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Alkali-Metal-Mediated Zincation of Ferrocene:
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Lithium Tmp/Zincate Reagent**
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and Robert E. Mulvey*

Lithium dialkyl tetramethylpiperidino zincates of the general
formula “[LiR,Zn(tmp)]” (tmp =2,2,6,6-tetramethylpiperi-
dine) represent an important subfamily of organozincate
reagent. Established only in 1999 through the pioneering
work on “[LifBu,Zn(tmp)]” by Kondo et al.,'! “tmp zincates”
have found application as highly chemo- and/or regioselective
bases for the metalation of alkyl benzoates and related aza
aromatic compounds, bromopyridines, and various haloben-
zenes.>?! Recent reports*! have highlighted the poverty of
structural information available on lithium zincates in gen-
eral. Tmp zincates are no exception in this regard, with a
C NMR spectroscopic study of “[LifBu,Zn(tmp)]” in solu-
tion!! providing the only morsel of structural evidence
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gathered hitherto. Elucidation of the structures of zincate
reagents and the intermediates formed in deprotonative
zincation processes would enhance our understanding of
zincate chemistry; not least in the case of tmp zincates, which
because of their heteroleptic formulation can act as alkyl,
amido, or dual alkyl/amido bases. Previously, we reported a
series of mixed alkali-metal/magnesium amides, a number of
which are tmp magnesiates.”! This magnesium-based research
uncovered several remarkable mixed-metal-induced synergic
effects, which most notably lead to “inverse-crown” ring
compounds.”! The likelihood that mixed alkali-metal/zinc
amides would exhibit similar synergic behavior provided a
further incentive to extend our studies to the tmp zincates.
Thus, we introduce herein the lithium tmp/zincate reagent
[(tmeda)Li(u-nBu)(pu-tmp)Zn(nBu)] (1; tmeda= N,N,N',N'-
tetramethylethylenediamine) and break new ground with a
report of its structure and the structure of two zincated
intermediates generated when 1 is used to selectively
(mono)deprotonate ferrocene (Fc) in the first example of
direct zincation of a metallocene.

It is surprising that prior to this investigation nBu,Zn had
not been subjected to a transformation to prepare a tmp
zincate system given that both the parent organozinc
reagent”!  and its homoleptic zincate derivative
“[LinBu;Zn]”® have reasonably well developed chemistries.
In the event, the transformation proved straightforward by
applying the same method of addition as that used previously
to prepare “[LifBu,Zn(tmp)]”;"l however, the bulk solvent
was changed from polar THF to nonpolar hexane and then
the reaction was completed with the introduction of a
stoichiometric amount of the donor solvent, TMEDA, in a
deliberate attempt to afford a crystalline zincate [Eq. (1)].”)

Li(tmp) 4+ nBu,Zn + TMED A2, [LinBu, Zn(tmp)(tmeda)] 1)

The new zincate 1 was produced as colorless crystals (65 %
yield of the isolated product). NMR ('H, "Li, and "“C)
spectroscopic characterization of these crystals in a solution
of deuterated benzene established the co-complexed nature
of 1, as revealed most diagnostically in the chemical shift of
the M—CH, resonance of the M—nBu linkage. This signal
appears at 0 =0.24 ppm in 1 relative to 6 =0.27, —0.23, and
—0.83 ppm in nBu,Zn, “[LinBu;Zn]”, and nBuli, respec-
tively, thus suggesting that the nBu group in the new mixed-
metal co-complex retains much of its original “zinc charac-
ter”.

This last point was confirmed when the complete molec-
ular structure of 1 was revealed through an X-ray crystallo-
graphic study (Figure 1)."") Both nBu ligands remain attached
to the Zn center, one at a modestly shorter distance than the
other (namely, C(5)—Zn: 2.011(2) A; compare with C(1)—Zn:
2.041(2) A). The nBu attachment is terminal for the shorter
bond; however, the other nBu ligand bridges to the Li center,
which explains the slight bond elongation. The Li—C(1)
connection is relatively long (2.551(5) A) relative to corre-
sponding bonds in, for example, [{(LinBu),(tmeda)}.]
(2.131(8)-2.326(8) A)"'! but markedly shorter than the
Li--C separation ( 2.736 A) in the hexamethyldisilazido
zincate [Li{u-N(SiMe;),}Zn(CH,SiMe;),(tmta)] (tmta = tri-
methylenediamine-N,N,N',N'-tetraacetic acid),'” which is
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Figure 1. Molecular structure of 1. The hydrogen atoms are omitted for
clarity. Only one component is shown for each disordered group. Dis-
placement ellipsoids are shown at the 30% probability level.

considered to have an open rather than a closed cyclic
arrangement, such as the {LiNZnC} unit. This weak, but
significant, attraction of the Licenter to the C(1)center
results in a slight pyramidalization of the {LiNNN} coordina-
tion sphere (sum of the N-Li-N bond angles: 350.98°) that is
made up of u-tmp and bidentate tmeda ligands. In contrast,
the {Zn-N(1)-C(1)-C(5)} coordination is nearly perfectly
planar (sum of the bond angles around Zn: 359.98°).
Completing the four-membered {LiNZnC} ring, the tmp
nitrogen bridge, unlike its nBu carbon bridge counterpart, is
much more symmetrical (span lengths: 2.047(4) and
2.0612(18) A to the Li and Zn centers, respectively).

We explored the reactivity of 1 toward ferrocene under a
range of conditions to probe its deprotonative metalation
ability in solution. This investigation revealed a complicated
sequence of stoichiometry- and time-dependent reactions
(Scheme 1). The first detectable (and isolable) metalated
product was the lithium-free neutral bis(ferrocenyl) zinc
complex [(Fc),Zn(tmeda)] (2). This orange solid, which
precipitated from the reaction mixture within minutes, was
characterized by NMR spectroscopy and X-ray crystallogra-
phy (see below). Its formation is both surprising and
significant, as it establishes for the first time that intermediate
metalo products from the deprotonative metalation of a
substrate by a lithium zincate (prior to any electrophilic
workup) are not necessarily zincates themselves (in contrast
to what appears to be the case with “[LifBu,Zn(tmp)]” and
related reagents)!'™ but could possibly be, depending on the
conditions, distinct Li and Zn compounds. No lithium-con-
taining products could be isolated from solution at this stage,
though investigation of the filtrate following removal of 2
suggested the presence of [Li,nBu,Zn(tmp),(tmeda)], which
exists as an oil when prepared independently from a Li(tmp)/
nBu,Zn/tmeda (2:1:1) mixture. When the reaction is repeated
over a longer time (24 h), a small amount of tris(ferrocenyl)
zincate separated from the solvent. This product was charac-
terized as the THF adduct [Li(thf),][(Fc);Zn] (3) and is
formed in addition to 2. On repeating the reaction with two
equivalents of ferrocene, precipitation of 2 still occurred but
the yield of 3 was significantly increased. In support of the
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Scheme 1. Reaction of 1 (formed in situ) with ferrocene in hexane to
yield both neutral zinc and anionic zincate products.

reaction pathway shown in Scheme 1, it was found that pure
“[Li,nBu,Zn(tmp),(tmeda)]” also metalates ferrocene to
yield 3. The first step in the pathway remains an open
question as no intermediate could be detected/isolated at this
juncture, though logically it is likely to be the hypothetical
“[LinBu(Fc)Zn(tmp)]”, which must undergo a fast dispro-
portionation reaction to the neutral zinc and the zincate
species [(Fc),Zn(tmeda)] and “[Li,nBu,Zn(tmp),(tmeda)]”,
respectively.

Two polymorphs of 2 crystallize from hexane/toluene and
hexane/THF solutions to form monoclinic and orthorhombic
systems, respectively. Because of the general similarity of
these systems, only the former is discussed herein. A simple
mononuclear arrangement is revealed,™™ with Zn at the
center of a distorted (2 x C; 2 x N) tetrahedron, which is made
up of two monodeprotonated ferrocene units and one
bidentate tmeda ligand (Figure?2). The Zn center, on a
twofold rotation axis, is almost coplanar (0.064 A deviation)
with each of the CsH,rings to which it is bonded. This
structure bears some similarity to [Zn
{2-(CH,NMe,),CsH;FeCsHs),] ' though the ligating nitro-
gen atoms belong to N,N-dimethylaminomethyl side arms on
the ferrocenyl framework. However, there is a major
synthetic distinction, as the latter compound is not prepared
through direct zincation but by a common metathetical
approach from ZnCl, and the analogous ferrocenyllithium.
Three crystallographically independent ion pairs that have
essentially the same structure make up the asymmetric unit of
3, together with three uncoordinated THF molecules.™ The
anion is unprecedented, with the Zn center in a distorted
trigonal planar (3 x C) arrangement comprising three mono-
deprotonated ferrocenyl ligands (Figure 3). The counterca-
tion, pseudotetrahedral [Li(thf),]* ion, is known. The crystal
structure shows extensive disorder, thus requiring the use of
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Figure 2. Molecular structure of 2. The hydrogen atoms, except those
belonging to the ferrocene rings, are omitted for clarity. Displacement
ellipsoids are shown at the 30% probability level.
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Figure 3. Molecular structure of one anion of 3. Displacement ellip-
soids are shown at the 10% probability level. Only one component of
the disorder is shown.

synchrotron radiation for data collection and a combination
of constraints and restraints in the refinement.

Control reactions have established that the monometallic
reagents Li(tmp) and nBu,Zn are both inert towards ferro-
cene, even in the presence of TMEDA. Therefore the success
of the solution of 1 formed in situ in the production of 2 and 3
can be attributed to a mixed-metal synergic effect or, more
specifically, to alkali-metal-mediated zincation. Future work
will now be directed towards pinpointing the active base
species in solution that produce such an alkali-metal-medi-
ated zincation of organic substrates.!'®!”

Experimental Section
All reactions were carried out in a protective argon atmosphere.

1: Bu,Zn (5 mL, 1M solution in hexane, 5 mmol) was added to a
suspension of Li(tmp) in hexane (prepared in situ by reaction of BuLi
(3.1 mL, 1.6Mm solution in hexane, 5 mmol) with TMP(H) (0.85 mL,
5 mmol)). The reaction mixture was stirred for 30 min, thus affording
a pale yellow solution. At this stage, TMEDA (0.75 mL, 5 mmol) was
introduced. After the solution was stirred for 15 min, it was
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concentrated by removal of some solvent in vacuo. Placed in the
refrigerator at 0°C, the resulting pale yellow solution deposited a crop
of colorless crystals (1.42 g, 64%). "H NMR (400 MHz, 25°C, C¢Dy):
0=2.08 (m, 4H; CH, Bu), 1.84 (m, 14H; CH; tmeda and H, tmp),
1.79 (s 4H; CH, tmeda), 1.69 (m, 4H; CH, Bu), 1.51 (m, 4H; Hj; tmp),
1.21 (m, 18 H; 12H of CH; tmp and 6 H of CH; Bu), 0.28 ppm (m, 4H;
Zn—CH, Bu); “C{'"H} NMR (100.63 MHz, 25°C, C,Dy): 6 =57.70
(CH, tmeda), 53.47(C, tmp), 47.30 (CH; tmeda), 39.04 (C; tmp),
36.24, 34.28 (CH, tmp), 33.53 (CH, Bu), 31.44 (CH, Bu), 2041 (C,
tmp), 16.42 (Zn—CH, Bu), 15.15ppm (CH; Bu); ’Li NMR
(155.50 MHz, 25°C, C¢Dy, reference LiCl in D,0O at 0.00 ppm): 6 =
0.561 ppm.

2: Bu,Zn (1 mL, 1M solution in hexane, 1 mmol) was added to a
solution of Li(tmp) in hexane (prepared in situ by reaction of BuLi
(0.62 mL, 1.6M solution in hexane, 1 mmol) with TMP(H) (0.17 mL,
1 mmol)), and TMEDA (0.15mL, 1 mmol) was introduced, thus
affording a pale yellow solution. Ferrocene was added (0.18 g,
1 mmol), and the reaction mixture was stirred for 12 h. An orange
solid started to precipitate after 0.5 h. THF (2 mL) was added to this
suspension to afford an orange solution that was placed in the freezer
at —20°C. A crop of orange crystals was obtained after 24 h (0.20 g,
35%; note: maximum yield possible is only 50%). 'HNMR
(400 MHz, 25°C, C,Dy): d=4.55 (m, 4H; CH, CsH, Fc), 4.30 (s,
10H; CsH;sFc),4.17 (m,4H; CH, CsH, Fc), 1.97 (s, 12H; CH; tmeda),
1.60 ppm (s, 4H; CH, tmeda); C{'H} NMR (100.63 MHz, 25°C,
C4Dy): 0 =79.39 (Zn—C, Fc), 77.94 (C; Fc), 70.60 (C, Fc), 68.04 (CsH;
Fc), 57.45 (CH, tmeda), 48.10 ppm (CH; tmeda).

3: A solution of 1 in hexane was prepared in situ as described
above for 2 by reaction of Bu,Zn (1 mmol), Li(tmp) (1 mmol), and
TMEDA (1 mmol). Two equivalents of ferrocene (0.37 g, 2 mmol)
were then introduced, and the reaction mixture was stirred for 24 h,
thus producing an orange solid. THF (2mL) was added to the
reaction mixture to afford an orange solution. Placed in the
refrigerator at 0°C, this solution deposited a crop of orange crystals
(034 g, 34%). '"HNMR (400 MHz, 25°C, C;De): 0 =457 (m, 6H;
CH;; CsH, Fc),4.49 (m, broad, 21 H; 6 H of CH,, C;H, and 15H of CsH;
Fc), 341 (m, 16H; CH,O thf), 1.36 ppm (m, 16H; CH, thf);
BC{'H} NMR (100.63 MHz, 25°C, C¢Dy): 6=86.70 (Zn—C, Fc),
79.38 (Cy Fc), 70.33 (C, Fc), 68.37 (CH,O thf), 67.67 (CsHs Fc),
26.11 ppm (CH, thf); "Li NMR (155.50 MHz, 25°C, C¢Dq, reference
LiCl in D,O at 0.00 ppm): 6 = —1.05 ppm.

Received: May 7, 2005
Published online: August 26, 2005

Keywords: amides - ferrocene - metalation - synergy - zinc

[1] Y. Kondo, M. Shilai, M. Uchiyama, T. Sakamoto, J. Am. Chem.
Soc. 1999, 121, 3539.

[2] T. Imahori, M. Uchiyama, T. Sakamoto, Y. Kondo, Chem.
Commun. 2001, 2450.

[3] M. Uchiyama, T. Miyoshi, Y. Kajihara, T. Sakamoto, Y. Otani, T.
Ohwada, Y. Kondo, J. Am. Chem. Soc. 2002, 124, 8514.

[4] M. Uchiyama, S. Nakamura, T. Ohwada, M. Nakamura, E.

Nakamura, J. Am. Chem. Soc. 2004, 126, 10897; A.E.H.

Wheatley, New J. Chem. 2004, 28, 435; D. J. Linton, P. Schooler,

A. E. H. Wheatley, Coord. Chem. Rev. 2001, 223, 53.

For recent examples, see: E. Hevia, G. W. Honeyman, A.R.

Kennedy, R. E. Mulvey, D. C. Sherrington, Angew. Chem. 2005,

117, 70; Angew. Chem. Int. Ed. 2005, 44, 69; E. Hevia, D. J.

Gallagher, A.R. Kennedy, R.E. Mulvey, C.T. O’Hara, C.

Talmard, Chem. Commun. 2004, 2422 ; K. W. Henderson, A. R.

Kennedy, R. E. Mulvey, C. T. O’Hara, R. B. Rowlings, Chem.

Commun. 2001, 1678.

[6] R. E. Mulvey, Chem. Commun. 2001, 1049.

[5

—_

Angew. Chem. 2005, 117, 61726175

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angewandte

[7] P. Knochel, P. Jones,
Press, Oxford, 1999.

[8] For examples, see: T. Harada, D. Hara, K. Hattori, A. Oku,
Tetrahedron Lett. 1988, 29, 3821; T. Harada, T. Katsuhira, K.
Hattori, A. Oku, Tetrahedron Lett. 1989, 30, 6035; T. Harada, K.
Hattori, T. Katsuhira, A. Oku, Tetrahedron Lett. 1989, 30, 6039;
T. Harada, Y. Kotani, T. Katsuhira, A. Oku, Tetrahedron Lett.
1991, 32, 1573; T. Harada, T. Katsuhira, A. Osada, K. Iwazaki, K.
Maejima, A. Oku, J. Am. Chem. Soc. 1996, 118, 11377.

[9] For a similar strategy used to prepare a sodium tmp/zincate
system, see: P. C. Andrikopoulos, D. R. Armstrong, H. R. L.
Barley, W. Clegg, S. H. Dale, E. Hevia, G. W. Honeyman, A. R.
Kennedy, R. E. Mulvey, J. Am. Chem. Soc. 2005, 127, 6184.

[10] Crystal data for 1: C,3Hs,LiN;Zn, M,=443.0, triclinic, space
group P1, a=10.5066(3), b =11.2545(3), ¢ =12.4831(4) A, a =
92.151(2), B=108.109(2), y=106.064(2)°, V=1335.80(7) A?,
Z=2, Paa=1101gem>, 4=093mm™', T=123K, R(F;
F*>20)=0.0427, R,(F, all data)=0.1049, S=1.025 for 6050
unique data (6 < 27.5°; nonius kappaCCD diffractometer, Mo,
radiation, 1=0.71073 A) and 279 refined parameters; final
difference synthesis within +0.95 ¢ A=,

[11] N. D. R. Barnett, R. E. Mulvey, W. Clegg, P. A. O’Neil, J. Am.
Chem. Soc. 1993, 115, 1573.

[12] M. Westerhausen, B. Rademacher, W. Schwarz, Z. Naturforsch.
B 1994, 49, 199.

[13] Crystal data for 2: C,sH3,Fe,N,Zn, M, = 551.6, monoclinic, space
group I2/a, a=11.5061(8), b=15.0879(11), c=14.0876(10) A,
B=101.967(1)°, V=2392.5(3) A’, Z=4, peyeq=1.531 gem™, u =
221 mm™!, T=150 K, R (F; F* >20) =0.0185, R (F?, all data) =
0.0481, §$=1.032 for 2889 unique data (0<28.3°; Bruker
SMART 1K diffractometer, Mok, radiation, A=0.71073 A)
and 144 refined parameters; final difference synthesis within
+034eA

[14] N. Seidel, K. Jacob, P. Zanello, M. Fontani, J. Organomet. Chem.
2001, 620, 243.

[15] Crystal data for 3: CysHsyO4Fe;LiZn-C,HgO, M, =987.9, triclinic,
space group PI, a=10.0396(4), b=10.3045(4), c=
38.1464(16) A, a =86.678(1), f=89.840(1), y =61.239(1)°, V=
34527(12) A%, Z=3, paa=1425gem™>, u=149mm™', T=
120K, R(F; F°>20)=0.0848, R,(F%, all data)=0.2429, S=
0.980 for 27691 unique data (6 <26.0°; Bruker APEX2 diffrac-
tometer, synchrotron radiation, 4 =0.6768 A) and 2118 refined
parameters; final difference synthesis within =+ 1.63 eA
CCDC-267370-267372 (1-3, respectively) contain the supple-
mentary crystallographic data for this paper. These data can be
obtained free of charge from the Cambridge Crystallographic
Data Center via www.ccdc.cam.ac.uk/data_request/cif.

[16] Though rarely stated, heteroaggregation (same metal, but
different ligand) can sometimes also lead to enhanced reactivity;
for an example in organolithium chemistry, see: W. Peascoe,
D. E. Applequist, J. Org. Chem. 1973, 38, 1510.

[17] For a recent review of heteroaggregation in aryl and alkyl
lithium reagents, see: R. A. Gossage, J. T. B. H. Jastrzebski, G.
van Koten, Angew. Chem. 2005, 117, 1472; Angew. Chem. Int.
Ed. 2005, 44, 1448.

Organozinc Reagents, Oxford University

www.angewandte.de

Chemie

6175


http://www.angewandte.de

