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ABSTRACT

A variety of highly enantioenriched singly and doubly (4) functionalized derivatives of 1,1′-N,N,N′,N′-tetraisopropylferrocenedicarboxamide 1
have been synthesized by (−)-sparteine (2)-mediated directed ortho-metalation and Pd-catalyzed cross coupling reactions. The synthetic
applications of these chiral ligands in asymmetric alkylation of benzaldehyde and Pd(0)-catalyzed allylic substitution have been demonstrated.

In 1996, we reported the first direct and highly enantio-
selective synthesis of planar chiral ferrocenecarboxamides
by (-)-sparteine (2)-mediated3 directed ortho-metalation
(DoM)4 which superseded diastereoselective metalation
routes based on chiral auxiliary directed metalation groups
(DMGs).5 Herein we demonstrate this concept for the
preparation of (a) highly enantioenriched 1,2,1′-trisubstituted
chiral ferrocenes3a-l (Table 1, Scheme 1) which includes
adaptation of Suzuki and Stille cross coupling protocols6 to

give 2-aryl-1,1′-ferrocenyl diamides (3k-l, Scheme 2) and
(b) optically activeC2-symmetric derivatives4a-c via asym-
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metric metalation of 2-substituted 1,1′-N,N,N′,N′-tetraiso-
propylferrocenedicarboxamides3f,g,i7 which results in dia-
stereoselective amplification of enantioselectivity. We also
report preliminary findings which show the potential of tri-
(3) and tetrasubstituted (dl-4) ferrocene ligands in benchmark
asymmetric alkylation and Pd-catalyzed allylic substitution
reactions (Scheme 3).

These results are of potential significance in areas of
asymmetric catalysis, enantioselective synthesis, and material
science,8 including spectacular industrial applications, wherein
planar chiral ferrocenes are receiving flourishing application.9

Metalation of ferrocenyldiamide110 with n-BuLi/2 in Et2O
furnished, almost exclusively, products from electrophilic
trapping of monolithium anion, the 1,1′,2-trisubstituted
derivatives3a-c, in good yields but with moderate enantio-
selectivities (Table 1 entries 1, 4, and 6).11,12Use of solvents
of lower coordinating abilities allowed for the preparation
of 1,1′,2-trisubstituted derivatives13 in augmented optical and
chemical yields (entries 1-3).14 Toluene was found to give
the optimal balance between the level of enantioinduction

and chemical yield, e.g., 97% ee, 53% yield for E) PPh2
(3f), without recrystallization.15

Reduction of the amount of (n-BuLi/2) to 2.2 equiv caused
a slight decline in the chemical yield of the product but did
not lead to erosion of ee (entry 8). The heteroatom-hinged
phenyl derivatives3f-h (entries 11-13) were found to
surrender their optical integrity on standing in solution.4,16

To demonstrate the combined potential of the DoM-cross
coupling strategy as a route to aryl-substituted ferrocenes,17

the iodo (3a) and stannane (3e) ferrocene diamides were
subjected to Suzuki18 and Stille/Gronowitz19 cross coupling
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(0.91 mL, 4.2 mmol) or TMEDA (0.64 mL, 4.20 mL) in PhMe (20 mmol)
was stirred at rt (5 min), cooled to-78°C, and treated withn-BuLi (solution
in hexane, 4.2 equiv). After 10 min of stirring at-78 °C, a solution of1
(0.44 g, 1.0 mmol) in PhMe (4.5 mL) was added dropwise (ca. 1 drop/10
s). The stirring was continued (1-2 h) at-78 °C, and the reaction mixture
was quenched by addition of an electrophile (6 mmol) and allowed to warm
to rt (or 0°C for 3f), treated with saturated aqueous NH4Cl, extracted with
Et2O or CH2Cl2, washed with brine, dried (MgSO4), concentrated in vacuo,
and purified by flash chromatography on silica gel (deactivated with 2%
Et3N for diphenylphosphine derivative3f). Diphenylphosphine derivatives
3f and4a were found to be air-sensitive but could be stored indefinitely as
solids under argon at-20 °C.

(15) Toluene offers greatly improved solubility of ferrocenyldiamide1.
The opposite solvent effect was observed in (-)-sparteine-assisted DoM
of N,N-diisopropylferrocenecarboxamide (ref 4).

(16) Derivative3g undergoes racemization at rt,t1/2 ≈ 9 h at rt (either
in 90:10 or 98:2 hexane:i-PrOH).

(17) Quesnelle, C. A.; Familioni, O. B.; Snieckus, V.Synlett1994, 349
and references therein.

(18) Pd(PPh3)4/ 2M aqueous Na2CO3/DME/85 °C/5 d.

Table 1. n-BuLi/(-)-Sparteine-Induced Mono-metalation of
1,1′-N,N,N′,N′-Tetraisopropylferrocenedicarboxamide (1)

entry E+ product solvent yield, % ee, %

1 I2 3a Et2O 53 59
2 I2 3a t-BuOMe 77 70
3 I2 3a PhMe 70 89
4 MeI 3b Et2O 56 68
5 MeI 3b PhMe 71 92
6 Ph2CdO 3c Et2O 77 64
7 Ph2CdO 3c PhMe 92 94
8 Ph2CdO 3c PhMe 72a 96
9 Et2CdO 3d PhMe 45 91

10 Bu3SnCl 3e PhMe 58 g82b

11 Ph2PCl 3f PhMe 53 97c

12 (PhS)2 3g PhMe 71 89c

13 (PhSe)2 3h PhMe 82 71c

14 TMSCl 3i PhMe 68a d

a 2.1 equiv of bothn-BuLi and 2 was used.b Enantiomeric resolution
was not feasible, and ee was determined after conversion into3c by
transmetalation withn-BuLi followed by benzophenone quench.c Undergoes
racemization; therefore, % ee determination was carried out immediately
after purification.d CSP HPLC enantiomeric resolution was not feasible,
[R] 23

578 +67.5 (c0.54, CHCl3).

Table 2. n-BuLi/(-)-Sparteine-Induced Mono-metalation of
2-Substituted-1,1′-N,N,N′,N′-tetraisopropylferrocenedicarboxamide
(3f,g,i)

(SM) ee, % E+ product yield,% dl:meso ee, %

(3i) 0 TMSCla 4b 86 51:49 72b

(3i) c TMSCld 4b 75 84:16 91b

(3f) 97 Ph2PCle 4a 45 >95:<5f 98b,7

(3g) 89 (PhS)2
a 4c 60 99:1 97g

a 2.1 equiv ofn-BuLi/2 was used.b Determined as optical purity (op).
c [R] 23

578 +67.5 (c0.54, CHCl3). d 4.2 equiv ofn-BuLi/2 was used.e 1.5
equiv of n-BuLi/2 was used.f dr determined by31P NMR. g dr and ee
determined using CSP HPLC.
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conditions with (2,4-dimethoxyphenyl)boronic acid20 and
bromobenzene, respectively, to give aryl derivatives3k (20%
yield, unchanged ee, together with 70% of unreacted3a) and
3l (35% yield in addition to 51% of1)21 (Scheme 2).

Highly diastereo- and enantioenriched, tetrasubstituted
ferrocenyldiamidesdl-4 were prepared by subjecting 1,2,1′-
trisubstituted ferrocenes3 to a further (-)-sparteine-assisted
asymmetric DoM reaction. Electrophilic quench furnished
products 4a-c with diastereoselective amplification of
enantioselectivity (e.g., entry 1 in Table 2).22,23 The (R,R)
absolute configuration of products4a-c must be dictated
by the (R) stereochemistry of the corresponding chiral
precursors3f,g,i. Noteworthy is the relatively greater optical
stability of 1,1′,2,2′-tetrasubstituted dervatives; for example,
in solution, 2,2′-bis(diphenylthio)-1,1′-ferrocenediamide4c
maintained its enantioenrichment at a 70% level even after
20 days of standing24 compared to 2-(diphenylthio)-1,1′-
ferrocenediamide3g which, under the same conditions,
undergoes complete racemization within 1.5 days.16

In a preliminary study of the utility in asymmetric
synthesis, chiral 1,1′-bis(diphenylphosphino)-2,2′-ferrocen-
yldiamide4a was tested as an auxiliary ligand for enantio-
selective Pd-catalyzed allylic substitution of (()-phenylcin-
namyl acetate (5) (Scheme 3).25 The reactions were con-
ducted using 2.5 mol % of [Pd(η3-C3H5)Cl]2 as the Pd source
under Trost’s alkylation conditions (3.0 equiv ofN,O-bis-
(trimethylsilyl)acetamide/0.03 equiv of AcOK/3.0 equiv of
CH2(CO2Me)2/CH2Cl2 /rt/10 h)26 or employing sodiodi-
methylmalonate (3.0 equiv of NaCH(CO2Me)2/THF/rt/36 h).
In both cases, alkylated product6 was obtained in essentially
quantitative yield and with good enantiocontrol (96% yield,
84% ee (R)).27

Furthermore, the 1,1′,2-ferrocenyldiamides3c,d,k exhibit
moderate to good catalytic activities in the reaction of Et2-
Zn with PhCHO (Table 3, Scheme 3).28-30

In summary, a direct and highly efficient enantioselective
synthesis of mono- (3a-h) andC2-symmetric, homoleptic
(4a-c) ferrocene diamides from achiral ferrocenyldicar-
boxamide1 using sparteine-mediated DoM and combined
DoM-cross coupling (3k,l) have been demonstrated. The
preliminary results for use in asymmetic synthesis and the
current intense activity in ferrocene-based catalysis8,9 stimu-
late our continuing efforts in this area.
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Scheme 3

Table 3. Ferrocenyldiamide-Catalyzed (3c,d,k) Et2Zn Addition
to PhCHO

entry E ligand (ee, %) solvent yield, % ee, %a

1 Ph2C(OH) 3c (96) hexane 98 61(S)
2 Ph2C(OH) 3c (96) PhMe 98 12(R)
3 Ph2C(OLi) 3c‚Li (95) PhMe 70 47(S)b

4 Et2C(OH) 3d (90) hexane 37 60(S)
5 2,4-di(MeO)Ph 3k (89) PhMe 43 90(S)
a By CSP HPLC.b [R] 23

D -21.7 (c3.43, CHCl3), see ref 29b.

Scheme 2
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