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The syntheses of heterobi- and heterotrimetallic complexes based 6i(8;@dine-5-ylethynyl)-
ferrocene 8) are described. CompleXis accessible by the Pd(Il)/Cu(l)-catalyzed Sonogashira cross-
coupling of FcG=CH (1) (Fc = (17°-CsHa)(17°-CsHs)Fe) with 5-bromo-2,2bipyridine @). The complexation
behavior of3 was investigated. Treatment 8fwith (nbd)Mo(CO), (4a) (nbd = norbornadiene) at 25
°C, or refluxing3 with Mn(CO)Br (4b), (Me,SyPtCL (4c), and Ru(bipy)Cl,:2H,O (4d) (bipy = 2,2-
bipyridine), respectively, gave the respective heterobimetallic complexesE€diipy(ML,) (5: ML, =

Mo(CO), 6: ML, = Mn(CO)Br, 7: ML, = PtCh,

8. ML, = [Ru(bipy)](PFs)2). Heterotrimetallic

FcC=C-bipy{ [Pt(u-0,7-C=CSiMe;),] CuFBF;} (12) can be obtained by the subsequent reactio? of
with Me;SiC=CH (9) and [Cu(N=CMe)|BF, (11), while [FCG=C-bip\{ [Ti]( u-0,5t-C=CSiMe;)} M]X

(14a M = Cu, X=PF; 14b: M = Ag, X = CIOy; [Ti] = (1°>-CsH,SiMe;),Ti) were formed by combining

3 with {[Ti](u-0,m-C=CSiMe;)} MX (13a MX = Cu(N=CMe)PF, 13b: MX = AgOCIQOs). The identity

of 3, 10, and14awas confirmed by single-crystal X-ray structural studies. The main characteristic features
of 3 and 10 are the almost eclipsed conformation of the ferrocene cyclopentadienyl rings, the linear
Ccp— C=C—Cyipy moieties, and the coplanarity of both the pyridine and tki¢,@ings. The latter structural
motif allows an optimal overlap between theorbitals of the cyclopentadienyl, ethynyl, and pyridyl
rings. However, inl4athe bipy ligand is tilted by 96 9toward the5-CsH4 unit, which most likely is

attributable to cell-packing effects. The platinum

atomliis held in a somewhat distorted square-

planar surrounding. The chelated copper(l) ioddapossesses a pseudotetrahedral coordination geometry.
Mononuclear3 exhibits redox peaks in its cyclic voltammogray & 0.10 V, AE, = 194 mV) for the
Fet/Fe** redox couple of the Fc unit and for the bipy ligarieh{ = —2.36 V, AE, = 200 mV; Eq, =
—2.76 V, AE, = 430 mV). Compoundd0, 12, 148 and 14b additionally show electrode potentials

attributed to the respective Mlbuilding blocks.

Introduction

The study of homo- and heterometallic transition metal
complexes in which the metal atoms are connectecd-opn-
jugated organic and/or inorganic carbon-rich units is an intrigu-

istry.2 Conjugated pyridines and alkynyl-functionalized bipy-
ridines with an end-capped ferrocene moiety offer the possibility
to function as valuable precursors for the synthesis of diverse
heterometallic complexés.

We report here the synthesis of (2i#2pyridine-5-ylethynyl)-

ing area of research, since such species may offer the possibilityferrocene and its complexation behavior toward different

to study electronic communication between the redox-active
termini, exhibit nonlinear optical properties, or provide, for
example, cooperative effects in homogeneous cataly3iging

to the redox chemistry, chemical robustness, and synthetic

versatility, ferrocenyl building blocks have attracted significant
attention as excellent donor groups in transition metal chem-
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transition metal fragments. The electrochemical and structural
properties of the resulting heterodi- and heterotrimetallic
complexes are discussed as well.

Results and Discussion

The synthesis of (2;2vipyridine-5-ylethynyl)ferrocene3j
was accomplished by the palladium(ll)/copper(l)-catalyzed
Sonogashira cross-coupling of FeCH (1) (Fc = Fe(;>-CsH.)-
(7°-CsHs)) with 5-bromo-2,2-bipyridine @) in refluxing diiso-
propylamine (eq 1). After appropriate workup, compwas
obtained as an orange, air-stable solid in 68% yield, which

(2) Special issue, “50th Anniversary of the Discovery of Ferrocede”,
Organomet. Chem2001, 637—-639 (Adams, R. D., Ed.), and references
therein.
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Stribele, M.J. Organomet. Chen2002 660, 78. (c) Braga, D.; D’Addario,
D.; Polito, M.; Grepioni, F.Organometallic2004 23, 2810.
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Scheme 1. Synthesis of 10 and 12
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dissolves in organic solvents, such as petroleum ether, toluene, Table 1. Synthesis of Heterobimetallic 58 _
diethyl ether, and dichloromethane. compd MLoL'm ML, yield [%]*
5 (nbd)Mo(CO)P (4a) Mo(CO) 77
@_ — 6 Mn(CO)Br (4b) Mn(CO)Br 59
e C=CH = ==\ [(PhsP),PdCl, / Cul] 7 (MeSKPtCh (40 PtCl 65
e + Br \ Y, \ / 8 Ru(bipyClz:2H,O° (4d)  [Ru(bipy)](PFe)2? 92
N N N(CgHy),H _ ' A - .
Q aBased or8. P nbd= norbornadiene. ¢ bipy = 2,2-bipyridine. 9 Obtained
1 2 from the reaction oB with 4d followed by treatment of3-Ru(bipy)]Cl.
_ _ with NH4PFs.
@—CEC . . .
: \ N/ \N / Treatment of7 with an excess of M&SIC=CH (9) in the
e

The reaction of3 with (nbd)Mo(CO), (4a) (nbd = norbor-
nadiene) in a mixture of dichloromethane/tetrahydrofuran (ratio
5:1) at 25°C afforded Fc&C-bipy(Mo(CO),) (5) upon replace-
ment of nbd by bipy (eq 2, Table 1). RefluxiBgn the presence
of Mn(CO)XBr (4b), (Me;SHPtCh (4¢), or Ru(bipy}Cly-2H,0O
(4d) (bipy = 2,2-bipyridine) in ethanol or toluene as solvent
produced the respective heterobimetallic complexes=ReC
bipy(MLp) (6: ML, = Mn(CO)Br (elimination of two carbo-
nyls), 7. ML, = PtCh (loss of SMe), 8: ML, = [Ru(bipy)]-
(PR)2) (eq 2, Table 1). Comple& was formed after subsequent
precipitation with aqueous ammonium hexafluorophosphate.

' MLAL'm
& CT
-mL
3
LS —c=c
RN
@ ML, @

The progress of the complexation ®fwith ML, can nicely
be monitored by the color change upon addition of M,
(Table 1), whereby the orange solution3furned red §, 6, 8)
or deep purple?) during the course of the reaction.

presence of catalytic amounts of [Cul] in a 5:1 mixture of
dichloromethane and diisopropylamine produced with concomi-
tant precipitation of [N(C3H-)2H,]Cl pale red Fc&C-bipy[Pt-
(C=CSiMej)7] (10), which in a further reaction with [Cu@=C-
Me)4]BF4 (12) in 1:1 stoichiometry gave deep purple FEC-
bipy{ [Pt(u-0,71-C=CSiMe;),] CuFBFR;} (12) in a 63% overall
yield (Scheme 1).

It also was possible to synthesize heterotrimetallic Fie-M
complexes with M= Cu and Ag, respectively (eq 3). Structural
type [FCG=C-bipy [Ti](u-0,m-C=CSiMe3)} MIX (l4a M =
Cu, X = PR, 14b: M = Ag, X = ClOg; [Ti] = (35-CsHa-
SiMe;), Ti) molecules are accessible by combining mononuclear
3 with heterobimetallic{[Ti]( u-o,7-C=CSiMe3)} MX (13a
MX = Cu(N=CMe)PF;, 13b: MX = AgOCIQ;) in tetrahy-
drofuran at 25°C. In 14aand14bthe group 11 metals copper
and silver are chelate-bonded by the organometattiweezer
[Ti|(C=CSiM&;), and the bipy ligand resulting in tetracoordi-
nation at M. While redl4aand14b are stable in the solid state,
they slowly start to decompose in solution on exposure to air;
that is,14b gives elemental silver along withand [Ti](C=C-
SiMeg)z.

Complexes3, 5—8, 10, 12, and 14 were characterized by
elemental analysis, IR, and NMR spectroscopy. ESI-TOF mass
spectrometric experiments were additionally carried out with
7, 10, and 12. The identity of3, 10, and 14a was further
confirmed by single-crystal X-ray diffraction studies.

Characteristic in the IR spectra 8fis the G=C stretching
vibration at 2205 cm! for the G=C-bipy unit. For all other
species this absorption is observed at almost the same value
(2199-2209 cn1?l) (Experimental Section). Further representa-
tive vibrations arevco (5, 6), ve=c (TIC=CSiMe;: 143 14b;
PtCG=CSiMes: 10, 12), vpr (8, 143, ver (12), andvcio (14b),
showing the expected patterns; for example, FEhipy(Mo-
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(CO)) (5) possesses four-o absorptions at 1810, 1865, 1912,
and 2009 cml* Remarkable to note is that due to the
unsymmetrical substituted bipyridine ligand 19 two C=C
stretching vibrations are observed at 2039 and 2055 dor
the PtG=CSi units. In12, these absorptions are shifted to 1961
and 1977 cm?, confirming the successful complexation of the
alkynyl ligands to a low-valent CuFBFmoiety. For the FBE
fragment two vibrations are found at 1053 and 1084 %mwhich
is typical for theo-binding of this group to a transition metal
atom® Upon complexation of the organometallictweezer
building block f [Til( #-0,7-C=CSiMe3);} M]* (M = Cu, Ag)
by the bipy ligand in14a and 14b, the G=C absorption is
somewhat shifted to higher wavenumber when compared with
13aand13b, respectively’.

Also the NMR spectroscopic properties &f5—8, 10, 12,
and 14 correlate with their formulations as mono-, di-, or
trimetallic complexes (vide supra). The cyclopentadienyl protons
in 3 show an AAXX' pattern with centers lying at 4.27 and
4.51 ppm (GH,) and a singlet at 4.26 ppm §8s). The bipy

ligand gives rise to seven signals found between 7.2 and 8.8

ppm with the characteristic coupling pattérithe assignment
of these signals was supported by two-dimensional NMR
experiments (Experimental Section). TRE{H} NMR spec-
trum of 3 contains the respective carbon signals for Fc (four
signals), &C (two resonances), and bipy (10 signals) (Experi-
mental Section). The protons and carbon atoms of thesfkeC
entity do not differ significantly in their chemical shifts upon
complexation of the bipy unit i to ML, as given in5—8, 10,

12, and14. However, the hydrogen atoms H6 and’'Hcated
next to the bipy nitrogen atoms are thereby more influenced
and are shifted by ca. 0.5 ppm to lower field, i®.6, 10, and

12 (Experimental Section). In addition, representative-I®t
couplings withJpyy = 26 Hz are observed for H6 and Hi

10. Complexesl0 and 12 show in their'H NMR spectra two
signals for the MgSi protons, which is attributed to their
unsymmetrical chemical environment (vide supra). Notable in
the’H NMR spectra ofl4aand14b, when compared with3a

(4) Hermann, W. A;; Thiel, W. R.; Kuchler, J. kChem. Ber199Q 1953.

(5) Beck, W.; Sumkel, K. Chem. Re. 1988 88, 1405.

(6) (a) Lang, H.; George, D. S. A.; Rheinwald, Goord. Chem. Re
200Q 206—207, 101. (b) Lang, H.; Rheinwald, G. Prakt. Chem1999
341, 1. (c) Lang, H.; Kdler, K.; Blau, S.Coord. Chem. Re, 1995 143
113.

(7) (@) Grosshenny, V. G.; Romero, F. M.; Ziessel, JROrg. Chem
1997 62, 1491. (b) Schwab, P. F. H.; Fleischer, F.; MichlJJOrg. Chem
2002 67, 443.
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Figure 1. ORTEP plot (50% probability level) & with the atom-
numbering scheme. Selected bond distances (A) and angles (deg):
C10-C11, 1.452(5); C11C12, 1.165(4); C12C13, 1.447(4); Fel-

D1, 1.649(6); Fel-D2, 1.642(6); C+&11-C12, 176.9(6); C1%
C12-C13, 178.4(8); D*Fel-D2, 178.2(3) (D1= centroid of
CsHs, D2 = centroid of GHy).

and13b, is the highfield shift of the MgSiC=C protons from
ca. 0.25 ppm13) to —0.41 (148 or —0.29 ppm (4b), which
can be explained by the ring current of the bipy ligand.

A striking feature of6 and 8 is that they exist as two
enantiomers and, hence, show a doubling of the resonance
signals of the gH4 C, carbons §: 72.06 and 72.14 ppn8:
72.47, 72.53 ppm).

In the 13C{1H} NMR spectrum ofl4b there is coupling to
silver on the alkynyl G and G carbons (TiG=C;SiMes) found
at 153.7 ppm (&) and 138.6 ppm (§), with coupling constants
being 15 and 4 Hz, respectively; that is, both alkyne carbon
atoms are bonded to silver (Experimental Section). However,
the expected splitting of the signals into two doublets, due to
the presence of the silver isotop&8Ag and 1°°Ag (natural
abundancé®Ag (I = %/,) 51.8%,1%9Ag (I = ¥/,) 48.2%), is not
observed. This also can nicely be seen frot?Si{1H} NMR
studies. The doublet found at18.4 ppm with?Jsiag = 2.0 Hz
can be assigned to the alkynyl-bondedj8liegroups.

ESI-TOF mass spectra fat and 10 contain the molecular
ion [M*] (7: m/iz=630;10: m/z= 753) and forl2[M* —BF]
(m/z= 817). Further characteristic fragments aret[M PtCh]

(7, mz = 365), [M;*] (10, mz = 1507), and [M" —BF, +
FcGbipyPt(GSiMes);] (12, miz = 1570).

Single-crystal X-ray structure analysis was performed3for
10, and14a A view of the molecules is given in Figure B)(
Figure 2 (L0), and Figure 3144d), respectively. Selected bond
distances (A) and angles (deg) are given in the legend of Figures
1-3. The crystal and structure refinement data3pd0, and
l4aare presented in Table 3 (Experimental Section).

The overall structural features &fare similar to those of
related structurally characterized phenylethynyl-functionalized
ferrocenes:® The cyclopentadienyl rings are rotated by°a@
each other, which verifies an almost eclipsed conformation. The
C13-C17, N1 and C18C22, N2 pyridine rings and the
cyclopentadienyl unit C6C10 are almost coplanar (dihedral
angle of 5.92(0.20)for C13—C17, N1/C6-C10 and 0.95(0.20)
for C13—C17, N1/C18-C22, N2) (Figure 1). This orientation
allows an optimal overlap between the-orbitals of the
cyclopentadienyl, ethynyl, and pyridyl fragments.

The asymmetric unit 010 contains two crystallographically
independent molecules together with one molecule of acetoni-
trile. Geometrical parameters within the FeC-bipy unit are

(8) Yuan, Z.; Dryden, N. H.; Vittal, J. J.; Puddephatt, RChem. Mater.
1995 7, 1696.

(9) (a) Kécher, S.; Lang, HJ. Organomet. Chen2001, 637—639, 198.
(b) Fink, H.; Long, N. J.; Martin, A. J.; Opromolla, G.; White, A. J. P;
Williams, D. J.; Zanello, POrganometallics1997, 16, 2646. (c) Ingham,
S. L.; Khan, M. S.; Lewis, J.; Long, N. J.; Raithby, P. R.Organomet.
Chem 1994 470, 153.
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Figure 2. ORTEP plot (50% probability level) of one molecule
of 10 with the atom-numbering scheme (the hydrogen atoms and
one acetonitrile solvent molecule are omitted for clarity). Selected
bond distances (A) and angles (deg): P€23, 1.931(8); Ptt
C28, 1.930(9); PtEN1, 2.044(7); PtEN2, 2.042(7); C23-C24,
1.214(13); C28C29, 1.213(13); C24Si1, 1.807(9); C29Si2,
1.809(9); C1+C12, 1.190(14); FeiD1, 1.634(11); FexD2,
1.630(10); N+-Pt1-N2, 78.5(3); NE-Pt1-C23, 95.9(3); Nt
Pt1-C28, 173.2(3); N2Pt1—C28, 94.8(3); N2-Pt1-C23, 174.3(3);
C23-Pt1—C28, 90.9(4); Pt+C23-C24, 174.6(8); C23C24-Sil,
173.1(8); Pt+C28-C29, 171.5(8); C28C29-Si2, 172.9(9); C6
C11-C12, 177.6(11); C13C12-C14, 177.0(11); D*Fel-D2,
177.8(6) (D1= centroid of GHs, D2 = centroid of GHy).

c19
Q-

C16
o

Figure 3. ORTEP plot (30% probability level) ot4a with the
atom-numbering scheme (the hydrogen atoms, the Bdunterion,
and the distortion of one M8i group are omitted for clarity).
Selected bond distances (A) and angles (deg): -N1l, 2.225(4):
Cul—N2, 2.044(4); CutC23, 2.085(4); CutC24, 2.198(5);
Cul-C28, 2.089(4); CutC29, 2.202(5); Ti+-C23, 2.105(5); Tit-
C28, 2.118(5); C23C24, 1.230(6); C28C29, 1.227(6); C24
Si1, 1.853(5); C29Si2, 1.853(5); Ti+D3, 2.051(5); Tit-D4,
2.040(5); C1+C12, 1.195(7); FexD1, 1.640(8); Fex D2, 1.628(6);
Til—Cul, 2.9908(9); C23Ti1l—C28, 88.48(17); Ti+C23—-C24,
169.5(4); Tit-C28-C29, 167.6(4); C23C24-Sil, 162.6(4);
C28-C29-Si2, 161.7(4); N+Cul—-N2, 76.45(15); C6C1l1—
C12, 178.2(6); C12C12—-C14, 177.2(6); D+ Fel-D2, 178.6(5)
(D1 = centroid of GHs; D2 = centroid of GH4; D3, D4 =
centroids of GH,SiMe3).

comparable to those &f(Figures 1 and 2). The (bipy)PteC-
SiMe3);, entity has values for metrical parameters similar to those
reported previously in comparable compleX@3he platinum
atom Ptl is held in a somewhat distorted square-planar

(10) (a) Lang, H.; del Villar, A.; Rheinwald, Gl. Organomet. Chem
1999 587, 284. (b) Chan, S. C.; Chan, M. C. W.; Wang, Y.; Che, C. M;
Cheung, K. K.; Zhu, NChem. Eur. J2001, 7, 4180. (c) Adams, C. J.;
James, S. L.; Liu, X.; Raithby, P. R.; Yellowlees, LJJChem. Soc., Dalton
Trans 200Q 63.
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environment (mean deviation of Pt1 from the best plane of N1,
N2, C23, C28 is 0.0089 A).

Heterotrimetallicl4ashows a pseudotetrahedral coordination
geometry around Cul with tweg?-coordinated MgSIC=C
groups (C23-C24, C28-C29) and the chelate-bonded bipy
ligand (N1, N2) (Figure 3). Noteworthy to mention is the
difference between CuiN1 (2.225(4) A) and CuEN2 (2.044(4)
A), which verifies an asymmetrical chelate binding of the
bipyridine ligand to Cul (Figure 3). This is, however, not
common for Cu(l)-bipy moieties, in which symmetrical copper
nitrogen bonds are typicat The large dissimilarity between
Cul—N1 and CutN2 in 14amost probably can be ascribed
to electronic effects resulting from the electron-rich E&Cunit.

All other structural features of the FiCu organometallic
m-tweezer part are in accordance with this type of ealdye
complexes® In comparison to mononucle& (Figure 1) the
bipy ligand in14ais tilted by 96.9 toward ther®-coordinated
CsH4 ring (C6—C10). This orientation is most likely attributed
to cell-packing effects.

Preliminary electrochemical investigations3f10, 12, 144,
and 14b by cyclic voltammetry demonstrate that the redox
couple Fé"/Fe* of the ferrocene moieties is not significantly
affected by the complexation of bipy by MLfragments
(Experimental Section, Table 2). Exemplarily, the cyclic vol-
tammograms 08, 10, 12, and14aare depicted in Figures46.

Complex3 shows two reductions that can be assigned to the
bipy ligand atEq; = —2.36 V (AE, = 200 mV) andEq, =
—2.76 V (AE, = 430 mV) (Figure 4) (for comparison, free
2,2-bipyridine: Eg = —2.77 V (AE, = 340 mV) Eq = Eox
— (Eox — Ewed/2; AE, = peak diff). In addition, a ferrocene-
based F&/Fe*t redox couple is found &, = 0.10 V (AE, =
194 mV), which is somewhat shifted to a more positive value
when compared with the FcH/FéHpotential (FcH= (-
CsHs)2Fe,Eq = 0.00 V (AE, = 150 mV))*2 This displacement
can be interpreted by means of a stronger electron-withdrawing
group present i3 than in FcH, taken as standard. The oxidation
at Eox = —0.04 V (Figure 4, inset) results from the second
reduction of the bipy ligand aE, = —2.76 V, as could be
evidenced by measuring only te2.6 V (Figure 4).

For heterobimetalliclO two redox waves are observed for
the bipy ligand aEq; = —1.59 V (AE, = 120 mV) andEq» =
—2.24V (AE, = 130 mV) in the cyclic voltammogram (Figure
5, top), which is typical for chelate-bonded bipy ligands in
platinum transition metal chemist#yThe cyclic voltammogram
of 10 also exhibits, as, a reversible oxidation wave for the

(11) (a) Reger, D. L.; Collins, J. E.; Huff, M. F.; Rheingold, A. L.; Yap,
G. P. A.Organometallics1995 14, 5475. (b) Munakata, M.; Kitagawa, S.;
Shimono, H.; Masuda, Hnorg. Chem 1991 30, 2610. (c) Masuda, H.;
Yamamoto, N.; Taga, T.; Machida, K.; Kitagawa, S.; Munakata, M.
Organomet. Cheml987, 322 121. (d) Engelhardt, L. M.; Pakawatchai,
C.; White, A. H.; Healy, P. CJ. Chem. Soc., Dalton Tran$985 125. (e)
Martens, C. F.; Schenning, A. P. H. J.; Feiters, M. C.; Heck, J.; Beurskens,
G.; Beurskens, P. T.; Steinwender, E.; Nolte, R. JIhérg. Chem1993
32, 3029. (f) Martens, C. F.; Schenning, A. P. H. J.; Feiters, M. C,;
Beurskens, G.; Smits, J. M. M.; Beurskens, P. T.; Smeets, W. J. J.; Spek,
A. L.; Nolte, R. J. M.Supramol. Chem1996 8, 31.

(12) Ferrocene/ferrocenium redox couple: Gritzner, G.; Kut&uie
Appl. Chem1984 56, 461.

(13) A conversion of given electrode potentials to the standard normal
hydrogen electrode is possible: Strehlow, H.; Knoche, W.; Schneider, H.
Ber. Bunsen-Ges. Phys. Chet®73 77, 760.

(14) (a) Al-Anber, M.; Vatsadze, S.; Holze, R.; Thiel, W. R.; Lang, H.
J. Chem. Soc., Dalton Tran2005 3632. (b) Vatsadze, S.; Al-Anber, M.;
Thiel, W. R.; Lang, H.; Holze, RJ. Solid State Electrocher005 9, 764.

(15) (a) Vogler, C.; Schwederski, B.; Klein, A.; Kaim, \3.. Organomet.
Chem 1992 436, 367. (b) Bratermann, P. S.; Song, J. |.; Wimmer, F. M.;
Wimmer, S.; Kaim, Winorg. Chem1992 31, 5084. (c) Osella, D.; Milone,

L.; Nervi, C.; Ravera, MJ. Organomet. Cheni995 488 1. (d) Wetzold,
N. Diploma Thesis, TU Chemnitz, 2003.
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Table 2. Electrochemical Data of 3, 10, 12, 14a, and 18b

FetIFe Eo/V bipy/bipy ® Eo (Epred/V bipy*~/bipy? P Eo/V Ey/V
compd (AEp mV) (AE/mV) (AE/mMV) MFIMCEp oV EpredV (AE/mMV)
3 0.10 (194) —2.36 (200) —2.76 (430)
10 0.17 (130) —1.59 (120) —2.24 (130)
12 0.16 (120) —1.60 (130) —2.23 (120) —1.82
1l4a 0.12 (150) —2.67 —1.33 —1.45 —1.39 (120)
14b 0.13 (145) —2.66 -1.26

a|n tetrahydrofuran® For electrode potentials of free bipy see ref 141 = Cu and Ag, respectively.

Table 3. Crystal and Intensity Collection Data for 3, 10 and 14a

3 10 1l4a
fw 364.22 794.79 1089.60
chemical formula SH1eFeN: CaaH37FeNsPtSh CagHeoCUuFeNPSiTI
cryst syst orthorhombic triclinic monoclinic
space group Pna2; P1 P2,/c
a(A) 23.915(2) 7.0881(6) 18.6503(10)
b (R) 6.8674(6) 15.1536(13) 16.8592(9)
c(A) 10.0743(9) 17.1405(15) 19.1245(10)
o (deg) 90 65.152(2) 90
B (deg) 90 88.468(2) 116.716(1)
y (deg) 90 84.486(2) 90
V (A3) 1654.6(3) 1662.7(2) 5371.4(5)
pealc (g cm3) 1.462 1.587 1.347
F(000) 752 788 2256
cryst dimens (mrf) 0.35x 0.25x 0.05 0.4x 0.4x 0.2 0.5x 0.4x 0.2
z 4 2 4
max., min. transmn 0.9999, 0.2233 0.9999, 0.5609 0.9999, 0.7818
absorp coeffg, mm1) 0.917 4,737 0.977
scan range (deg) 1.70t0 26.41 1.51t026.39 1.22t0 26.46
index ranges & h=<29 —-8<h=<8 —-23<h=<20
0<k=8 —16<k=18 O<k=21
-12<1=<12 O0=<l=21 0=<1=<23
total no. of refins 14578 25409 57721
no. of unique reflns 3392 6767 11 427
R(int) 0.0649 0.0482 0.0931
no. of data/restraints/params 3392/1/226 6767/0/377 11 025/405/693
goodness-of-fit orfF2 1.031 1.118 1.011

R12WR22 [l = 20(1)]

R12wRZ2? (all data)

max., min. peak in final
Fourier map (e A3)

0.0396, 0.0820
0.0677,0.0918
0.262,—0.274

0.0611, 0.1598
0.0643, 0.1628
7.803;-3.869

0.0641, 0.1424
0.1308, 0.1715
0.784;-0.426

aR1 = [S(IIFo| — |Fe|)/I|Fol); WR2 = [T (W(Fo? — FAA)/3 (WFH]Y2 S= [TW(Fo2 — FA/(n — p)Y2 n = number of reflectionsp = parameters used.

40 o~
bipy/bipy
0+ —
Fe”/Fe**
= _40 - 40
<
3 .
-80 - -40
-80
-120 + 71201 .- -
- B 2
-160 T blpy. /blpy T T T
-35 -3 25 -2 -1,5 -1 -0,5 0 0,5
—160 T T T T T T T 1
-3 -2,5 -2 -1,5 -1 -0,5 0 0,5 1

E[V]
Figure 4. Cyclic voltammogram o8 in tetrahydrofuran at 28C, ["BusN]PFs supporting electrolyte (0.1 M), scan rate100 mV s1. All
potentials are referenced to the FcH/Fcig¢dox couple (FcH= (15-CsHs)Fe) with Ep = 0.00 V (AE, = 150 mV)1213

ferrocene moiety aEy = 0.17 V (AE, = 130 mV), showing
that this unit is more difficult to oxidize tha®and FcH, taken
as standard (vide supr&)Under the conditions of the measure-
ment, however, platinum reductions could not be obset?ed.
Complexation of [CuFB§ as given in12 does not influence

the oxidation or reduction potentials of the FeC-bipy[Pt-
(C=CSiMe;);] moiety (Fé*/Feé*: Ey = 0.16 V (AE, = 120
mV); bipy: Eg1= —1.60 V (AE, = 130 mV),Eq, = —2.23 V
(AEp, = 120 mV)). The coordinated copper(l) ion gives rise to
an irreversible reduction wave & eq = —1.82 V (Figure 5,
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25 1 Eprea= —1.45V, and the reduction process bipy/bipat Ep red
Fe?'/Fe™ = —2.67 V (Figure 6). The reduction of copper(l) to copper(0)
151 o is typical in Ti—Cu organometallic-tweezer chemistry, imply-
5 bipy/bipy ing that in such complexes the reduction occurs initially at the
bipy “/bipy* Cu(l) ion, resulting in fragmentation of the respective complexes
"?:. 5 - (vide supra}:® However, when the cyclic voltammogram bfa
= is measured only between0.4 and—1.6 V (Figure 6, inset),
-15 4 the cathodic reduction of Cu(l) is followed by reoxidation of
Cu(0) € = —1.39 V,AE, = 120 mV) obviously without any
-25 1 change of the chemical identity of the molecule involved. In
contrast, this is not the case for isostructur, where instead
-35 ! ' ! ' ' ' ' ' ‘ of copper(l) a silver(l) center is present. Next to the redox
35 ' couples F&/Fe* (Ep = 0.13 V, AE, = 145 mV) and bipy/
20 1 bipy~ (Eprea= —2.66 V) an irreversible reduction peak for Ag-
(1)/Ag(0) is found atEpeq= —1.26 V; that is, no reoxidation
10 - peak is observed. In the second run the only observable
potentials are those typical for free FeC-bipy and [Ti](G=C-
0 - SiMes),,1 indicating that 14b fragmented into the starting
E materials (vide supra).
= 410 |
Conclusion
-20 -
A straightforward synthesis method for the preparation of
.30 : : : , . heterobi- and heterotrimetallic transition metal complexes of

35 3 25 -2 15 -1 05 0 0,5 1 structural type Fc&C-bipy(ML,) (ML, = Mo(CO);, Mn-
E[V] (CO)3Br, PtCh, Pt(CG=CSiMe3),, [Ru(bipy)](PFe)2), FCcG=C-
; ; ; bipy{ [Pt(u-0,7-C=CSiMe;),] CuFBF3}, and [FCG=C-bipy{ [Ti]-
Figure 5. Cyclic voltammograms 010 (top) and12 (bottom) in )
te?rahydrofu)r/an at 25C, [“Bgu4N]PF6 su(ppg)rting ele(ctrolyte)(o.l (u-0,1—C=CSiM&)} MIX (M = Cu, X=PF;; M = Ag, X =
M), scan rate= 100 mV s. All potentials are referenced to the  ClOs; [Ti] = (7>-CsHaSiMey).Ti) is reported. In the latter species
FcH/FcH redox couple (FcH= (375-CsHs).Fe) with Eo = 0.00 V different early-late transition metals are connected xi@on-
(AE, = 150 mv)1213 jugated carbon-rich bridging units. Electrochemical studies show
that the ferrocenyl moiety in FGEC-bipy is not significantly
bottom). This observation may imply that the copper(l) reduction affected by the complexation of the bipy unit by Mitagments.

occurs initially, resulting in fragmentation of Fe&€C-bipy{ [Pt- Complexation of the organometallictweezers [Pi(-o,7-C=C-
(u-0,7-C=CSiMe&3),]CUFBR;} (12). A similar phenomenonwas  SiMes),]CuFBF; and{[Ti]( u-0,7-C=CSiMe&;);} M+ (M = Cu,
found for other organometallie-tweezers, i.e.{[Ti](u-o,7- Ag) by the bipy ligand induces a cationic shift of the respective

C=CR)}CuX (X = singly bonded inorganic or organic redox peaks for Pe/Fe**, indicating that in the heterotrimetallic
group)8 A comparison of7, 10, and12is not possible, because complexes the ferrocene unit is more difficult to oxidize and,
7 is not soluble in tetrahydrofuran and dichloromethane solu- hence, the heterobimetallic-P€u and T+-M building blocks

tions, respectively. are acting as electron-withdrawing groups. The use of the newly
Heterotrimetallic[FC&C-bipy{ [Ti]( u-0,77-C=CSiMe;)2} Cu]- synthesized heterometallic complexes as multicomponent cata-

PFs (148 gives a cyclic voltammogram as shown in Figure 6. lysts is subjected to further studies, since it was found that in
The relevant electrode potentials are for the iron(ll) iBg, heterobimetallic titaniumM s-tweezer complexes the ap-

= 0.12 V (AE, = 150 mV), the reduction of the copper ion at  propriate metals show synergetic and cooperative effects.

60 -

Fe*/Fe**

40 -
20 -
0
-20 -

I [uA]

-40 -
_60 i

-80 - bipy/bipy -

-100 . ‘ . | e ; @ w
35 -3 25 2 1,5 -1 0,5 0 05 1
E[V]

Figure 6. Cyclic voltammogram ofi4ain tetrahydrofuran at 25C, ["BusN]PFs supporting electrolyte (0.1 M), scan rate100 mV s,
All potentials are referenced to the FcH/Ftiedox couple (FcH= (175-CsHs).Fe) with Eo = 0.00 V (AE, = 150 mV)1213
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68% based o). Mp: 163°C. IR (KBr, cnT1): 2205 (m),»(C=
C). *H NMR (CDCly): 6 4.26 (s, 5 H, GHs), 4.27 (pt,Juy = 1.9

General Data. All reactions were carried out under an atmo- 7 2 H Hp/CeHa), 4.51 (pt,dup = 1.9 Hz, 2 H,Hu/CsH,), 7.29
sphere of nitrogen using standard Schlenk techniques. Tetrahydro-(dd’d 3\];5“4, — 78 Hz 3\]H5’,H6' — 48 Hz ‘,‘JHsst" 2l Hr 1H

furan, diethyl ether, and-hexane were purified by distillation from H5'), 7.80 (ddd3Juary = 3Juams = 7.8 Hz, Jpans = 1.8 Hz, 1
sodium/benzophenone ketyl; dichloromethane was purified by H, H4), 7.91 (dd,2Juans = 8.5 Hz, “Juans = 2.4 Hz, 1 H, H4),
distillation from calcium hydride. Celite (purified and annealed, 8.38 (dd,2Juana = 8.5 Hz,53uams = 0.6 Hz, 1 H, H3), 8.41 (ddd
Erg. B.6, Riedel de Haen) was used for filtrations. S — 78 Hyz - ~1Hz g = 1THz 1H. H3), 8.67 ’
Instruments. Infrared spectra were recorded with a Perkin-Elmer (4 3, " 4.8 Hz i _ 18 Hz SJHG’H;' —1Hz 1H
Spectrum 1000 FT-IR spectrometdi. NMR spectra were recorded H6’),’8_77 (dd,“Jrepe Z 2.4 Hz, 50 e = 6.6 te, 1 H, H6’).13C-’

with a Bruker Avance 250 spectrometer operating at 250.130 MHz IH! NMR (CDCR): 6 64.5 C/C:H.). 69.3 C+/CeH.). 70.2 (GH
in the Fourier transform mod&C{H} NMR spectra were recorded {71% C /C5(H4) 833)..0 (Fc-.(?gc-(t-):?p;;’ 93'36(32(:%52%5”(%28);1
at 62.860 MHz. Chemical shifts are reporteddiminits (parts per (C3bipy) 121’.1 Cbipy), 121.3 é:f%’/bipy) 123.8 C5"/bipy)
million) downfield from tetramethylsilane with the solvent as 37 g (:éi’/bipy) 139 1 Célvbipy) 149 3 CG"/bipy) 1515 CG/

; 1 . 0, — .
e S i, COCHGS S, e g0 T o o el
CDCls (99.8%),0 = 77.16; (CR),CO (99.9%) = 29.84, 206.26). 43'}. (N 7'50)' 1285, H, 4.43; N, 7.69. Found: C, 72.23; H,
The abbreviationpt in the *H NMR spectra corresponds to a ' '~ .

pseudotriplet. Cyclic voltammograms were recorded in a dried cell Synthesis of FC'(;C'b'py[MO(CO) 4]. (). (npd)Mo(CO) (4a)
purged with purified argon. A platinum wire served as working (80 Mg, 0.27 mmol) was dissolved in a mixture of 25 mL of
electrode, and a platinum wire was used as counter electrode. Adlchloromethane anq 5 mL of THF' To this solutl_on was added
saturated calomel electrode in a separate compartment served a&20 M. 0.25 mmol) in one portion. After a few minutes the color

reference electrode. For ease of comparison, all electrode potential@f the re_action mixture turned from yellow to deep red. Stirring
are converted using the redox potential of the ferroedagroce- was continued for 15 h at Z%&. Afterward the solvent was reduced

nium couple FcH/FCH (FcH = (75-CsHs).Fe, Eo = 0.00 V)i213 in volume to 5 mL and the product was pre_cipitated with (_jiethyl
as reference. Electrolyte solutions were prepared from tetrahydro-8ther- The precipitate was washed twice with 10 mL portions of
furan and [BuN]PFs (Fluka, dried in oil-pump vacuum). The  diéthyl ether and dried in an oil pump vacuum. Compiewas
respective organometallic complexes were added=atl.0 mM. obtained as a red solid. Yield: 110 mg (0.19 mmol, 77% based on
Cyclic voltammograms were recorded in negative-going direction 3): MP: 183°C (dec). IR (KBr, cm?): 2208 (m),»(C=C); 2009
at the starting potentials using a Voltalab 3.1 potentiostat (Radi- (S): 1912 (), 1865 (s), 1810 (g{CO). *H NMR (CDCl): ¢ 4.31
ometer) equipped with a DEA 101 digital electrochemical analyzer (S 5 H, GHs), 4.36 (pt,Jun = 1.9 Hz, 2 H,Hy/CsHa), 4.60 (pt,
and an IMT 102 electrochemical interface. Melting points were Jun = 1.9 Hz, 2 H,Ho/CsHy), 7.38 (dd,*Jusa = 7.8 HZ, *Jnsrg
determined using analytically pure samples, sealed off in nitrogen- ~ 5.2 Hz, 1 H, HY), 7.89-7.96 (m, 2 H, H4, HY, 8.03 (d,*Jusns
purged capillaries on a Gallenkamp MFB 595 010 M melting point = 8-4 Hz, 1 H, H3), 8.08 (diJuane = 8 Hz, 1 H, H3), 9.13 (d,
apparatus. Microanalyses were performed by the Institute of Organic lJHG'TS’ = 5.2 Hz, 1 H, HE), 9.19 (d,*Jugna = 2 Hz, 1 H, H6).
Chemistry, Chemnitz, University of Technology, and partly by the *C{*H} NMR (CDCl): 0 63.2 (Ci/CsHa), 69.9 C4/CsHy), 70.4
Institute of Organic Chemistry, University of Heidelberg. (CsHs), 72.1 Co/CeHa), 81.4 (Fc-C=C-bipy), 97.7 (FCE=C-bipy),
Reagents Ethynylferrocené? 5-bromo-2,2bipyridine 8 (nbd)- 121.4 (bipy), 122.1 (bipy), 123.4 (bipy), 125.1 (bipy), 137.4 (bipy),
Mo(CO), ¥ Mn(COXBr, 2 (bipy),RuChL+2H,0 2t [{[Ti](4-0,7-C=C- 138.7 (bipy), 152.1 (bipy), 153.2 (bipy), 154.4 (bipy), 154.5 (bipy),
SiMes),} Cu(N=CMe)]PRs, 22 {[Ti]( u-0,7-C=CSiMey),} AgOCIO;3,23 204.8 (CO), 223.0 (CO). Anal. Calc for ,H1604FeN:MO
(ELS)PLCh24 and MeSIC=CH2 were prepared according to (572.2): C,54.58; H, 2.82; N, 4.90. Found: C, 54.46; H, 3.11; N,
published procedures. All other chemicals were purchased by 4.66.
commercial suppliers and were used without further purification.  Synthesis of Fc-G=C-bipy[Mn(CO) 3Br] (6). Mn(CO)Br (4b)
Synthesis of Fc-G=C-bipy (3). 5-Bromo-2,2-bipyridine @) (200 (70 mg, 0.255 mmol) an8 (85 mg, 0.233 mmol) were dissolved
mg, 0.85 mmol) and ethynylferrocen&) (220 mg, 1.05 mmol) in 20 mL of ethanol, and the solution was heated at reflux for 30
were dissolved in 30 mL of degassed diisopropylamine. To this min, whereby the color changed from orange to dark red. After
solution were added [Pd(PBRECI;] (50 mg) and [Cul] (25 mg). cooling the reaction mixture to 28C the solvent was reduced in
The resulting suspension was heated at reflux for 8 h. After cooling volume to 5 mL, and 15 mL of diethyl ether was added. On cooling
to 25°C it was filtered through a pad of Celite. The filtrate was the resulting solution to-30 °C, complex6 precipitated. The
evaporated to dryness, and the residue was subjected to columrobtained solid material was washed twice with 10 mL portions of
chromatography (silica gel). A 10:1 petroleum ether/diethyl ether diethyl ether and dried in an oil pump vacuum. Compéewas
mixture was used as eluent. Comp&was isolated from the second  obtained as a red-brown solid. Yield: 80 mg (0.137 mmol, 59%
fraction on removal of all volatiles in an oil pump vacuum. based or8). Mp: 175°C (dec). IR (KBr, cnml): 2208 (w),»(C=
Crystallization from a 5:1 petroleum ether/diethyl ether mixture at C); 1914 (s), 1932 (s), 2024 (3)(CO).*H NMR (CDClg): 6 4.31
25°C gave orange, single crystals®fYield: 210 mg (0.58 mmol, (s, 5 H, GHs), 4.37 (pt,Jun = 1.9 Hz, 2 H,H/CsH,), 4.60 (pt,
Jywi=19Hz 2 H,Ha/C5H4), 7.48 (dd:?JH5'H4' =7.8 HZ,3JH5'H6' =
5.4 Hz, 1 H, HY), 7.86-8.06 (m, 4 H, H3, H3 H4, H4), 9.23 (d,
i 3Juens = 5.4 Hz, 1 H, H6), 9.26 (d,*Jyera = 1.2 Hz, 1 H, H6).
(1 oin. 3 Selotenberger B1g S/ 1006 19,002 ps7,  “CU), NMR (CDCH): 8 63,0 GICH). 700 €/Ci4), 70.4
443. (CsHs), 72.1 Co/CsHy), 72.1 Co/CsH,), 81.3 (Fc-G=C-bipy), 98.2
(19) Werner, H.; Prinz, RChem. Ber1967 100(1) 265. (Fc-C=C-bipy), 121.8 (bipy), 122.4 (bipy), 124.2 (bipy), 126.1
(20) Reimer, K. J.; Shaver, Anorg. Synth 199Q 28, 154. (bipy), 138.3 (bipy), 139.7 (bipy), 152.9 (bipy), 153.8 (bipy), 155.3

4. Experimental Section

(16) Stein, T.; Lang, H.; Holze, RI1. Electroanal. Chem2002 520,
163, and references therein.

(21) Sullivan, B. P.; Salmon, D. J.; Meyer, T.ldorg. Chem 1978 17,

3335.

(22) Janssen, M. D.; Herres, M.; Zsolnai, L.; Spek, A. L.; Grove, D.

M.; Lang, H.; van Koten, Glnorg. Chem 1996 35, 2476.
(23) Lang, H.; Herres, M.; Zsolnai, IOrganometallicsl993 12, 5008.
(24) Fekl, U.; Zahl, A.; van Eldik, ROrganometallics1999 18, 4156.
(25) Brandsma, LPreparatve Acetylenic ChemistrElsevier-Verlag:
Amsterdam 1988; p 114.

(bipy), 155.3 (bipy). Anal. Calc for &H;sBrFeMnN,O3 (583.1):
C, 51.50; H, 2.77; N, 4.80. Found: C, 51.37; H, 3.29; N, 4.49.
Synthesis of Fc-G=C-bipy(PtCl,) (7). A toluene solution (30

mL) containing3 (100 mg, 0.275 mmol) and (M8),PtCL (4c)

(100 mg, 0.256 mmol) was heated to reflux for 18 h. The reaction
solution was decanted, and the precipitated dark purple solid was
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washed twice with 20 mL portions of diethyl ether and dried in an
oil pump vacuum. Yield: 70 mg (0.111 mmol, 43% basedion
Mp: 210°C (dec). IR (KBr, cn?): 2199 (m),»(C=C). ESI-MS
[m/z (rel int)]: [M*] 630.0 (55), [M" — PtCh] 365 (100). Anal.
Calc for GyH1CloFeNPt (630.2): C, 41.93; H, 2.56; N, 4.44.
Found: C, 42.29; H, 2.57; N, 4.30. (Due to insolubility in common
NMR solvents, ndH NMR spectrum of7 could be recorded.)
Synthesis of [Fc-G=C-bipy{ Ru(bipy)2}1(PFe). (8). An ethan-
olic solution (20 mL) containin@® (100 mg, 0.27 mmol) and Ru-
(bipy).Cl*2H,O (4d) (142 mg, 0.27 mmol) was heated at reflux
for 12 h. The resulting red solution was cooled t6®, and a

Packheiser et al.

3JH6’H5’ =52Hz 1H, HG), 9.01 (dd,4JH5H4 =2 HZ,SJHGH:; =1
Hz, H6). ESI-MS vz (rel int)]: [M*™ — BF,4] 817 (85), [M" —
BF,+Fc-CG=C-bipy[Pt(CG=CSiMey),] 1570 (100). Anal. Calc for
CsH3BCuRFeN,PtSEp (904.08): C, 42.51; H, 3.79; N, 3.10.
Found: C, 42.31; H, 3.88; N, 4.16.

Synthesis of [Fc-G=C-bipy{ [Ti]( #-o,7-C=CSiMe3),} Cu]PFs
(14a). [{[Ti](u-0,7-C=CSiMes)} CuN=CCH)]PFs (138 (145
mg, 0.19 mmol) was dissolved in 30 mL of THF, and compgex
(70 mg, 0.19 mmol) was added in one portion. Afeh of stirring
at 25°C the color of the reaction mixture was red. The solution
was filtered through a pad of Celite, and all volatiles were removed

saturated aqueous solution of ammonium hexafluorophosphate (125n an oil pump vacuum. The remaining red solid was washed twice
mg, 0.77 mmol) was added. The immediately formed red precipitate with 15 mL portions ofn-hexane and was dried in an oil pump

was filtered, washed successively with water (10 mL), ethanol (10
mL), and diethyl ether (20 mL), and finally dried in an oil pump
vacuum to give 265 mg (0.248 mmol, 92% based4ai) of the
titte complex. Mp: 220°C (dec). IR (KBr, cn?): 2201 (w),»(C=

C); 840 (s),»(P—F). *H NMR ((CD3).CO): 6 4.19 (s, 5 H, GHs),
4.35 (pt,JHH =19Hz 2 H,H/j/C5H4), 4.46 (pt,JHH =19Hz 2

H, Ho/CsHy), 7.53-7.62 (m, 5 H, bipy), 7.967.99 (m, 2 H, bipy),
8.01-8.11 (m, 3 H, bipy), 8.158.25 (m, 7 H, bipy), 8.758.83
(m, 6 H, bipy).23C{*H} NMR ((CD5),CO): 6 63.5 (Ci/CsH,), 70.7
(CslCsHy), 70.9 (GHs), 72.47 Co/CsHy), 72.53 Cu/CsHy), 81.4
(Fc-C=C-bipy), 98.1 (Fc€=C-bipy), 124.9 (bipy), 125.3 (bipy),
125.4 (bipy), 125.5 (bipy), 125.6 (bipy), 128.7(bipy), 128.8 (bipy),
138.9 (bipy), 139.0 (bipy), 140.3 (bipy), 152.5 (bipy), 152.67 (bipy),
152.7 (bipy), 152.8 (bipy), 153.0 (bipy), 153.7 (bipy), 156.3 (bipy),
157.7 (bipy), 157.9 (bipy), 158.01 (bipy), 158.04 (bipy), 158.1
(bipy). 3P{*H} NMR (ds-acetone):6 —145.2 (septetlJpr = 708
Hz, PR). Anal. Calc for GoHsF1oFeNsP.Ru (1067.6): C, 47.25;
H, 3.02; N, 7.87. Found: C, 46.45; H, 3.21; N, 8.00.

Synthesis of Fc-G=C-bipy[Pt(C=CSiMe3),] (10). To 7 (50 mg,
0.079 mmol) suspended in 50 mL of dichloromethane and 10 mL
of diisopropylamine were added trimethylsilylacetylene (50 mg,
0.51 mmol) and [Cul] (1 mg, 0.005 mmol). The reaction mixture
was stirred for 15 h at 28C. After filtration through alumina the
solvent was reduced in volume to 3 mL ah@ was precipitated
by addition ofn-hexane (20 mL), washed twice withhexane (10
mL), and dried in an oil pump vacuum. Compl&f was obtained
as a pale red solid. Single crystals suitable for X-ray structure
determination were grown by distillation of petroleum ether into
an acetonitrile solution containirig at 25°C. Yield: 50 mg (0.063
mmol, 84% based of). Mp: 195°C (dec). IR (KBr, cn?): 2204
(m), »(FcC=C); 2055 (m), 2039 (m),»(PtC=C). 'H NMR
(CDCly): 6 0.24 (s, 9 H, SiMg), 0.31 (s, 9 H, SiMg), 4.25 (s, 5
H, CsHs), 4.35 (pt,Jun = 1.9 Hz, 2 H,H/CsHy), 4.53 (pt,Jun =
1.9 Hz, 2 H,H/CsH,), 7.46 (m, 1 H, HH, 8.07-8.13 (m, 4 H,
H3, H3, H4, H4), 9.51 (bsS Jpw = 26 Hz, 2 H, H6, H6). ESI-
MS [m/z (rel int)]: [M*] 753 (100), [M:*] 1507 (40). Anal. Calc
for CsHasFeN,PtSh+1/4 CHCI, (774.96): C, 49.98; H, 4.49; N,
3.61. Found: C, 50.07; H, 4.60; N, 3.47.

Synthesis of{ Fc-C=C-bipy[Pt(u-0,7-C=CSiMej3),]Cu} BF,4
(12).To 10 (50 mg, 0.063 mmol) dissolved in 30 mL of THF was
added [Cu(CHC=N)4BF4 (11) (20 mg, 0.063 mmol) in one
portion. Upon 12 h of stirring at 25C, the color of the reaction
mixture changed from red to purple. The solvent was reduced in
volume (5 mL), andl2 was precipitated upon addition ofhexane
(20 mL), washed twice witm-hexane (10 mL), and dried in an
oil-pump vacuum. Trimetallid2 was obtained as a purple solid.
Yield: 55 mg (0.061 mmol, 97% based @f). Mp: 188°C (dec).

IR (KBr, cm™Y): 2207 (m), v(FcC=C); 1977 (m), 1961 (m),
v(PtC=C); 1084 (s), 1053 (sk(BF). *H NMR (CDsCN): ¢ 0.31
(s, 9 H, SiMe), 0.37 (s, 9 H, SiMg), 4.31 (s, 5 H, GHs), 4.44 (pt,
Jun = 1.9 Hz, 2 H,Hg/CsHy), 4.61 (pt,Jun = 1.9 Hz, 2 H,H/
C5H4), 7.71 (ddd,sJH5'H4' =73 HZ,?’JHs'Ha' =52 HZ,4JH5'H3' =
1.8 Hz, 1 H, HY), 8.19-8.25 (m, 3 H, H3, H3 H4), 8.27 (ddd,
3JH4’H3’ = 3JH4’H5’ = 8 Hz, 4JH4’H6' =1.4Hz, 1H, H4), 8.97 (d,

vacuum. Single crystals of the title compound, suitable for X-ray
structure analysis, could be obtained by slow diffusion-bexane
into a dichloromethane solution containibgaat 0°C. Yield: 160
mg (0.147 mmol, 78% based d8a). Mp: 215°C (dec). IR (KBr,
cm1): 2210 (w),»(FcC=C); 1925 (w),»(TiC=C); 839 (s)(PF).
H NMR ((CD3),CO): ¢ —0.41 (s, 18 H, SiMg, 0.32 (s, 9 H,
SiMes), 0.34 (s, 9 H, SiMg), 4.28 (s, 5 H, GHs [Fc]), 4.41 (pt,
Jun = 1.9 HZ,Hﬁ/C5H4 [FC]), 4.61 (pt,JHH = 1.9 Hz, Ha/05H4
[Fc]), 6.54-6.60 (m, 8 H, GH,), 7.88 (ddd,3Jusnsy = 7.6 Hz,
3JH5'H6’ =45 HZ,4JH5'H3' =1Hz 1H, H5), 8.33-8.40 (m, 2 H,
H4, H4’), 8.80 (d,sJH3H4 =84 HZ, 1 H, H3), 8.82 (d?JH3'H4' -
8.2Hz,1H, H3), 8.86 (dd,AJH6H4 =2 Hz, 5\]H6H3 =0.8Hz, 1H,
H6), 8.94 (ddd,sJHe'Hg =45 HZ,AJHG'H4' =17 HZ,SJHG'HQ,' =0.8
Hz, 1 H, HB). 3C{'H} NMR ((CD3).CO): 6 —0.6 (SiMe), 0.2
(SiMes), 0.3 (SiMe), 64.0 Ci/CsH. [Fc]), 70.7 Cs/CsHa [Fc]), 71.0
(CsHs [Fc]), 72.7 Co/CsH4 [Fc]), 81.8 (Fc-G=C-bipy), 97.5 (Fc-
C=C-bipy), 116.6 CH/CsH,), 116.7 CH/CsH,), 117.8 CH/CsH,),
118.1 CHICsH,), 123.4 (bipy), 124.0 (bipy), 124.&(CsH,), 125.0
(CilCsH4), 125.1 (bipy), 128.0 (bipy), 133.6 €CSi), 141.1 (bipy),
142.3 bipy), 149.9 (bipy), 151.2 (bipy), 151.5 (bipy), 152.0 (bipy),
167.0 (TIC=C). 3'P{1H} NMR ((CD5),CO): 6 —145.2 (septetJp—r
= 708 Hz, Pk). Anal. Calc for GgHgoCuRsFeN:PSiyTi (1089.6):
C, 52.91; H, 5.55; N, 2.57. Found: C, 52.62; H, 5.67; N, 2.78.
Synthesis of [Fc-G=C-bipy{[Ti]( #-o,.7-C=CSiMe3),} Ag]CIO 4
(14b). {[Ti](u-0,m-C=CSiMe3),} AgOCIO; (13b) (140 mg, 0.196
mmol) was dissolved in 30 mL of THF, ar&{72 mg, 0.196 mmol)
was added in one portion. Aft@ h of stirring at 25°C the color
of the reaction mixture was red. The solution was filtered through
a pad of Celite, and all volatiles were removed in an oil pump
vacuum. The remaining red solid was washed twice with 15 mL
portions of n-hexane and afterward was dried in an oil pump
vacuum. Yield: 155 mg (0.143 mmol, 73% based X8b). Mp:
135°C (dec). IR (KBr, cnl): 2208 (m),v(FcC=C); 1953 (w),
v(TiC=C); 1088 (s),»(ClO). *H NMR (CDCl;): 6 —0.29 (s, 18
H, SiMe;), 0.29 (s, 18 H, SiMg, (s, 5 H, GHs [Fc]), 4.33 (pt,Jun
= 1.9 Hz, 2 H,H/CsH4 [Fc]), 4.58 (pt,Jun = 1.9 Hz, 2 H,H,/
CsH4 [Fc]), 6.46 (pt,Jun = 2.3 Hz, 4 H, GHy), 6.51 (pt,Juny = 2.3
Hz, 4 H, Q,H4), 7.62 (ddd,s\]HS'HA,’ =78 HZ,BJHS'H@ =5 HZ,4JH5'H3'
=1Hz 1H, HS), 8.18 (dd,aJH4H3 =84 HZ,4JH4H6 =22Hz 1
H, H4), 8.19 (ddd,3\]|-|4'|-13y = 3JH4’H5’ =7.8 HZ,4JH4'H6' =1.8 HZ,
1 H, H4), 8.51-8.56 (m, 3 H, H3, H3 H6), 8.60 (d,2Juens = 5
Hz, 1 H, HB). 13C{!H} NMR (CDCl): 6 —0.06 (SiMe), 0.15
(SiMeg), 63.4 Ci/CsHa, Fc), 69.8 C4/CsH. [Fc]), 70.3 (GHs [Fc]),
71.9 Co/CsHq4 [Fc]), 81.5 (Fc-G=C-bipy), 96.7 (FcE€=C-bipy),
117.4 CHICsHy), 119.2 CH/CsH,), 123.5 (bipy), 123.6Gi/CsHa),
124.2 (bipy), 126.0 (bipy), 126.2 (bipy), 138.6 (#aq = 4.3 Hz,
C=CSi), 140.4 (bipy), 141.7 bipy), 149.7 (bipy), 150.4 (bipy), 151.6
(bipy), 151.6 (bipy), 153.7 (dJcag = 14.9 Hz, TC=C). 2°Si{ 1H}
NMR (CDCl): 6 —18.4 (d,2Jagsi = 2 Hz, C=CSiMe3), —5.1
(CsH4SiMe;3). Anal. Calc for GgHeoAgCIFEN,OSiTi (1080.3): C,
52.97; H, 5.56; N, 2.57. Found: C, 52.82; H, 5.70; N, 2.45.
Crystal Structure Determinations. Crystal data foi3, 10, and

l4aare presented in Table 3. All data were collected on a Bruker
Smart CCD 1k diffractometer at 203(2) K)( 178(2) K (L0), or
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298 K (149 using oil-coated, shock-cooled crysfélsising Mo
Ko radiation ¢ = 0.71073 A). The structures were solved by direct
methods using SHELXS-97 and refined by full-matrix least-
squares procedures &# using SHELXL-9728 All non-hydrogen
atoms were refined anisotropically, and a riding model was
employed in the refinement of the hydrogen atom position4kn

(26) (a) Kottke, T.; Stalke, DJ. Appl. Crystallogr 1993 26, 615. (b)
Kottke, T. Lagow, R. J.; Stalke, OJ. Appl. Crystallogr 1996 29, 465. (c)
Stalke, D.Chem. Soc. Re 1998 27, 171.

(27) Sheldrick, G. MActa Crystallogr., Sect. A99Q 46, 467.

(28) Sheldrick, G. M.SHELXL-97, Program for Crystal Structure
RefinementUniversity of Gdtingen, 1997.
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the Pk counterion and one M8i group are disordered and have
been refined to split occupancies of 0.54/0.46¢jRid 0.61/0.39
(SiMes), respectively.
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