3-disubstituted ferrocenes were obtained
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Scheme 1. General Reaction Schemes for the Synthesis of Scheme 2. Sulfoxide-Mediated Synthesis of
1,2-Di-, 1,2,3-Tri-, and 1,3-Disubstituted Ferrocenes 1,3-Disubstituted Ferrocenes (from ref 19)
route 1 / / /
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>

from racematéd by separating the enantiomers using different H:0 >N CH.Cl N
resolution method®¥: However, the lack of both general methods
for the synthesis of the racemates and efficient resolution

methods meant that pure enantiomers were obtained only on gntermediates are obtained in two steps, both of which involve
rather small scale. ) ortho-deprotonation reactions. Subsequent removal of the central
In 2004, Brown and co-workers reported a broadly applicable supstituent (R gives 1,3-disubstituted ferrocenes. In this case
method for the synthesis of achiral or racemic 1,3-disubstituted the central substituent “Rmust be bothortho-directing and
ferrocene derivatives, with the key step in this reaction sequenceremovable, although stereogenicity is not required. This allows
being a selectivenetalithiation of ferrocenyl-tolyl sulfide®  for a broader range of possible candidates ferifeluding the
The use of this methodology enabled the synthesis of a variety halides (chloride and bromide) as well as sulfinyl and sulfonyl
of 1,3-disubstituted ferrocenes on a larger scale. However, groups.
attempts to run this and other reactions enantioselectively proved  |n preliminary studies we evaluated this reaction sequence
unsuccessful and, in addition, methods for separating the by using chloride, bromid# and thep-tolylsulfinyl group!” as
enantiomers of racemic mixtures are still available only to & the central substituentRn our opinion bromide was best suited
very limited extent. As a result, we and others became interestedfor this purpose, since the removal of chloride from the ferrocene
in the de\_/elopment of general and _prepara_tlvely useful m_ethodsbackbone (in comparison to bromide) requires much more
fc_)r the _dlastereoselecnve synthesis of chiral, nonracemic 1,3-vigorous reaction conditions, while the stereogemtolylsulfi-
disubstituted ferrocenes. ) nyl group must be introduced with the appropriate relative
As suggested several years ago by Kagan, the preparation otonfiguration to allow for the secorattho-deprotonation step.
1,2,3-trisubstituted precursors according to reaction route 1This can be achieved, for example, by diastereoselective
(Scheme 1) and subsequent removal of the central substituenbyxidation of sulfide¥8or, as reported very recently by Jaouen,
should lead to chiral, nonracemic 1,3-disubstituted ferroc&hes. Top, and co-workers, by transferring theolylsulfinyl group
However, this sequence requires a central substituent that canwith use of a chiral reagent (Scheme 2, step- B).1° The use
direct sequentially and diastereoselectively to batftho- of the latter approach gave 1,3-disubstituted ferrocene deriva-
positions and can finally be replaced by a proton. Sulfinyl and, tives in good vyields, but this methodology requires two
to a lesser extent, sulfonyl groups might be considered for this stereogenimrtho-directing groups.
purpose. For_aracem|c derivative this sequence had already been Our approach to chiral, nonracemic 1,3-disubstituted fer-
carried out in 1974 by Slocum and co-workers, who used rocenes also follows reaction route 2 (Scheme 1) but with
chloride as the centrairtho-directing group R*® bromide as the central substituent. In a recent communication
Alternatively, a second reaction sequence (Scheme 1, routewe reported that (i) bromide can be used in combination with
2) seems to be suitable to build up chiral, nonracemic ferrocenea number of stereogenimrtho-directing groups R (i) ortho-
denvatlves_ d|astereoselect|ve_ly: starting from an appropriate deprotonation next to bromide can be achieved in high yield,
monosubstituted ferrocene derivative (F8;R,2,3-trisubstituted and (iii) bromide can be easily exchanged by other electro-
(1) (2) Bori, B. F. CapeE. C o P M e philes?0 In addition, we realized that in several cases in the
a) bonini, b. F.; Capi ., Lomes-Franchnint, IM.; Focnl, IVl.; RICCI, thiati ] H 7
A. ARKIVOC2006 85-96. (b) Lindsell, W. E.; Xinxin, LJ. Chem. Res  Secondorthorlithiation step the originabrtho-directing group
1998 (S) 62-63; (M) 423-433. (c) Bickert, P.; Hildebrandt, B.; Hafner, ~ R* competed with bromide, and deprotonation next to bromide
K. Organometallics1984 3, 653-657. (d) Leigh, T.J. Chem. Socl964 as well as next to Rwas observed. In such casesid to be
3(239;23}054293 Rosenblum, M.; Woodward, R..B.Am. Chem. So¢95§ transformed into a nondirecting substituent8cheme 3). We
(12) (3) D'’Antona, N.; Lambusta, D.; Morrone, R.: Nicolosi G.: Secundo, NOW describe in detail bromide-mediated synthesis routes to

F. Tetrahedron: Asymmet8004 15, 3835-3840. (b) Chuard, T.; Cowling,
S. J.,; Fernandez-Ciurleo, M.; Jauslin, I.; Goodby, J. W.; Deschenaux, R.  (16) Steurer, M. Diploma Thesis, University of Vienna, 2005.
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Scheme 3. Bromide-Mediated Synthesis of 1,2,3-Tri- and
1,3-Disubstituted Ferrocenes

R! /\ R! Br R Br
=0
F©e — F@e — Fe
< < S
: /:\CHg ~S3o ) :

Fg\gure 1. Molecular structure ofR,.S;)-8. Selected bond lengths
. . . (A): Fe—C(1—5)a = 2.044(1), Fe-C(6—10),, = 2.046(1), C(1)
1_,2,3-tr|- and _1,3-0_I|subst|tuted ferrocenes that make use of C(11)= 1.509(1), C(3}-C(15)= 1.500(2), N-C(11)= 1.493(1),
differentortho-directing groups Rand report how some of these N—C(13) = 1.458(2), N-C(14) = 1.463(1), C(15)0 =

groups can be transformed easily into nondirecting functional 1.422(1).

groups in order to prevent interference in the secorttio-

deprotonation step. Furthermore, the use of a number of differentapplied to the reaction oRSy)-2 with Li-TMP (TMP = 2,2,6,6-
electrophiles to introduce substituentsiRdescribed along with tetramethylpiperidine) as the base and CISjMe the electro-
two methods for the removal of bromide. Fina"y, Synthetic ph||e The use of these optimized conditions gaw:z‘o_s

procedures for a few potential pincer ligands are given. exclusively (83%).
The trisubstituted derivativeR(Ry)-4 (82%) and R S)-6
Results (81%) were obtained on using the electrophiles dimethylform-
The aromatic halides fluoride, chloride, and bromide are well @mide (DMF) and CISnBy Reduction of aldehydé with
known to direct metalationmostly lithiation—to the ortho- LiAIH 4 gave alcoholR,Ry)-5in 92% yield. Further reaction of

positions of their aromatic backboAkIn the case of chloro- 3 and 5 with n-BuLi (3, 1.5 equiv;5, 2.5 equiv) and kO
ferrocene this was investigated by Huffman et al. as early asfemoved the bromide substituent and resulted in the 1,3-
19652 and later on by Slocum and co-workéfsAs with trisubstituted ferrocenesR(S,)-7 (84%) and RS,)-8 (88%).
bromobenzenes, bromo-substituted ferrocenes caoribe- Single crystals 08 suitable for an X-ray diffraction study could
deprotonated using lithium diisopropylamide (LDA), and this be obtained. The molecular structure@diepicted in Figure 1
was described in several papers by Butler and co-woiéers. ~ confirms not only the 1,3-substitution pattern but alsoR$()

On the basis of these and our preliminary results we tested absolute configuration.
bromide as the central substituerftiR combination with four It is interesting to note thatlike a p-tolylsulfinyl group
stereogenic substituents!jR1-dimethylaminoethyl [CH(NMg- (Scheme 2, ste@ — D)—the bromide substituent @ located
Me], the p-tolylsulfinyl [4-MeCsH4S(O)] unit, (2-methoxy-  adjacent to a tributylstannyl substituent can be removed
methylpyrrolidin-1-yl)methyl [2-MeOCKHCsH7N)CHy], and the  selectively. Reaction dd with 1.5 equiv oftert-BuLi and HO
ephedrine derivative Ciil(Me)CH(Me)CH(Ph)OMe, as well  gave RS,)-9 (97%) exclusively. Further transformation of the
as the nonstereogenic dimethylaminomethyl jM#/e)] group  tributylstannyl group was achieved by treat@wgith 1.2 equiv
(Scheme 3). of n-BuLi. Subsequent reaction with electrophile DMF er |

Sequence 1, R = CH(NMey)Me. In the first reaction  resulted in aldehydeR(S;)-10 (87%) and iodo derivativeR;S,)-
sequence [R= CH(NMe)Me (Scheme 4)] commercially 11 (729). It should be mentioned that attempts to replace the
available R)-N,N-(1-dimethylaminoethyl)ferrocene [Ugi's amine,  tributylstannyl group oB by iodide under standard conditions
(R)-l]_was reacted accor(_iing to a publishe(_j procedure with (1/CH,Cl,, Scheme 2, step — E) resulted in product mixtures,
sBuLi and BrCRCFBr to give R S)-2in 88% yield® Inorder  gjnce under these reaction conditions the dimethylamino group
to optimize the subsequent deprotonatl_on step Wlth.r_espect tojg partially oxidized to an acetyl group. As an example for a
temperature and the amount of base, different conditions weregiher functional group transformation, we synthesized ami-

i - 0/ 26 i
(21) (a) Clayden, JOrganolithiums: Selectity for SynthesisPerga- nOpho.SphmeR’%) 12. (67 A)) . In summary, reaction se_quence
mon: Amsterdam, 2002; pp 5&9. (b) Mongin, F.. Schlosser, M. 1 provides afacile, high-yielding route to a number of differently
Tetrahedron Lett1996 37, 6551-6554. substituted chiral, nonracemic 1,3-disubstituted ferrocenes. For

30(%)05'9%83”' J. W.; Keith, L. H.; Asbury, R. LJ. Org. Chem1963 example, amino alcohoR(S;)-8 was obtained in four steps from

(23) (a) Slocum, D. W.; Jennings, C. A.; Engelmann, T. R.; Rockett, B. (R)-11n 58% overall yield.
W.; Hauser, C. RJ. Org. Chem1971, 36, 377—381. (b) Slocum, D. W.; Sequence 2, R= 4_MeC6H4S(O) In the second reaction

KO?Z”LB"('Skéhﬁ'ef .;'Ig?sgrgwmﬁﬂggag&rg% gﬂg%ﬂ%gﬁ;&é@;&; sequence, the use of bromide as the central substituent was

234-237. (b) Butler, I. R.; Mssig, S; Plath, Mlnorg. Chem. Commun combined with thertho-directingp-tolylsulfinyl substituent [R

1999 2, 4_124|1—Ar1127. _(c) Bgtler,_l. R.; Drei\:v, M. G. E Greenwell, C. H; = 4-MeGH;S(O) (Scheme 5)]. It was anticipated that this
'ée‘é"%_%ég ath, M.; Mssig, S.; Szewczyk, horg. Chem. Commuri.999 sequence could complement the methodology recently reported
' (25) (a) Han, J. W.; Tokunaga, N.; Hayashi,Helv. Chim. Acta2002 by Brown and co-workers for the synthesis of racemic deriva-

85, 3848-3854. For alternative methods see: (b) Taylor, C. J.; Roca, F. tives!® Bromide R,S,)-14 was prepared according to literature
X.; Richards, C. JSynlett2005 2159-2162. (c) Barbaro, P.; Bianchini,
C.; Giambastiani, G.; Togni, ATetrahedron Lett2003 44, 8279-8283.
(d) Pugin, B.; Landert, H.; Pioda, G. (Novartis A.-G., Switz.) PCT Int. Appl. (26) For the synthesis methodology see: Cabou, J.; Brocard lihske
WO 9815565, 1998. L. Tetrahedron Lett2005 46, 1185-1188.
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Scheme 4. Synthesis of 1,3-Disubstituted Ferrocenes, Sequence 1

N N N N
s-BuLi Li-TMP R R
re CF,CF,Bi e lectrophil re re
@ BrCF,CF,Br @ electrophile @ @
88%
(R) (R.Sp)-2 R= SiMe; (RR,)3  83% R= SiMe; (RS,)-7 84%
CHO (R,Rp)4] 82% CH,0H (R,S,)-8 88%
CH,OH (RRy)-5< 92% SnBu;  (R.S,)-9 97%
SnBu; (R.Sy)-6 81% CHO (R'SPHO} 87%
I (RSp-11 < 72%
\ — \ —
N N
oo R
Fe __HPPh, Fe
=) HBF 4(OEty) =)
67%
(R.S,)-8 (R.Sp)-12
Scheme 5. Synthesis of 1,3-Disubstituted Ferrocenes, Scheme 6. Synthesis of 1,3-Disubstituted Ferrocenes,
Sequence 2 Sequence 3

0 o] | | |
/7 /
R-S R-S Br R-S Br [ N B-l,,,/o [ N>"u,/o <N>"w,/o

=X & o & B Br
MesSiCl
Fe % Fe eN3_S|'C. Fe a s-Bui 5 Li-TMP aR
&> BICFLRBr > a =) BICF,CF,Br DMF
85% 84% F

Fe e ——— e —_— Fe
@ or Br,CHCHBr, © NaBH,4 @
(R)-13 (R.Sp)-14 (Sp)-15 74-81% 83%
(R)-19 (R,Rp)-20 R= CHO (R, Sp)-21

CH,OH (R.S,)-22

R= 4-MeCgH, BHy(THF
95%
R’S Br R—S OH
. @ . ©\/ | | |
- R n- / \ [
Li-TMP n-BuLi L Ny 0 N iy O

0]

DMF Fe “HOo Fe N N
LiAIH, < < Br\‘ J BHs Bf: J
Li-TMP  HO. HO.
R= CHoH (Sya7 s o o & The &
P o N o m <

procedures by reactingtolyl-ferrocenyl sulfoxide R)-13%7 with (RRy)-23 B% (R.Sp)-24 (RRy)-25
LDA and BrCRCFBr (85%)242 and the product was subse- /
quently reduced with sodium iodide and chlorotrimethylsiféne -
to give sulfide §)-15 (84%). On using Li-TMP ortho- pyrazole
deprotonation occurred selectively adjacent to the bromide O /' 74%
substituent, and subsequent reaction with DMF gave aldehyde SN N
($)-16in 74% yield. Reduction with LiAlH resulted in alcohol QN\/Q)
($)-17 (83%), which on reaction witm-BuLi and HO led to et
the desired 1,3-disubstituted ferrocene derivatig-(8 (92%). o
Overall, 18 is accessible fromi3in 40% yield, and as recently
reported for its racemafg,18 can easily be functionalized and (RR,)-26

can therefore serve as a valuable starting material for a variety

of chiral, nonracemic 1,3-disubstituted ferrocene derivatives. o gr,CHCHBI, (74%)3° However, wher20 was treated with

_ Sequence 3, R= 2-MeOCH,(C4H7N)CH>. The third reac- | i.Tip followed by DMF as the electrophile, a mixture of
tion sequence involves the use of bromide as the central gehydes was obtained in whiclR §,)-21 was the main
substituent together with the (2-methoxymethylpyrrolidin-1-yl)- component. Reduction of this mixture with NaBkd to the
methyl substituent [2-MeOCHIC,H/N)CH,] as the ortho- isolation of alcohol R S;)-22 in 83% yield.

directing group R(Scheme 6). BromideRRp)-20 was prepared In contrast to bromidé, in this case deprotonation occurred
by reacting R)-19*° with s-BuLi and either BrCECFBr (81%) predominantly next to the stereogeru'ciﬁodirecting group

(27) () Guillaneux, D.; Kagan, H. B. Org. Chem 1995 60, 2502 rr?\ther than next to the bromide substituent. In . order to
2505. (b) Riant, O.; Argouarch, G.; Guillaneux, D.; Samuel, O.; Kagan, H. Clrcumvent this pr_oblem, we reasoned th"’_‘t protection of the
B. J. Org. Chem1998 63, 3511-3514. (c) Rebiere, F.; Samuel, O.; Kagan, nhitrogen lone pair could reverse the direction oftho-

H. B. Tetrahedron Lett199Q 31, 3121-3124. (d) Cotton, H. K.; Huerta, i - i

Fernando F.; Bekvall, J.-E.Eur. J. Org. Chem2003 2756-2763. deprotonation. HenCeR(Rp) 20 was reacted with BH(THF)
(28) For the synthesis methodology see: Olah, G. A.; Narang, S. C;

Gupta, B. G. B.; Malhotra, RSynthesisl979 61-62. (30) Pugin, B.; Feng, X. (Solvias A.-G., Switz.) PCT Int. Appl. WO
(29) Ganter, C.; Wagner, TThem. Ber1995 128 1157-1161. 2006114438, 2006.
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Scheme 7. Synthesis of 1,3-Disubstituted Ferrocenes,

Sequence 4
j Ph j Ph j Ph
SN o7 SN o7 SN, o7
d Bra Bra BH;
Fe 4»8 SEUCL;:B Fe —— Fe
X (N N
87%
(1R,25)-27 (1R.2S,R,)-28
o Ac,0O
7%, K,COs OH
t-BuMe,SiCl
OTBDMS
Br R Br Fe
&ZS_oTBomS &X__oTBoMS o
Fe Li-TMP Fe
electrophile n-BulLi S.)-36
(X phie D reuti, (s,
90%
(Rp)-31 R= CHO (S,)-32— 79%
CH,0H (R,)-33 <! 82% By ,
SiMe; (S,)-34 58% R s
p-TolS (S,)-35 83% OH
n-BuLi F
H,O i

<

R= SiMe; (S,)-37 85%
p-TolS (R,)-38 77%

S S &

S, Br S Br
@\/OTBDMS @/OH

Fe > Fe n-Buli | Fe

e v o W O

44% 92%
(Sp)-35 (Sp)-17 (Rp)-18

and boron comple23 was obtained in 95% yield. It should be
mentioned that, in principle, complexation @ might be

Steurer et al.

Scheme 8
Br Br
KL or X otsDMS
Fe t-BuMe,SiCl Fo

S T owm

R= Ao (R)29 (Rp)-31
96%

H (R,)-30
Mel, Me;NH
Br | B
\
g\/N\ N-BH
Fe. N\ Mel, Me,NH Fe BH;THF  Fe \

o 0 81% > 98% 2
(RRR,)-20 (Rp)-39 (Rp)-40

Reaction o7 with t-BuLi and BrCRCF:Br gave (R 2SRy)-
28in 87% yield322All attempts to selectivelprtho-deprotonate
bromide28 led to product mixtures. In addition, unlike in the
case 020, reaction of28 with BH3(THF) resulted in diastereo-
meric boron complexes that showed a high tendency for
deprotection in THF. To overcome this problem, we decided
to transform theortho-directing O-methylephedrine unit into
nondirecting functional groups, and we suspected that a silyl-
protected hydroxyl or a boron-protected dimethylamino group
would be appropriate.

As depicted in Scheme 8, bromideRi2SR,)-28 was reacted
with acetic anhydride to give acetaf,)-29 (79%)32 and after
saponification to alcoholRy)-30 (96%)34 the hydroxyl group
was protected astart-butyldimethylsilyl ether [R;)-31, 99%].

On the other hand, reaction @8 with CHjsl followed by
Me;NH gave amineR,)-39 (81%)32235which on reaction with
BH3(THF) resulted in the very stable boron complé)¢40
(98%). It is important to note thaRf)-29 and R,)-39 are also
accessible fromR R,)-20 in 81% and 70% yield, respectively
(Scheme 8).

After transforming thed-methylephedrine unit d28into the
tert-butyldimethylsilyl-protected hydroxyl group3{, 75%

expected to give two diastereomers with opposite absolute overall yield, based o@8), the reaction conditions optimized
configuration at the nitrogen. However, only one diastereomer for 2 (Li-TMP, DMF) were used for the selective transformation
was observed. Chromatography of the product led to partial Of bromide R)-31 (Scheme 7) into aldehyd&sy-32 (79%),
deprotection, and it was therefore used for the next reaction Which, after reduction with LiAlH, gave alcoholRy)-33 (82%).

without further purification. As in the case @ complex23

Finally, reaction withn-BuLi and H,O removed the bromide

could be deprotonated with Li-TMP next to bromide, and @nd gave the 1,3-disubstituted ferrocene derivati36 in
reaction with DMF as the electrophile gave the desired aldehyde.90% ield (44% overall, based o@8). When the ortho-
However, this intermediate aldehyde proved to be rather unstableSubstitution reaction 0f%,)-31was carried out with electrophile
and was therefore reacted immediately after workup. Reduction CISiMé; or (4-MeGH.S), the 1,2,3-trisubstituted derivatives
with NaBH, and deprotection with diethylamine resulted in (S)-34 (58%) and §,)-35 (83%) were obtained. Interestingly,

(RSy)-241in 84% yield (based o83). Removal of bromide with

reaction 0f34 and 35 with n-BuLi and HO not only removed

n-BuLi and |—|ZO led to enantiopure 1’3_d|subst|tuted ferrocene the bromide substituent but also induced a retro-Brook rear-

(RRp)-25 (88%). Based o119 the 1,3-disubstituted derivative

rangement® which led to the undesired derivative)-37 and

25was prepared in 5257% overall yield and, as an example  (Ry)-381in 85% and 77% yield, respectively. In order to avoid
of an application, was subsequently transformed into pincer this problem, §,)-35was deprotected with tetrabutylammonium

ligand RRy)-26 (74%)3!

Sequence 4, R= CH,N(Me)CH(Me)CH(Ph)OMe. The
fourth reaction sequence starts from tBemethylephedrine-

substituted ferrocene derivativeR29)-27 [R! = CH,N(Me)-

fluoride, and this provided another route ®)(17, which as
described above (Scheme 5) can be debrominated to the 1,3-
disubstituted derivativeR)-18.

Sequence 5, R= CH,NMe,. Next we investigated whether

CH(Me)CH(Ph)OMe, (Scheme 7)], which is easily accessible (Rp)-39, which is easily accessible fromRR2SR)-28, (R Ry)-

from N-ferrocenylmethyN,N,N-trimethylammonium iodide and

O-methylephedring?

(31) For the synthesis methodology se@bé&sta, R.; Toma,;Sali@va,
M. Eur. J. Org. Chem2002 692-695.
(32) (a) Xiao, L.; Kitzler, R.; Weissensteiner, W. Org. Chem2001

66, 8912-8919. (b) Kitzler, R.; Xiao, L.; Weissensteiner, Wetrahe-

dron: Asymmetn200Q 11, 3459-3462. (c) Fleischer, I.; Toma,. €oll.
Czech. Chem. Commu2004 69, 330—338.

(33) For an alternative synthesis method see: Widhalm, M.; Nettekoven,
U.; Mereiter, K.Tetrahedron: Asymmetry999 10, 4369-4391.

(34) For alternative synthesis methods see: (a) Refs 12c and 33. (b)
Pickett, T. E.; Roca, F. X.; Richards, C.1.0rg. Chem2003 68, 2592~
2599.

(35) For an alternative synthesis see: Xiao, L.; Mereiter, K.; Weissen-
steiner, W.; Widhalm, MSynthesisl999 1354-1362.

(36) Tomooka, K. InChemistry of Organolithium CompoundRap-
poport, Z., Marek, |., Eds.; Wiley: Chichester, 2004; pp 7828.
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Scheme 9 Scheme 10. Synthesis of 1,3-Disubstituted Ferrocenes,

~\ ~N N Sequence 5

Br. Br. Br. BH; BH3
N ! N, 7
@ @ @ —N— —N— N
Li-TMP R R Br. Br. Br.
Fe W’ Fe + Fe Ho
S NaBH, S S Li-TMP R Et,NH (46)

Fe " Fe == Fe

DMF
rac-39 R=CHO rac-41 :l rac-42 @ or CO, @ @

R = CH,OH rac-43 rac-44
(Ry)-40 R= CHO (Sp)-45 ] (Sp)-43 89%

. CH,OH (Sp)-46 < 84%
20322 (Scheme 8), and other souré&sgnd its boron complex COOH  (Sp)47 — 89%
(Ro)-40 could be selectivelprtho-deprotonated adjacent to the COOCH5 (Sp)-48 =+ 80% n-BuLi
bromide substituent, since this would provide another route for BuLi H,/Pd(C) H20
the exclusive formation of ferrocene-stereogenic 1,3-disubsti- H,0 ‘ BHa QBU(48)
tuted derivatives. Furthermore, it was anticipated that the use —N— SN
of racemic bromide derivativ&9, which can be easily obtained >/' J
from commercially availabl&l,N-dimethylN-ferrocenylmethyl RS Et,NH (49) R
amine3:37 would enable the scope of this methodology to be @e é

extended to achiral and racemic 1,3-disubstituted ferrocenes.

In order to ascertain whethertho-deprotonation next to the R= ggZOOHH Eﬁg:ﬁ gf;
bromide can be carried out selectively in the presence of a COOCH; (R,)-51 < 100%
dimethylaminomethyl substituemgc-39 was reacted under the
conditions optimized for2 with Li-TMP and DMF as the

R= CH,OH (R,)-52 93%
COOCHj; (R,)-53 89%

electrophile. In this casertho-lithiation took place next to N7 - SN
bromide as well as adjacent to the dimethylaminomethyl HOVQ) @,@\/Q)
substituent, and a mixture of aldehyd&sand42 in a ratio of Fe Me;SiCl / Nal Fe
70:30 (84% conversion) was obtained (Scheme 9). For the sake > PYfaOZO'e V>

of better characterization these compounds were reduced with S4%

NaBH, to the alcoholgt3 and44. We noted with interest that (Rp)-52 (Rp)-54

in a very recent communication Butler and co-workers reported

that the use of modified reaction conditions and Eschenmoser’s plexation of this derivative with ENH also resulted in amino
salt as the electrophile gave 1-bromo-2,5-bis(dimethylamino- alcohol Ry)-52 (93%).

methyl)ferrocene fronrac-39 in 86% yield3® We therefore In this sequence, CQvas tested as the electrophile in addition
applied these modified reaction conditionsrém-39, but with to DMF. Reaction of Ry)-40 with Li-TMP and CQ gave the
DMF as the electrophile aldehyddd and 42 were obtained  very stable carbonic acid3()-47 (89%), which when treated
only in a slightly better isomer ratio (79:21), albeit with a with a solution of CHN. in diethyl ether, resulted in the methyl
decrease in conversion from 84% to 61%. However, treatment ester §)-48 (80%). A search for a suitable debromination
of 39 with BH3(THF) and subsequent reaction of the resulting method revealed that hydrogenation under basic conditions with
boron complexyac-40, with Li-TMP and different electrophiles  1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) as the base and Pd
led to exclusiveortho-lithiation adjacent to bromide. on charcoal as the catalyst was best suited. The use of these

Consequently, for the next reaction sequence boron complexconditions led to debromination @8 and, at the same time,
40in both its racemic and enantiopure forms was used as thedeprotection to the 1,3-disubstituted es&y){63in 89% yield:°
starting material. In almost all cases identical reaction conditions Furthermore, carbonic acil” reacted witm-BulLi (2.2 equiv)
were used for the racemic and enantiopure compounds, and@nd HO to give the 1,3-disubstituted boron complé¥)(50
therefore the following discussion concerns only the synthesis (91%), which was reacted with GN, in diethyl ether to give
of chiral, nonracemic derivatives (Scheme 10; reaction details ester &)-51 quantitatively.
for racemic derivatives are given in the Supporting Information).  In this case the pincer ligan&{)-54, which bears a pyrazole
Lithiation of (R)-40 and further treatment with DMF led to ~ Substituent, was prepared in one step frd®p)-62 (54%)3*
aldehyde §,)-45, which is stable enough for characterization ~ Overall, depending on whether starting mate8élis used
but on standing at room temperature tends to deprote&)o ( in its racemic or enantiopure form, this sequence provides easy
41 and reacts further on to alcohod8 and 46. Aldehyde45 access to achiral, racemic and chiral, nonracemic 1,2,3-tri- and
was therefore reduced immediately after workup witheGHHF) 1,3-disubstituted ferrocene derivatives. Under optimized condi-
to alcohol §,)-46 (84% based om0), which on deprotection  tions, 1,3-disubstituted amino alcoh&}-52was prepared from
with EtbNH gave amino alcoholS;)-43 (89%). Optimization (Rp)-39in 79% overall yield without isolating intermediaté$
of this reaction sequence allowed the transformatiorRg40 and46.
into (S,)-43 without isolating the intermediate and46 and
gave an overall yield of 87%. Finally, whetB8 was reacted Concluding Remarks
with n-BuLi and H0, the 1,3-disubstituted ferrocenBp)-52
(93%) was obtaineéf In a similar way to43, compound46
can also be debrominated withBuLi and HO, which leads
to the 1,3-disubstituted boron compld®,J-49 (93%). Decom-

In this study we have evaluated five bromide-mediated
reaction sequences for the synthesis of 1,2,3-tri- and 1,3-

(39) Forrac-52 see also: Koridze A. A.; Sheloumov, A. M.; Kuklin, S.
A.; Lagunova, V. Y.; Petukhova, I. I.; Dolgushin, F. M.; Ezernitskaya, M.

(37) Marr, G.; Moore, R. E.; Rockett, B. W. Chem. Soc(C) 1968 G.; Petrovskii, P. V.; Macharashvili, A. A.; Chedia, R. Russ. Chem.
24-27. Bull. 2002 51, 10771078.
(38) Butler, I. R.; Woldt, B.; Oh, M.-Z.; Williams, D. dnorg. Chem. (40) For an analogous procedure see: Sajiki, H.; Kume, A.; Hattori, K,;

Commun 2006 9, 1255-1258. Hirota, K. Tetrahedron Lett2002 43, 7247-7250.
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disubstituted ferrocenes. All sequences start from a monosub-4.25 (s, 5H, Cp, 4.61 (d,J = 2.8 Hz, 1H, Cp-H4), 4.90 (d] =
stituted ferrocene derivative Fctfbearing either a stereogenic 2.8 Hz, 1H, Cp-H3), 10.22 (s, 1H, CHO¥C NMR (100 MHz,
or a nonstereogenimrtho-directing group (R), and involve two CDCl): 6 15.8 CH3CH), 41.0 (2C, N(CH),), 55.7 CHCH), 65.6
consecutivertho-deprotonation steps. In the first step, 2-bromo- (Cp-C3), 69.6 (Cp-C4), 72.8 (5C, Qp75.3, 92.9 (2 Cp-§), 193.9
substituted derivatives (1}R2-Br-Fc) are prepared, while inthe  (CHO), 1 Cp-G not observed. MS (66C) m/z (%): 365/363 (30)
second step the use of Li-TMP as the base enables deprotonatiof™ 1. 321/319 (6), 268 (28), 239 (54), 212 (16). HRMS: calcd for
of the position adjacent to the bromo substituent. The use of CisH18BrFeNO 362.9923, found 362.9928x]}* (nm): —720
appropriate electrophiles provides access to a variety of 1,2,3-(589)' —806 (578),~1334 (546) ¢ 0.128, CHCY).

trisubstituted ferrocenes (11R-Br,3-R-Fc) using these routes. (R,Rp)-1-Bromo-5-[1-(N,N-dimethylamino)ethyl]-2-hydroxy-
In some cases, in order to prevent interferencertbfo-directing methylferrocene, R Ry)-5. A suspension of LiAlH (35 mg, 0.923
groups R in the second deprotonation step, these groups hadMmol) in THF (3 mL) was flushed with Ar and cooled to°C
to be transformed into nondirecting substituents. This could, Pefore @ degassed solution & Ry)-4 (261 mg, 0.717 mmol) in

: : : : .. THF (5 mL) was added dropwise at°@. The reaction mixture
for example, be achieved by transforming amino functionalities . 8
(RY) into their amine-trihydroboron complexes. was subsequently stirred for 30 min at@ followed by 16 h at rt.

Since bromide can be easily removed from trisubstituted The reaction was cooled to @ and then quenched with ethanol

. S (10 mL) followed by water (20 mL). Diethyl ether was added, and
ferrocenes (1-R2-Br,3-_|-'\3-Fc) either by bromidelithium the phases were separated. The aqueous phase was extracted three
exchange or by catalytic hydrogenation, 1,3-disubstituted fer- o5 with diethyl ether. The organic phases were combined and

rocene derivatives (1/8-R*-Fc) become accessible in high  ashed with brine. After drying over MgS@nd removal of the
overall yield, and this includes pincer-type derivatives. solvents under reduced pressure, the residue was chromatographed
In general, (i) bromide as aortho-directing group can be  on alumina. A mixture of petroleum ether, ethyl acetate, and
used in combination with a number of stereogenic and non- triethylamine (30:30:1) eluted nonpolar impurities, while ethanol
stereogenic functional groups, (ii) with Li-TMP as the base eluted productR,R,)-5 (241 mg, 0.658 mmol, 92% yield, yellow
ortho-deprotonation next to bromide can be achieved in high powder).
yield and in most cases with very high stereoselectivity, and  Mp: 139-146 °C. 'H NMR (400 MHz, CDC}): ¢ 1.50 (d,J
(i) bromide can be easily exchanged by other electrophiles. = 6.9 Hz, 3H, CH®13), 1.74 (br s, 1H, OH), 2.15 (s, 6H, N(G}),
3.78 (9, = 6.9 Hz, 1H, GICHy), 4.13 (s, 5H, C), 4.15 (d,J =
Experimental Section 2.8 Hz, 1H, Cp-H4), 4.31 (d] = 2.8 Hz, 1H, Cp-H3), 4.45, 4.46
. . . (AB, J = 12.4 Hz, 2H, CH). 13C NMR (100 MHz, CDC}): ¢
General Methods.Melting points were determined on a Kofler 15.9 CHsCH), 41.0 (2C, N(CH),), 56.3 CHCHs), 60.2 (CH)
melting point apparatus and are uncorrecét(400.132 MHz), 64.9 (Cp-C4), 65.9 (Cp-C3), 71.6 (5C, Fp81.6, 85.2, 88.4 (3
13C NMR(100624 MHZ), and-;lP (161.975 MHZ) spectra W.ere Cp-Cq) MS (80 °C) miz (%): 367/365 (77) [M], 352/350 (9),
recorded in CDGl Chemical shiftsd) are reported in ppm relative 323/321 (41), 296/295 (21), 214/212 (37), 121 (18). HRMS: calcd
to CHC (7.26,"H), CDC (77.0,%*C), and 85% BP0 (0.0°P). = o ¢, iH,BrFeNO 365.0079, found 365.0088]f2° (nm): +16.7
In 'H NMR data br s, d, t, and g refer to broad singlet, doublet, (589),+18.4 (578),+28.8 (546) ¢ 0.576, CHCY)
triplet, and quartet, respectively, ang i@ 3C NMR data stands ' . o Cr '
for quaternary carbon atom. Mass spectra were measured on a (R.S,)-3-[1-(N.N-Dimethylamino)ethyl]-1-hydroxymethy/fer-
- S rocene, R,Sy)-8. To a degassed solution &} R;)-5 (70 mg, 0.191
Finnigan MAT 900S or Finnigan MAT 8230 (El, 70 eV) spec- mmol) in THF (3 mL) was added dropwise &8 °C n-BuLi in
trometer. Optical rotations were measured on a Perkin-Elmer 241

; . . : hexane (1.6 M, 30@L, 0.48 mmol). After stirring for 30 min at
polarimeter at 20C. All reactions were carried out under Ar using . . f .
standard Schlenk techniques. Pentane ap@ tere distilled from 0°C the reaction was quenched with water (10 mL) before diethyl

lithium aluminum hydride, acetonitrile and dichloromethane were ether was added, and the phases were separated. The aqueous phase

distilled from calcium hydride, and THF was distiled from sodium  Wa® eXtracted fhree times wiih diethyl efer. *he organic phases
and benzophenone under Ar prior to use. Acetic acid and acetic ; ying 9

anhydride were freshly distilled, and Ar was bubbled through each and removal of the solvents under reduced pressure, the residue

. : ; was chromatographed on alumina. A mixture of petroleum ether,
for 12 h prior to use. Chromatographic separations were performed ! . o : "
under gravity on either silica gel (Merck, 483 «m) or alumina ethyl acetate, and triethylamine (30:30:1) eluted nonpolar impurities,

(Merck, aluminum oxide 90, 0.0630.200 mm). Petroleum ether while ethanol eluted producR(S;)-8 (48 mg, 0.167 mmol, 88%
with a boiling range of 5565 °C was used for chromatography. yield, yellow powder). o

Typical Procedures. R Ry)-1-Bromo-5-[1-(N,N-dimethylami- Crys_tals_for the X-ray structure determination were grown by
no)ethyl]-2-formylferrocene, (R,R,)-4. To a degassed solution of crystallization from dichloromethane/petroleum ether.
(RS)-2252 (500 mg, 1.488 mmol) in THF (5 mL) was added Mp: 113-117°C. *H NMR (400 MHz, CDC}): ¢ 1.42 (d,J
dropwise at-78°C Li-TMP in THF/hexane (0.7 M, 4.25mL, 2.98 = 6.9 Hz, 3H, CH®3), 1.71 (br s, 1H, OH), 2.09 (s, 6H, N(G)d),
mmol). The reaction mixture was subsequently stirred for 30 min 3.57 (9,J = 6.9 Hz, 1H, GiCH;), 4.11 (m, 1H, Cp-H), 4.12 (s,
at —78°C followed by 3 h at—30 °C. The temperature was again 5H, Cp), 4.21 (m, 1H, Cp-H), 4.25 (J = 1.4 Hz, 1H, Cp-H2),
lowered to—78 °C, and dimethylformamide (350, 4.52 mmol) 4.33 (s, 2H, ©;0H). *C NMR (100 MHz, CDC{): ¢ 15.6
was added. The temperature was raised t€0and stirring was ~ (CHCHg), 40.6 (2C, N(CH)y), 58.5 CHCHj), 60.9 (CHOH), 66.96
continued for 16 h. The reaction was quenched with saturated (CP-CH), 66.99 (Cp-CH), 69.0 (5C, Qp69.1 (Cp-C2), 87.8, 87.9
aqueous N#CO; (15 mL) before diethyl ether was added, and the (2 Cp-G). MS (70 °C) miz (%): 287 (81) [M], 272 (25), 243
phases were separated. The aqueous phase was extracted three timé), 225 (27), 134 (100). HRMS: calcd for4Bi,FeNO 287.0973,
with diethyl ether. The combined organic phases were washed with found 287.0980.¢],2° (nm): —1.2 (589),—1.6 (578),—7.9 (546)
brine. After drying over MgS@and removal of the solvents under (¢ 0.674, CHCY).
reduced pressure, the residue was chromatographed on alumina. A (R,Rp)-1-Bromo-2-[(2-methoxymethylpyrrolidin-1-yl)methyl]-
mixture of petroleum ether, ethyl acetate, and triethylamine in a ferrocene, R,R,)-20. To a degassed solution dR)-N-ferrocenyl-
ratio of 30:10:1 elutedR R;)-4 (442 mg, 1.214 mmol, 82% yield)  methyl-2-methoxymethylpyrrolidine Rj-19° (2 g, 6.385 mmol),
as a red oil. in diethyl ether (32 mL) was added dropwise-at8 °C s-BulLi in

IH NMR (400 MHz, CDC}): o6 1.47 (d,J = 6.9 Hz, 3H, cyclohexane (1.3 M, 5.9 mL, 7.67 mmol). The reaction mixture
CHCHy), 2.17 (s, 6H, N(CH),), 3.87 (q,J = 6.9 Hz, 1H, GHCHj), was stirred for 1.5 h at-78 °C and 1.5 h at-30 °C before the
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temperature was lowered te78 °C, and a degassed solution of
Br,CHCHBI; (6.22 g, 23.94 mmol) in diethyl ether (20 mL) was
added dropwise within 30 min. Stirring was continued for an
additional 30 min at—78 °C and 16 h at rt. The reaction was

Organometallics, Vol. 26, No. 15, 2(857

and 1 h at 0°C. The reaction was quenched with water (1 mL),
and diethyl ether was added. The phases were separated, and the
agueous phase was extracted three times with diethyl ether. The
organic phases were combined and washed with brine. After drying

guenched with water (20 mL), and the phases were separated. Thever MgSQ and removal of the solvents under reduced pressure,

aqueous phase was extracted with dichloromethane {8 mL),

the residue was dissolved in ethanol (15 mL). To this solution was

and the organic phases were combined and washed with an aqueouadded at rt NaBgl(140 mg, 3.70 mmol) in three portions, and the

solution of NaS,0s, NaOH (0.05 M), and brine. The organic phases
were extracted with an aqueous solution of citric acid (10%, 3

resulting mixture was stirred for 16 h at rt. The reaction was
quenched with water (10 mL), and ethanol was removed under

50 mL), and the combined aqueous phases were extracted withreduced pressure. The aqueous phase was extracted with dichlo-

diethyl ether (3x 30 mL). The aqueous phases were basified at
0 °C with NaOH (2 M, pH 9) and subsequently extracted with
diethyl ether. After drying over MgS£and removal of the solvents

romethane (3x 5 mL), and the combined organic phases were
washed with brine. After drying over MgS@nd removal of the
solvents under reduced pressure, the residue was dissolved in

under reduced pressure, the residue was chromatographed omliethylamine and stirred for 16 h at rt. Diethylamine was removed

alumina. A mixture of petroleum ether, diethyl ether, and triethyl-
amine (80:20:1) was used as the eluent to gR&{)-20 (1.85 g,
4.718 mmol, 74% vyield) as a dark orange oil.

IH NMR (400 MHz, CDC}): 6 1.54-1.78 (m, 3H, NCHCH,
+ NCHCHH), 1.80-1.91 (m, 1H, NCHEiH), 2.21-2.31 (m, 1H,
NCHHCH,), 2.69-2.78 (m, 1H, NGICH,), 2.99-3.01 (m, 1H,
NCHHCH,), 3.25, 3.44 (AB-part of an ABX systendag = 9.3
Hz, Jax = 6.3 Hz,Jgx = 4.8 Hz, 2H, CHCHzOCHg), 3.36 (S, 3H,
OCHg), 3.47, 3.98 (AB,J = 13.4 Hz, 2H, CpE.N), 4.08 (t,J =
2.5 Hz, 1H, Cp-H4), 4.14 (s, 5H, Qp 4.20-4.23 (m, 1H, Cp-
H3), 4.39-4.42 (m, 1H, Cp-H5)}C NMR (100 MHz, CDC}): 6
22.8 (NCHCHy,), 28.6 (NCHCH,), 52.0 (CfCH2N), 54.4 (NCH,-
CHy), 59.1 (OCH), 61.9 (N\CHCHy), 66.2 (Cp-C4), 68.3 (Cp-C3),
70.2 (Cp-C5), 71.02 (5C, Cp 71.03 (Cp-G), 76.5 (CHCH,OCH)
80.8 (Cp-G@). MS (100°C) m/z (%): 393/391 (8) [M], 348/346
(7), 294/292 (27), 279/277 (48), 212 (56), 184 (24), 128 (57), 84
(23), 56 (100). HRMS: calcd for £H2.BrFeNO 391.0236, found
391.0230. {];2° (nm): +28.8 (589),+27.7 (578),+17.8 (546) ¢
0.534, CHCY)).

{(RRp)-1-Bromo-2-[(2-methoxymethylpyrrolidin-1-yl)methyl]-
ferroceng trihydroboron, ( R,Ry)-23. To a degassed solution of
(RRy)-20 (1 g, 2.55 mmol) in THF (13 mL) was added dropwise
at 0°C BH3(THF) in THF (1.0 M, 7.6 mL, 7.6 mmol). The reaction
mixture was subsequently stirredrf8 h at rt. Thereaction was

under reduced pressure immediately before the residue was purified
by chromatography on alumina. A mixture of petroleum ether and
ethyl acetate (5:1) removed a mixture of byproducts, while
petroleum ether and ethyl acetate (3:1) eluted{)-24 (869 mg,
0.206 mmol, 84% vyield) as an orange oil.

IH NMR (400 MHz, CDC}): 6 1.54-1.77 (m, 4H, NCHCH;
+ NCHCHH + OH), 1.81-1.92 (m, 1H, NCHE&iH), 2.20-2.30
(m, 1H, NCHHCHy), 2.69-2.77 (m, 1H, NGICH,), 3.01-3.07
(m, 1H, NCHHCH,), 3.29, 3.47 (AB-part of an ABX systeniag
= 9.4 Hz,Jax = 6.1 Hz,Jgx = 4.8 Hz, 2H, CH®,0CHg), 3.37
(s, 3H, OCH), 3.43, 4.02 (ABJ = 13.4 Hz, 2H, CpEi:N), 4.12
(s, 5H, Cp), 4.26 (s, 2H, 2 Cp-H), 4.40, 4.57 (AB,= 12.3 Hz,
2H, Cp@H,0H). 13C NMR (100 MHz, CDC}): 6 22.7 (NCHCH,),
28.5 (NCHCHy), 52.1 (CfEH,N), 54.4 (NCH,CHy), 59.2 (OCH),
60.1 (CCH,0H), 62.1 (NCHCHy), 66.4, 68.0 (2 CzH), 71.4 (5C,
Cp), 76.6 (CHCH0), 82.6, 83.7, 85.9 (3 Cp4E MS (90°C) m/z
(%): 423/421 (4) [M], 378/376 (5), 309/307 (96), 171/169 (24),
155 (100), 138 (24), 121 (17). HRMS: calcd foigH,4BrFeNQ,
421.0342, found 421.03500];2° (nm): +34.6 (589)+34.4 (578),
+30.7 (546) ¢ 0.596, CHC})).

(R,Rp)-1-Hydroxymethyl-3-[(2-methoxymethylpyrrolidin-1-
yl)methylJferrocene, (R,Rp)-25. To a degassed solution dR&))-
24 (700 mg, 1.658 mmol) in THF (2 mL) was added dropwise at
—78 °C n-BuLi in hexane (1.6 M, 2.6 mL, 4.16 mmol). After

guenched with water (20 mL), and diethyl ether was added. The stirring for 1 h at 0°C the reaction was quenched with water
phases were separated, and the aqueous phase was extracted thrg mL). Diethyl ether was added, and the phases were separated.
times with diethyl ether. The organic phases were combined and The aqueous phase was extracted three times with diethyl ether.

washed with brine. After drying over MgS@nd removal of the
solvents under reduced pressuRR;)-23 (1.05 g, 95% chemical
purity as determined biH NMR) was obtained as a highly viscous
orange oil. SinceR Ry)-23 tends to deprotect on chromatography,
it was used without further purification.

IH NMR (400 MHz, CDC}): 6 1.4-1.8 (br s, 3H, BH), .73~
1.83 (m, 3H, NCHCH, + NCHCHH), 2.03-2.14 (m, 1H,
NCHCHH), 2.58-2.68 (m, 1H, NCHHCH,), 3.05-3.12 (m, 1H,
NCHHCH,), 3.13-3.22 (m, 1H, NGICH,), 3.43 (s, 3H, OCHh),
3.48, 4.02 (AB-part of an ABX systendpg = 10.2 Hz,Jax = 4.3
Hz, Jgx = 7.6 Hz, 2H, CH®,OCHg), 4.19, 4.44 (ABJ = 14.4
Hz, 2H, Cp®;N), 4.19 (s, 5H, Cp, 4.21 (t,J = 2.6 Hz, 1H, Cp-
H4), 4.51 (ddJ, = 2.6 Hz,J, = 1.5 Hz, 1H, Cp-H), 4.57 (dd},
= 2.6 Hz,J, = 1.5 Hz, 1H, Cp-H)XC NMR (100 MHz, CDC}):

0 19.8 (NCHCH,), 25.7 (NCHCH,), 57.2 (CfCH,N), 59.1 (OCH),
59.5 (NCH,CHy), 62.8 (NCHCHy), 67.7 (Cp-CH), 71.4 (2 Cp-CH),
71.6 (5C, Cp, 72.3 (CHCH,OCHg), 82.4 (Cp-G), 1 Cp-G, not
observed.

(R,Sy)-1-Bromo-2-hydroxymethyl-5-[(2-methoxymethylpyrro-
lidin-1-yl)methyl]ferrocene, (R,S;)-24. To a degassed solution of
(RRp)-23 (1 g, 2.46 mmol) in THF (12 mL) was added dropwise
at —78 °C Li-TMP in THF/hexane (0.7 M, 7.0 mL, 4.9 mmol).
The reaction mixture was stirred for 30 min-a¥8 °C and 3 h at
—30 °C. After lowering the temperature again /8 °C dimeth-
ylformamide (570uL, 7.36 mmol) was added dropwise, and the
reaction mixture was subsequently stirred for 30 min-&8 °C

The organic phases were combined and washed with brine. After
drying over MgSQ and removal of the solvents under reduced
pressure, the residue was chromatographed on alumina. A mixture
of petroleum ether and ethyl acetate (1:1) eluted starting material,
while elution with petroleum ether, ethyl acetate, and ethanol (15:
30:1) gave productR,R,)-25 (500 mg, 1.457 mmol, 88% yield) as
an orange oil.
IH NMR (400 MHz, CDC}): 6 1.44-1.68 (m, 3H, NCHCH,
+ NCHCHH), 1.70-1.82 (m, 1H, NCHE®&IH), 2.12-2.22 (m, 1H,
NCHHCH,), 2.53-2.61 (m, 1H, NGICH,), 2.72 (br s, 1H, OH),
2.81-2.89 (m, 1H, NGIHCH,), 3.20, 3.32 (AB-part of an ABX
systemJag = 9.4 Hz,Jax = 6.0 Hz,Jgx = 5.0 Hz, 2H, CH®H»-
OCH), 3.27, 3.68 (AB,J = 13.1 Hz, 2H, Cp@i;N), 3.30 (s, 3H,
OCH), 4.05 (s, 5H, Cf, 4.07-4.12 (s, 2H, 2 Cp-H), 4.21 (br s,
3H, Cp-H + CH,OH). 13C NMR (100 MHz, CDC}): o 22.4
(NCH,CH>), 28.3 (NCHCHy), 53.6 (CfCH2N), 53.9 (NCH.CHy),
58.9 (OCH), 60.3 (CfCH0OH), 61.5 (NCHCH,), 67.6 (CpCH),
68.6 (5C, Cf), 69.9 (Cp€H), 70.0 (Cp€H), 76.1 (CHCH0), 83.8,
88.1 (2 Cp-G). MS (80°C) m/z (%): 343 (24) [M], 229 (100),
211 (14), 135 (10), 91 (39). HRMS: calcd forigElsFeNG,
343.1235, found 343.1241a];2° (hm): +63.0 (589),+64.5 (578),
+67.8 (546) € 1.066, CHCY).
(R,Rp)-1-[(Pyrazol-1-yl)methyl]-3-[(2-methoxymethylpyrroli-
din-1-yl)methyl]ferrocene, (R,Rp)-26. To a degassed solution of
(RR)-25(250 mg, 0.728 mmol) and sodium iodide (220 mg, 1.47
mmol) in acetonitrile (10 mL) was added dropwise at rt chloro-
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trimethylsilane (23@L, 1.80 mmol). The resulting suspension was

stirred for 5 min before pyrazole (139 mg, 2.04 mmol) was added.

After stirring the reaction mixture at rt for 16 h, water (10 mL)

Steurer et al.

4.11 (s, 5H, Cp, 4.27 (d,J = 2.8 Hz, 1H, Cp-H4), 4.29 (d] =
2.8 Hz, 1H, Cp-H3), 4.41, 4.58 (AB] = 12.4 Hz, 2H, G1,0H).
13C NMR (100 MHz, CDC4): 6 45.0 (2C, N(CH),), 57.1 CH,N-

was added and the pH was adjusted with aqueous NaOH to abouf{CHs),), 60.0 (CHOH), 66.7 (Cp-C3), 68.0 (Cp-C4), 71.4 (5C,

10. The aqueous phase was extracted with dichloromethare (3

Cp), 82.6, 83.0, 85.9 (3 Cp-{: MS (30°C) mz (%): 353/351

20 mL), and the combined organic phases were washed with brine(40) [M*], 309/307 (10), 155 (41), 134 (33), 84 (100). HRMS:

and dried over MgS® The solvents were removed under reduced

calcd for G4H1gBrFeNO 350.9923, found 350.994m]{?° (nm):

pressure, and the residue was purified by chromatography. A —35.7 (589),—38.1 (578),—52.5 (546) ¢ 0.465, CHC}).

mixture of petroleum ether and ethyl acetate in a ratio of 1:1 eluted

(Sp)-[1-Bromo-2-hydroxycarbonyl-5-(N,N-dimethylamino)-

byproducts, while elution with petroleum ether, ethyl acetate, and methylferrocene]trihydroboron, (S;,)-47. To a degassed solution

ethanol (45:45:10) gave produd® R,)-26 (213 mg, 0.542 mmol,
74% yield) as an orange oil.

IH NMR (400 MHz, CDC}): 6 1.52-1.73 (m, 3H, NCHCH,
+ NCHCHH), 1.78-1.89 (m, 1H, NCH®IH), 2.17-2.26 (m, 1H,
NCHHCH,), 2.57-2.65 (m, 1H, NGICH,), 2.91-2.97 (m, 1H,
NCHHCH,), 3.22, 3.32 (AB-part of an ABX systendag = 9.3
Hz, Jax = 6.3 Hz,Jgx = 5.2 Hz, 2H, CH®,0OCHg), 3.30 (s, 3H,
OCH), 3.34, 3.72 (ABJ = 13.4 Hz, 2H, Cp(C3)EN), 4.10 (s,
5H, Cp), 4.18-4.20 (m, 1H, Cp-H4), 4.264.22 (m, 1H, Cp-H5),
4.32 (br t, 1H, Cp-H2), 5.00, 5.04 (AB] = 14.4 Hz, 2H, Cp-
(C1)CH;N), 6.21 (dd,J; = J, = 2.0 Hz, 1H, NNCH®), 7.34 (d,
J=2.0 Hz, 1H, NNCHCHG@I), 7.48 (d,J = 2.0 Hz, 1H, NNCH).
13C NMR (100 MHz, CDCJ): 6 22.7 (NCHCH,), 28.5 (NCHCHS),
51.6 (Cp(C1LH.N), 54.1 (Cp(C3)CHN), 54.5 (NCH,CH,), 59.1
(OCHg), 62.1 (NCHCHy), 68.7 (Cp-C5), 69.3 (5C, Cp 70.5 (Cp-
C4), 70.9 (Cp-C2), 76.4 (CEH,0), 83.0 (Cp-@), 105.3 (NNCHCH),
128.3 (NNCHCHCH), 138.8 (NNCH), 1 Cp-gnot observed. MS
(80 °C) m/z (%): 393 (10) [M], 279 (100), 236 (34), 211 (46),
121 (32), 91 (43). HRMS: calcd forgH,7FeNsO 393.1504, found
393.1512. {];2° (nm): +44.3 (589),+45.1 (578),+46.5 (546) ¢
0.548, CHCY)).

(Sy)-1-Bromo-2-hydroxymethyl-5-(N,N-dimethylamino)meth-
ylferrocene, (S,)-43. From40: To a degassed solution dR{)-40
(750 mg, 2.233 mmol) in THF (15 mL) was added dropwise at
—78°C Li-TMP in THF/hexane (0.7 M, 6.4 mL, 4.48 mmol). The
reaction mixture was stirred for 30 min at78 °C and 3 h at
—30 °C. After lowering the temperature againt&/8 °C dimeth-
ylformamide (520uL, 6.7 mmol) was added dropwise, and the
reaction mixture was subsequently stirred for 30 min-&8 °C
and 30 min at 0°C. The reaction was quenched with water

of (R,)-40(1 g, 2.977 mmol) in THF (30 mL) was added dropwise
at —78 °C Li-TMP in THF/hexane (0.7 M, 5.1 mL, 3.57 mmol).
The reaction mixture was stirred for 30 min-a¥8 °C and 3 h at
—30 °C. The reaction mixture was poured on ground dry ice
(30 g) and stirred for 1 h. To this solution was added water
(70 mL) and ethyl acetate (100 mL). The phases were separated,
and the organic phase was extracted with water. The combined
aqueous phases were extracted once with diethyl ether (50 mL)
and were acidified with PO, (50%) to pH 4. The aqueous phase
was extracted with dichloromethane %450 mL), and the combined
dichloromethane phases were washed once with brine (30 mL) and
were dried over MgS® Removal of the solvents under reduced
pressure afforded crud&j-47 (1.007 g, 2.65 mmol, 89% yield)

as a glassy yellow powder, which was used without further
purification.

1H NMR (400 MHz, CDC}): 6 1.4-2.2 (br s, 3H, BH), 2.51
(s, 3H, N(CH),-A), 2.57 (s, 3H, N(CH)-B), 3.92, 4.22 (ABJ =
14.1 Hz, 2H, CH), 4.30 (s, 5H, C}), 4.77 (d,J = 2.9 Hz, 1H,
Cp-H4), 5.04 (dJ = 2.8 Hz, 1H, Cp-H3), COOH not observed.
13C NMR (100 MHz, CDC}): 6 49.7 (N(CH)2-A), 50.9 (N(CHj),-
B), 61.2 (CHy), 71.0 (Cp-C3), 73.3 (Cp-C4), 73.7 (5C, '¢B2.2,
81.3, 81.7 (3 Cp-§), 175.2 (COOH). MS (80C) m/z (%): 381/
379 (35) [M"], 367/365 (35), 323/321 (15), 255 (27), 241 (23),
169 (38), 57 (100). HRMS: calcd forigH10BBrFeNQ, 379.0046,
found 378.9885.d];2° (nm): —4.2 (589),—3.4 (578) € 0.377,
CHCl).

(Sp)-[1-Bromo-2-methoxycarbonyl-5-(,N-dimethylamino)-
methylferrocene]trihydroboron, (S;)-48. To a solution of §)-
47 (503 mg, 1.324 mmol) in dichloromethane (20 mL) and methanol

(15 mL) before diethyl ether was added. The phases were separatecd2 ML) was added at rt a solution of GN, in diethyl ether (1 M,

r2.5 mL, 2.5 mmol), and stirring was continued for 30 min. The

and the aqueous phase was extracted three times with diethyl ether? :
The organic phases were combined and washed with brine. Aﬂersolvents were removed under reduced pressure, and the residue was

drying over MgSQ and removal of the solvents under reduced purified by chromatography on alumina. A mixture of petroleum

pressure, the residue was dissolved in ethanol (15 mL) and NaBH €ther and ethyl acetate (7:3) as the eluent affordgi48 (418

(125 mg, 3.30 mmol) was added at rt. After stirring for 16 h at rt,

mg, 1.061 mmol, 80% vyield) as a yellow solid.

water (15 mL) was added and ethanol was removed under reduced Mp: 145-148°C. *H NMR (400 MHz, CDC}): ¢ 1.35-2.20
pressure. The remaining aqueous phase was extracted with diethy(br s, 3H, BH), 2.49 (s, 3H, N(CH),-A), 2.54 (s, 3H, N(CH),-

ether (3x), the combined organic phases were dried over MgSO

B), 3.88 (s, 3H, OCH), 3.90, 4.21 (AB,J = 14.0 Hz, 2H, CH),

and the solvents were removed under reduced pressure. The residué.24 (s, 5H, Cp’), 4.70 (d) = 2.9 Hz, 1H, Cp-H4), 4.94 (d] =
was dissolved in diethylamine (10 mL), and the solution was stirred 2.9 Hz, 1H, Cp-H3).23C NMR (100 MHz, CDC}): 6 49.6
for 16 h at rt. Diethylamine was removed under reduced pressure, (N(CH;),-A), 50.8 (N(CH;)-B), 51.9 (OCH), 61.2 (CH), 70.4
and immediately afterward the residue was purified by chroma- (Cp-C3), 72.6 (Cp-C4), 73.3 (5C, Qp80.5, 81.4 (2 Cp-g), 1
tography on alumina. A mixture of petroleum ether and ethyl acetate Cp-G, + CO-G, not observed. MS (80C) m/z (%): 393/395 (12)
(5:1) followed by a mixture of petroleum ether, ethyl acetate, and [M™*], 381/379 (35), 367/365 (35), 323/321 (15), 255 (27), 241 (23),

ethanol (15:5:1) eluted produc§-43 (681 mg, 1.934 mmol, 87%
yield) as an orange oil.

From 46: A solution of (&)-46 (1.638 g, 4.477 mmol) in
diethylamine (40 mL) was stirred at rt for 16 h. Diethylamine was

169 (38), 57 (100). HRMS: calcd forgH,:BBrFeNQ, 393.0203,
found 393.0185.4],2° (nm): —2.2 (589),—0.2 (578),+4.2 (546)
(c 0.499, CHC)).

(Rp)-1-Methoxycarbonyl-3-(N,N-dimethylamino)methylfer-

removed under reduced pressure, and immediately afterward therocene, R,)-53. To a solution of §,)-48 (297 mg, 0.754 mmol) in
residue was purified by chromatography on alumina. A mixture of methanol (60 mL) was added 1,8-diazabicyclo[5.4.0]undec-7-ene
petroleum ether and ethyl acetate in a ratio of 1:1 followed by a (DBU, 420uL, 2.87 mmol) and palladium on charcoal (10%, 0.015

mixture of petroleum ether, ethyl acetate, and triethylamine (50:

50:1) eluted productS;)-43 (1.40 g, 3.977 mmol, 89% yield) as
an orange oil.

H NMR (400 MHz, CDC}): 6 1.89 (br s, 1H, OH), 2.23 (s,
6H, N(CHs),), 3.36, 3.48 (AB,J = 13.1 Hz, 2H, G,N(CHy),),

mmol). The resulting suspension was hydrogenated in a Parr
apparatus for 24 h at rt at a hydrogen pressure of 50 psi (3.45 bar).
The suspension was flushed with argon, the catalyst was filtered
off, and the solvent was removed under reduced pressure. The
residue was purified by chromatography on alumina. Ethyl acetate
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as the eluent affordedRf)-53 (201 mg, 0.667 mmol, 89% vyield)
as a yellow solid.

Mp: 52-57 °C. '*H NMR (400 MHz, CDC}): ¢ 2.18 (s, 6H,
N(CHzs),), 3.25, 3.30 (AB,J = 12.9 Hz, 2H, CH), 3.79 (s, 3H,
OCH), 4.16 (s, 5H, C}), 4.41 (dd,J; = 2.4 Hz,J, = 1.3 Hz, 1H,
Cp-H4), 4.77 (dd)J, = 2.4 Hz,J, = 1.3 Hz, 1H, Cp-H5), 4.82 (br
t, J = 1.3 Hz, 1H, Cp-H2)13C NMR (100 MHz, CDC}) 6 44.8
(2C, N(CH;)), 51.5 (OCH), 58.8 (CH), 70.1 (Cp-C5), 70.2 (5C,
Cp), 72.0 (Cp-C2), 73.1 (Cp-C4), 70.9, 86.9 (2 Cpr@72.1 (CO-
Cy). MS (50°C) m/z (%): 301 (100) [M] 257 (83), 242 (32), 199
(20), 148 (33), 121 (45), 105 (69). HRMS: calcd foisB1dFeNG,
301.0765, found 301.0769a];%° (nm): +60 (589),+69 (578),
+133 (546) ¢ 0.124, CHCY).

X-ray Structure Determination. X-ray data for compound
(RSy)-8 were collected on a Bruker Smart APEX CCD area detector
diffractometer using graphite-monochromated Ma Kadiation
(A =0.71073 A) and 0.3w-scan frames covering a complete sphere

(41) Bruker programs: SMART version 5.629SAINT+, version 6.45;
SADABSversion 2.10SHELXTL, version 6.14; Bruker AXS Inc.: Madison,
WI, 2003.

(42) Sheldrick, G. MSHELX97 Program System for Crystal Structure
Determination; University of Gtingen: Gdtingen, Germany, 1997.
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of the reciprocal space witth,ax = 30°. After data integration with
the program SAINT, corrections for absorptiori/2 effects, and
crystal decay were applied with the program SADABSThe
structure was solved by direct methods and refine&®bwith the
program suite SHELX972 All non-hydrogen atoms were refined
anisotropically. Most H atoms were placed in calculated positions
and thereafter treated as riding. Crystal datazHzFeNO, M,
287.18, orthorhombic, space grot@;2;2; (no. 19),T = 173(2)

K, a= 6.2478(4) A)b = 10.4688(6) Ac = 20.7139(12) AV =
1354.83(14) &, Z = 4, u = 1.101 mmL. Of 17 488 reflections
collected, 3921 were independent; firRlindices: R, = 0.0208

(all data),wR; = 0.0533 (all data). A view of the molecular structure
with selected bond distances is shown in Figure 1. Théi@roup
donates a hydrogen bond to the amino nitrogerNO= 2.877(1)

A, thereby linking the molecules to give discrete chains parallel to
the b-axis.

Supporting Information Available: Full experimental details
for all compounds; CIF file of compoundR(S;)-8. This material is
available free of charge via the Internet at http://pubs.acs.org.

OM7003282



