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This review describes the synthesis, reaction chemistry, structures, and bonding efaarheterodi-,
heterotri-, and heterotetrametallic transition-metal complexes by applying the molecular “Tinkertoy”
approach. As connecting units between the different metal aterospjugated carbon-rich organic and/
or inorganic groups can be used. The electrochemical behavior of such one-dimensional molecular wire
molecules, coordination polymers, starlike structures, and dendritic oriented transition-metal species,

respectively, is presented as well.

Introduction

Recently, bis(alkynyl) transition-metal complexes of the type
RC=C—[M] —C=CR with [M] = 14—16-valence-electron
complex fragment and R= singly bound organic or organo-
metallic group have come into use as organometatlitveezers
(organometallic bidentate chelating ligands) for the stabilization
of many diverse low-valent metal fragments'lM (M’ =
element of groups 1, 2, and-42 of the periodic table of the
elements; L= neutral or ionic organic or inorganic 2-electron-
donor ligandn = 1—4)2 In the thus accessible heterobimetallic
{[M](u-0,m-C=CR)}M'L, tweezer molecules the alkynyl
groups RG=C act ass-donors to M and as-donors to M and
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hold the metals M (preferably an early-transition-metal atom,
such as Ti, Zr, or Hf) and Mvide supra) in close proximity to
each othef.Synergistic and cooperative effects between M and
M' are observed, and apparently, these complexes show versatile
applications3
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Another extensively investigated chelating ligand in organo-
metallic chemistry is the potentially®-chelating, monoanionic
diaminoaryl pincer NCN (NCN= [CgH3(CHNMey),-2,6]7).4
Together with related diphosphircand disulfide-aryl anions,
many pincer metal complexes are accessible, which possess a
remarkable stability and at the same time show excellent
catalytic propertie§.Recently, this approach was successfully
extended to synthesize pincer main-group-element compounds
(Chart 1)8
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electron complex fragment, R singly bound organic or organo-
metallic group) act toward different metal fragments (electron
rich or electron poor) as organometallic bidentate chelating
ligands (organometallict-tweezers) to give alkynyl-bridged
heterobimetallic species of structural tyfgsG (Scheme 1}.:2

The structures adopted by the bis(alkynyl) (hetero)bimetallic
complexesB—G (Scheme 1) strongly depend on the relative
affinity of the metals M and Mfor electron density. If one
metal atom (e.g., M) is significantly more electrophilic than the
other (M), then the alkynyl ligands RE&=C, will preferentially
bind to the electrophilic metal M through theg €arbon atoms.
This results in structural typg complexes in which both alkynyl
ligands ares-bound to M andr-coordinated to the second metal
M'. This is the preferred structure for many earlsite hetero-

Functionalized ferrocenes can act as bidentate chelatingpimetallic complexe$.In most typeB complexes, for example,

ligands toward many diverse transition-metal and main-group-
element entitieg. In addition, the ferrocene moiety is an
exceptional building block in the preparation of, for example,
multimetallic coordination complexes which provide interesting
electronic, optical and/or magnetic properfiealthough fer-
rocene celebrated its 50th anniversary 5 years®agsiill is a
fountain of youth for the synthesis of new types of transition-
metal complexes with specific properties.

The concept of molecular “Tinkertoys” was independently
established by Mich? and Stoddart! Individual functionalized
inorganic, organic, and/or organometallic molecules can be

considered as molecular “Tinkertoys” and can be assembled

according to a specific building design to give new complexes

{[Til(u—0,7-C=CR)}M'X ([Ti] = (5-CsHs)2Ti, (7°-CsHq
SiMes),Ti, ...; M' = Cu, Ag, Au, ..., X= neutral or ionic
inorganic or organic 2-electron donor; M Ni, Co, X = CO,
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A.; Veldman, N.J. Organomet. Chen1995 498 C6. Mg: (d) Markies,

P. R.; Altink, R. M.; Villena, A.; Akkerman, O. S.; Bickelhaupt, F.; Smeets,
W. J. J.; Spek, A. LJ. Organomet. Chenl991, 402, 289. (e) Pape, A.;
Lutz, M.; Muller, G. Angew. Chem., Int. Ed. Engl994 33, 2281. (f)
Markies, P. R.; Akkerman, O. S.; Bickelhaupt, F.; Smeets, W. J. J.; Spek,
A. L. J. Am. Chem. Sod988 110, 4284. B/Al/Ga/In: (g) Toyota, S.;

with novel chemical head structures. This construction processFutawaka, T.; Asakura, M.; Ikeda, H.; Oki, Nbrganometallics1998 17,

should be reversible. The parts thus prepared can be maintaine

until the next molecular “Tinkertoy” process starts anew.

In context with this background, we focus here on the use of
mainly mono- and bis(alkynyl) transition-metal complexes,
ferrocenes, NCN pincer molecules, functionalized acetylenes

toys” in the modular synthesis of heteroatomic multinuclear
assemblies. This review is divided into three sections: (i) recent
developments in organometallia-tweezer chemistry, (ii)
coordination polymers, and, particularly, (iii) multimetallic
transition-metal complexes. In all multiheterometallic species
different transition metals are spannedsgonjugated organic
and/or inorganic units, allowing electronic communication
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or (linear) transition-metal complexes with direct metaletal
interactions will not be consideréd.

Recent Developments in Organometallicz-Tweezer
Chemistry

Bis(alkynyl) transition-metal complexes of the structural type
RC=C—[M] —C=CR (typeA molecule; [M]= 14—16-valence-
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Scheme 1. Interconversion of Alkynyl Coordination Modes
in Type A—G Molecules-?
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Rs, ...), the respective metals'Mithin the tweezer framework
are tricoordinate and possess a planar environg¥ent.

If the metals M and Mare competitive in their affinities
toward the alkynyl ligands, or if steric factors prevent the
formation of a typeB tweezer complex, then structural ty@e
or D molecules are formed. In these molecules, the alkynyl

ligands are more evenly shared, either with both metals,

o-bonded by both alkynyl ligands (tyg®), or with each metal
o-bonded by one alkynyl unit and-coordinated to the other
(type D).213

Since the two alkynyl ligands in typB molecules are held
in close proximity by the [M] connecting unit, coupling reactions
between the two REC ligands are possible, forming molecules
of structural typestE and G.213 Subtle steric and electronic
effects appear to play an important role in determining the
feasibility of the carborcarbon bond-forming reactions, as
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small changes in the alkynyl substituents R or in the ancillary
ligands of M and M can induce or prevent these reactions.
Scheme 1 represents the state of the art in the field of
organometallicz-tweezer chemistry up to 2000, and many
examples to date confirm this pictu#é3 While we have in the
beginning of this chemistry been attracted to the use of &ype
molecules as organometallic chelating ligands for the stabiliza-
tion of low-valent transition-metal fragments [Mstructural
type B molecules), in their manifold reaction chemistry and in
their structural aspecsye recently became more and more
interested in the application of such systems to study electron

(8) (a) Dong, T. Y.; Lin, M.; Chiang, M. Y. N.; Wu, J. YOrganome-
tallics 2004 23, 3921. (b) Yip, J. H. K.; Wu, J.; Wong, K. Y.; Yeung, K.
W.; Vittal, J. J.Organometallics2002 21, 1612. (c) Adams, R. D.; Qu,
B.; Smith, M. D.Organometallic2002 21, 3867. (d) Lindner, E.; Zong,
R.; Eichele, K.; Strbele, M.J. Organomet. Chen2002 660, 78. (e) Yip,

J. H. K., Wu, J.; Wong, K. Y.; Ho, K. P.; Pun, C. S. N.; Vittal, J. J.
Organometallic2002 21, 5292. (f) Chawdhury, N.; Long, N. J.; Mahon,
M. F.; Ooi, L.; Raithby, P. R.; Rooke, S.; White, A. J. P.; Williams, D. J.;
Younus, M.J. Organomet. Chen2004 689, 840. (g) Bildstein, BCoord.
Chem. Re. 2000 206—207, 369. (h) Dieguez, M.; Collomb, M. N.;
Crabtree, R. HJ. Organomet. Chem200Q 608 146. (i) Pal, S. K.;
Krishnan, A.; Das, P. K.; Samuelson, A. G. Organomet. Chen200Q
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200Q 19, 1008. (k) Long, N. J.; Martin, A. J.; Vilar, R.; White, A. J. P;
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B.; Schweiger, M.; Kopacka, H.; Ongania, K. H.; Wurst,Btganometallics
1998 17, 2414. (m) Nakayama, A.; Ishii, C.; Takayama, T.; Watanabe,
M.; Zanma, A.; Kaneko, K.; Sugihara, lsynth. Met1997, 86, 2335. (n)
Phillips, L. J. Chem. Soc., Dalton Tran$994 22, 3257. (0) Hudson, R.
D. A. J. Organomet. Chen2001, 637—639 47. (p) Manners, IAngew.
Chem., Int. Ed. Engl1996 35, 1603. (q) Foucher, D. A.; Honeyman, C.
H.; Nelson, J. M.; Tang, B. Z.; Manners,Angew. Chem., Int. Ed. Engl.
1993 32, 1709. (r) Nishihara, HBull. Chem. Soc. JprR001, 74, 19. (s)
Barlow, S.; Marder, S. RChem. Commur200Q 17, 1555. (t) Peris, E.
Coord. Chem. Re 2004 248 279. (u) Nalwa, H. S.; Kakuta, AAppl.
Organomet. Chenl992 6, 645. (v) Siemeling, U.; Auch, T. C.; Kuhnert,
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Figure 1. Organometallict-tweezer molecules with (benzene
tricarbonyl) chromium I), ferrocenyl @, 3), and ruthocenyl 2)
(redox-active) terming.14a.b.26-23

CsH4NCH=CHCsH4,CH=CHGsHyN, ...; R= Me(O)CS,n =
2, R = PhP, n = 4) and [(R-4-GH2(CH:NMey).-2,6)-
Pt—N N—Pt(GH2(CH:NMe,)»-2,6-4-R)E", in which the group

10 redox termini can be adjusted at variable distances to each

other by the bidentate connecting units N5

In addition to these latelate transition-metal complexes, also
a number of earlylate species, e.gyt-CsHs)(MesPpRu—C=C
—Zr(n°-CsHs)2(Cl), are knownt® Further examples of this
family are depicted in Figure 1. Complex&s 3 are suited to
transport electrons along the organiesystem between the
redox-active metal termini.

Cyclic voltammetric studies of showed a quasi-reversible
wave atEy = —1.6 V (AE = 100 mV), which can be assigned
to the Ti(IV)/Ti(lll) redox couple?® For the half-sandwichy®-
CeHs)Cr(CO) unit the appearance of irreversible oxidation
waves is typical* Replacement of the#nf-CsHs)Cr(CO)
fragment inl by more weakly electron withdrawing groups such
as ferrocenyl or ruthenocenyl affords the organometatiwee-
zers [Ti|[(C=C)Mc][(C=C)M'c] 2a, m=n=1, Mc= M'c
=Fc;2bm=n=1, Mc=Mc=Rc;2c, m=n=2, Mc=
M'c = Fc; 2d, [Ti] = (15-CsHs),Ti, m=n=2, Mc= M'c=
Fc;2e m=n=2,Mc=Fc,Mc=Rc;2f, m=1,n= 2, Mc
=M'c=Fc;29 m=1,n= 2, Mc= Rc, Mc = Fc; Fc=
(7®-CsHa)Fe@®-CsHs), Rc = (175-CsHa)Ru(@®-CsHs)) (Figure
1).14ab2l0xidation of2 leads to an instantaneously oxidative
coupling of the acetylideferrocenyl or—ruthenocenyl entities
Mc(C=C),, and Mc(C=C), to give the respective all-carbon
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C.; Low, P. J.; Skelton, B. W.; White, A. Hl. Organomet. Chen1.999
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Multiheterometallic Transition-Metal Complexes

complexes by an electron transfer from-Tc=c to Mc or M'c
across them-conjugated acetylides €C), and (G=C),,
respectively. The oxidatively induced coupling of the M&C
C)m and Mc(C=C), moieties is not even averted when the
alkynyl ligands in 2 are n2-coordinated to an additional
transition-metal fragment as given in, for examglg;i]( «-o,7-
C=CFc)} CuBr and{[Ti](u-o,m-C=CFc)} PdPPRg.14c.d

To prevent the metalcarbon cleavage i, the titanocene
moiety [Ti] was replaced by [Pt], because platinuoarbon
bonds are more stable than—IC ones. Incis[Pt](C=CFc),
(3a, [Pt] = (bipy)Pt; 3b, [Pt] = (PhP)Pt; bipy = 2,2-
bipyridine) a & square-planar coordination of the Pt(ll) ion is
present. The electrochemical respons8a&nd3b shows two
reversible one-electron oxidations centered on the Fc moieties
atEy= —0.1V (AE = 180 mV) and+0.05 V (AE = 115 mV)
for 3aandEy = +0.1 V (AE = 200 mV) and+0.17 V AE =
200 mV) for3b. This indicates a moderate electronic interaction
between the iron cores through the connecting organic chain
and the platinum atom. Nevertheless, the electronic interaction
found in3aand3b is stronger than in all-carbon F=(CC=C
—Fc2223|n addition to the two reversible oxidation processes,
two irreversible one-electron reductions are foune at55 and
—2.19 V for3b and at—1.46 V for 3a, which can be assigned
to the stepwise reduction of Pt(Il) to Pt(0). The second reduction
wave for3a (Pt(1)/Pt(0)) is covered by the reversible reduction
of the 2,2-bipyridine ligand (bipy/bipy, —1.78 V (AE = 140
mV); bipy/bipy?-, —2.47 V (AE = 180 mV))Z2

Extending the idea of connecting early- and late-transition-
metal building blocks from all-carbon to other carbon-rich
u-o,-conjugated organic groups enabled the synthesis of a large
variety of early-late transition-metal complexes by applying
the molecular “Tinkertoy” approach (see below).

Coordination Polymers

Recently, the reaction chemistry ofs-[Pt](C=CPh} ([Pt]
= (bipy)Pt, (bipy)Pt; bipy = 4,4-dimethyl-2,2-bipyridine)
towards different group 11 metal salts K] (M’ = Cu, Ag; X
= inorganic ligand) to give heterobimetallic or oligomeric
complexes was reportéé?16a.n contrastfransL,Pt(C=CR),
(4a, L = PPh, R = Ph;4b, L = PMePh, R='Bu; 4c, L =
PMePh, R= H) produced with various [MK] salts in a 1:1 or
1:2 molar ratio novel linear coordination polyméf&. For
coordination polymers with transition metals other than platinum
and copper or platinum and silver see refs-1%;j

Coordination polymer§aand5b, which are based atmans
LoPt(C=CR), and CuX, can be synthesized by the reaction of
4awith 2 equiv of [CuX] (X= ClI, Br) (eq 1)6a

Ph
%

CuX
Ph—C=C—Pt—C=C—ph_2/" %k
Ph
3
: Ph\C
: P N, p
SN Phs y—ci” b
X C/C\Pt/P cd—x oF %
—cu -
| ] o % Phs \\C\ (1)
S PR Ph
“ph
5a: X =Cl
5b: X = Br

In 5aand5b a linear polymeric structure is adopted togns
Pt(u-0,m-C=CPh) and CuX; building blocks!®2 A similar

Organometallics, Vol. 25, No. 8, 20881

Ag

H—C=C—[Pt}|—C=C—H

010104

Figure 2. Schematic representation of the monomeric part of
polymeric8 ([Pt] = (PhMeP),Pt)16h

polymer, [ trans-(PhMe&P),Pt(C=C'Bu),} Cux(u-Cl)2]n (50), is
accessible by the linear copolymerizatiorddfwith [CuCl] in
the presence of NE#.16".0

Depolymerization of5 can be initiated by the addition of
[AgX'] (X' = BF4, ClO4, NO,, NO;, ...), whereby trinuclea
and7 are formed (eq 2)%a

Phs

[AgX'], CHaC=N
o ———

A\ - AgX
N

Ph

P
L = CHyC=N: 6a, X' = BF,
6b, X' = CIO,
X ph
Cu P s

)

Ph—C=C—Pt—C=C—Ph

Cu
X

P

Phy
7a: X = O,N
7b: X' = O,NO

Complexes isostructural with can be obtained, whefa is
reacted with [AgX] (X= NO,, NOs).162When silver salts with
X = OTf, BF4, ClO,4 are used, then platinussilver coordination
polymers are availabR#:16b.c.250ne of the first examples was
reported by Yamazaki and co-workers, who obtained polymeric
{[trans(PhMeP),Pt(C=CH),]JAgClO4} (8) by treatment ofic
with [AgCIQy4] in a 1:1 molar ratid"®" In 8, PtG=CH units are
sw-bound to a AgOCI@ building block (Figure 2).

However, wherda, instead of4c, is treated with a twofold
excess of [AgCIQ, then coordination polymer9—11 are
formed (Figure 3}6b.25

In 9, trans(PhsPLPt(C=CPh} units are linked by [Ag¢-
OCI(0)0)], rings162526The silver(l) ion is additionally;?-
coordinated to one phenyl group of a triphenylphosphine ligand
to result in a pseudotetrahedral coordination sphere at silver.
The structure oB is dominated by the parallel orientation of
individual Pt(G=CPh} units (Figure 3).

In 10 and 11 the perchlorates are-bound to Ag(l). To
achieve coordination number 4 at silver, additiopatoordina-

(25) (a) del Villar, A. Ph.D. Thesis, TU Chemnitz. (b) del Villar, A.;
Rheinwald, G.; Walfort, B.; Lang, H. Unpublished results. (c) Wong, W.
J.; Lu, G. L.; Choi, K. HJ. Organomet. Chen2002 659, 107.

(26) Lang, H.; Weinmann, M.; Winter, M.; Leise, M.; Imhof, W.
Organomet. Chenil995 503 69 and references cited therein.
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Figure 3. Schematic representations ®f 11.160.25
tion of the PhGC alkynyl and one of the three PPphenyl AR N/{RU}
groups and the PFEC phenyl unit must occur (Figure 3). While =N &
in 10 the Pt(G=CPh) moieties are oriented parallel to each ﬁ
other, in11 the silver ion has slipped along the surface of the )
phenyl ring and, apparently, a zigzag arrangement is charac- £ e
teristic (Figure 3). [ ']LSiMes _T' [Ti]/C
The structural motif ofLl0 and11is also verified in{[trans- R =M62N\W_N S \—siMe,
(PhsP),Pt(C=CPh)]AgBF 4}, (12).26:9:25.27 ’ N
In contrast, the reaction oda with 2 equiv of [AgOTTf] crez

produced [trans (PhsP)Pt(C=CPh}]AgOTf}, (13), in which
the polymeric zigzag chain is set up by/Rt{:y>-C=CPh) and
eight-membered (AgOT4)units, of which the latter moiety is
the linking entity2e.9.16b.25

Further polynuclear complexes containing platinum and silver
atoms, based on [(Es),Pt(C=CR)AQg;]. (14), were synthesized
by the Fornis group?®

Following the molecular “Tinkertoys” approach, coordination
polymers8—14 can be broken down to monomeric or hetero-

bimetallic species on addition of Lewis bases, such as aceto-

nitrile, pyridine, and bipyridine, respectivel§925

Multimetallic Transition-Metal Complexes

Multimetallic transition metal complexes can be synthesized
by molecular manufacturing. In this respect, transition metals
and organic and/or inorganic building blocks can be considered
as molecular “Tinkertoys”. The modular preparation of molec-
ular wires in which two, three, or even four different redox-
active early-late or late-late transition metals are spanned by
sr-conjugated organic units is possible. This idea can be extende

even to penta- to nonametallic systems featuring two, three, or

four different metal ions.

Thus, in this section we focus on the synthesis and reaction
chemistry of multimetallic complexes based mainly on titano-
cene-, ferrocene-, platinum- and/or gold alkynyl and/or NCN
pincer (NCN = [CgH3(CH,NMey),-2,6]7), carboxylate, and
nitrogen containing heterocyclic building blocks.

Figure 4. Complexesl5 (left) and 16 (right).2°

(Hetero)bimetallic Transition-Metal Complexes. Besides
early—late organometallict-tweezer complexes of structural
type B (Scheme 13, titanocene monoacetylides have also
enabled the synthesis of a series of heterobimetallic transition-
metal species (Figure 4.

Replacement of the4El,N—{Ru} and GH4-4-C=N—{Ru}
moieties in15and16 by a Fc unit (Fc= (15-CsHa)Fe(>-CsHs))
leads to [Ti](CHSiMes)(C=CFc) (17).2°30Complex17 repre-
sents a further example of a mixed eaflgte transition-metal
compound with reasonable electron transfer between the reduc-
ible [Ti] and oxidizable Fc groups via a=8C connecting unit.

Likewise,{ P (C=CCsH4-4-C=N) (18) ({ P} = [CeH3(CH,-
NMe,).-2,6]Pt) can be used as starting material for the synthesis
of rigid-rod-structured bimetalli¢P§ —C=CCsHs-4-C=N—M'L
(19a M'L = {P#BF4; 19b, M'L = {Ru}; 19¢ M'L = AuCl).3!

A series of heterobimetallic complexes based on Fc moieties

d’s accessible by applying different synthetic strategies. Sono-

gashira cross-coupling of ethynylferroce®)(with 4-bromo-
benzonitrile and 5-bromo-2;bipyridine afforded Fe-C=C-
CeH4-4-C=N (21) and Fe-C=C-bipy (22), respectively. Treat-
ment of 21 and 22 with { P§BF,, {Ru} N=N{Ru}, (nbd)Mo-
(CO)4 (nbd = norbornadiene), Mn(C@Br, Ru(bipy:Cl,, and
(Et,S)PtCh gave the respective complexes-Fe=CCgHs-4-
C=N—M'L (23a M'L = {P{BF4; 23b, M'L = {Ru}) and Fec-

(27) Lang, H.; del Villar, A.; Walfort, B.; Rheinwald, Q.. Organomet.
Chem 2003 682, 155.

(28) (a) Ara, I.; Fornis, J.; Lalinde, E.; Moreno, M. T.; Tomas, M.
Chem. Soc., Dalton Trand994 2735. (b) Fornis, J.; Gomez-Saso, M.
A.; Martinez, F.; Lalinde, E.; Moreno, M. T.; Welch, A. Blew J. Chem.
1992 16, 483.

(29) Back, S.; Gossage, R. A.; Rheinwald, G.; Lang, H.; van Koten, G.
J. Organomet. Chen1999 582 126.

(30) Lang, H.; Stein, TAbhath Al-Yarmouk: Basic Sci. Eng001, 10,
155; Chem. Abstr2001, 142, 38297.

(31) Back, S.; Gossage, R. A.; Lutz, M.; del Rio, |.; Spek, A. L.; Lang,
H.; van Koten, G.Organometallics200Q 19, 3296.
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Figure 5. Trimetallic 34 (left) and 35 (right) (R = SiMes, 'Bu) 32350
Scheme 2. Synthesis of Heterobimetallic 27a and 2¥54
NMe,
S~
|
e, e NMe,
I
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S —B(0H), 6 d reflux —cl
|
Fe Fe NMe,
25 +802 27a: M = Pd
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NMe, - S0,

|
SHT
|
Fe

NMe,
28

C=C-bipy(M'L) (24a M'L = Mo(CO)y; 24b, M'L = Mn-
(COX%Br; 24¢, M'L = Ru(bipyy(PFs)2; 24d, M'L = PtClp).200:32

Heterobimetallic iron-platinum and iron-palladium com-
plexes based on the pincer-functionalized ferrocereNKENH

An approach to transition-metal complexes with linear
heterotrimetallic assemblies is given by starting frofi]( u-
0,m-C=CR);} CuCH; (313 R = SiMe3; 31b, R=Bu). Reaction
of 3laand31b with equimolar amounts a0 produces, upon
(NCN = [4-CgHx(CH2NMe,)2-2,6]7) are available by the  loss of methane{[Ti](u-0,m-C=CR),} CUC=CFc (32).341:35
synthesis protocol shown in Schemé32# Compounds similar t@2 can be obtained wheBl is reacted

Compound27b possesses the ability to reversibly bind sulfur with 4-ethynylbenzonitrile or 5-ethynyl-2:bipyridine. The
dioxide and, hence, can successfully be used as a gas sensd(Ti](u-0,m1-C=CR)} CUC=CR (333 R = CgHs-4-C=N; 33b,

for the detection of S©(Scheme 2§334
The related compound FEC=CNCNH (29), in which the

R’ = bipy) thus formed can be further reacted with, for example,
{RUN=N{Ru} and (nbd)Mo(CQO) to afford 34 and 35,

NCNH and the Fc moieties are separated by an acetylide, isrespectively (Figure 533%b

accessible fron20 by applying the Sonogashira cross-coupling
reaction. Lithiation of29 and reaction oR9-Li with [(Et,S),-
MCI;] (M = Pd, Pt) produced FEC=CNCN—-MCI (30a M
= Pd; 30b, M = Pt)3334

The introduction of a Pdl entity into ferrocengincer
molecules is possible by oxidative addition of the carbimdlide
bond in Fe&-NCN—I or Fc—C=CNCN-I to palladium (for
example, [Pg(dba}], dba= dibenzylideneacetone). The com-
plexes Fe-NCN—PdI (279 and Fe-C=CNCN-—PdI 30¢) are
thereby formed in good yield®:34

The influence of the connecting alkyryaromatic moieties

In 34 and 35 three different transition metals (TiCuRu,
TiCuMo) are connected via,w-bound acetylides and datively
bound to benzonitrile34) or 2,2-bipyridine @5) ligands. A
further example of a similar compound {§$Ti](u#-o,7-C=C
SiMes),} Cu—C=N—Cr(CO) (37), which is accessible by
treatment of [Ti](«-0,1-C=CSiMe;);} CUC=N (368) with Cr-
(CO)(thf).36 However, complex7 could only be characterized
spectroscopically, due to its great instability at room temperature.

A further effort to include metal centers within organic
connecting moieties is possible by treatment{ pFi]( «-o,7-
C=CSiMe3);} M'X (383 M'X = Cu(N=CMe)BF;; 38b, M'X

has been considered through electrochemical measurements of AgFBFs) with PrePAUC=N in a 1:1 molar ratid® Complex

closely related complexes (vide supra) with a metgjand
combination and a range of ethymydromatic bridging enti-
ties33.34

(Hetero)trimetallic Transition-Metal Complexes. Recent

38aaffords, upon elimination of Me€N, cationic39 (Figure
6), in which the linear Ct N=C—Au—P assembly is stabilized
by the chelating effect of the organometallic-tweezer
[Tij(C=CSiMe;),. However, when38b is reacted with the

work of our group has been concerned with (hetero)trimetallic same gold(l) precursor, then heterotrimetalig is obtained

complexes derived from the organometaligweezers [Ti]-
(u-0,m-C=CR)} M'X (type B molecules}. Within these studies

(Figure 6)36
In contrast ta39, with its tricoordinate planar copper(l) center

a closely related series of diverse complexes with interesting adding up to 16 valence electronsdidthe coordination number

properties could be prepared.

of silver(l) expands and an 18-valence-electron fragment is

(32) Packheiser, R. Diploma Thesis, TU Chemnitz, 2003.

(33) Kcher, S. Ph.D. Thesis, TU Chemnitz, 2005.

(34) Kocher, S.; Walfort, B.; Lutz, M.; Spek, L. A,; Prasad, R.; van
Koten, G.; Lang, H. Submitted for publication Eur. J. Inorg. Chem

(35) (a) Frosch, W.; Back, S.; Lang, Brganometallics1999 18, 5725.
(b) Frosch, W.; Back, S.; Mler, H.; Kohler, K.; Driess, A.; Schiemenz,
B.; Huttner, G.; Lang, HJ. Organomet. Chen2001, 619, 99.

(36) Back, S.; Lang, HOrganometallics200Q 19, 749.
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Figure 6. Complexes39 (left) and40 (right) (R = SiMe3).3¢

Table 1. [[M](u-0,m-C=CR),;},M'][X] Complexes (41-44)

compd [M] R M X ref
41a (75-CsHaSiMes)2Ti - Ph Cu BR 38, 39
41b (7°-CsHaSiMes),Ti - Ph Cu Pk 38, 39
41c (75-CsHaSiMes),Ti - Fc Cu BR 39
42a (75-CsHaSiMes)2Ti - Ph Ag BR 38, 39
42b (75-CsH4SiMes),Ti ~ Ph Ag Pk 38,39
42c (75-CsHaSiMes),Ti - Ph Ag ClOs 38,39
42d (75-CsHaSiMes),Ti - Fc? Ag PR 21c
42e (775-C5H4SiM83)2Ti Fc2 Ag C|04 39
42f (75-CsHs)2Ti C=CF¢ Ag PK 21c
429 (75-CsHaSiMes),Ti  C=CF& Ag PR 21c
42h (75-CsHsSiMes),Ti  Rc? Ag PK 21c
43a (bipy)Pt Ph Cu BR 25a, 40
43b (bipy)Pt Ph Cu Bh 25a, 40
43c (dppe)Pt Ph Cu BR 25a, 40
43d (bppz)Pt SiMe; Cu BR 25a, 40
43e (bipy)P€ Fc Cu Br 22
43f (bipy)Pf Fc Cu BR 22
43¢ (dppf)Pe Ph Cu BR 25¢
44a (bipy)Pt Ph Ag BR 25a, 40
44b (bipy)PE Ph Ag PRk 254, 40
44c (bipy)Pt Ph Ag ClIQ  25a,40
44d (bipy)Pt Ph Ag BR 25a, 40
44e (bipy)Pt Ph Ag PRk 25a, 40
44f (bipy)Pd Ph Ag ClQ  25a,40
449 (bipy)P¥f) Fc Ag Cloy 22
44h (bppz)Pt SiMe; Ag ClO, 25a,40
44i (PPh)2Pt Ph Ag Clo 41
44 (PEg)2Pt Ph Ag Cla 41
44k (dppe)Pt Ph Ag Cl 41
44| (PPh)2Pt Bu Ag Clos, 41
44m (dppe)P Bu Ag Clo, 41

afFc= (n5—C5H4)Fe(;75—C5H5). b Rc= (175-(:5H4)RU(}75-C5H5). ¢ blpy =
2,2-bipyridine. 9 bipy' = 4,4-dimethyl-2,2-bipyridine. ¢ dppe= 1,2-diphe-
nylphosphinoethanébppz = 2,5-bis(2-pyridyl)pyrazine dppf = 1,1-
bis(diphenylphosphino)ferrocene.

formed3® Complex 40 displays anoninear Ti—Ag—N=C—
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as shown. In these compounds, the counterion X must be a poor
ligand (such as BF, CIO,~, or PKk™) to prevent the formation

of structural typeB molecules Complexes41—44 are sum-
marized in Table 1.

The solid-state structures of selected species of tffped4
were determined by X-ray structure analy®isThe basic
structure {[M](u-0,1-C=CR)},M']" is set up by two almost
orthogonally positioned bis(alkynyl) transition-metal fragments,
which are spanned by &M’ ion. Thereby all four R&C
ligands arej?-coordinated to M, forming a linear M-M'—M
array. Very characteristic features4if—44 are thenorequiva-
lent linkages of G and G to M' (M—Cy=Cp), which are even
more pronounced than in the case of tpenolecules

While in 43cthe copper ion lies only slightly out of the Pt-
(C=CCsp)2 plane, to presumably minimize steric interactions
between the phenylethynyl ligands and the dppe chelatibin
an asymmetric structure is typical, which means that the silver-
(I) ion is more closely situated to one PE#CCpy), fragment
than to the other (Pt(HAg = 3.384 A, Pt(2yAg = 3.513
A)'2,169,30,4l

Further possible ways to synthesid@a—c are given in
Scheme 3 and are based on the stoichiometry of the reactants
cis-[Pt](C=CPh} and [Cu(N=CMeu]X (X = BF4, PFs, ClOy)
(Scheme 3§5a40

Whencis-[Pt](C=CPh) is reacted with [Cu(RECMe)]X in
the ratio of 3:2, pentametallid5 is formed, in which three
helically arrangedis-[Pt](C=CPh} building blocks are spanned
by two copper(l) iong¢:925a30.43n 45 the two outer bis(alkynyl)
platinum entities are coordinated by only one copper atom. For
this, we reactedt5 with a further typeB molecule to obtain
higher oligomeric structures. Surprisingly, after the appropriate
workup, only trimetallic43 could be isolated>242

On the other hand, treatment ois-[Pt](C=CPh) with the
copper source [Cu@CMe)]X in a 2:1 molar ratio at low
temperature gives ioni@6, in which the copper(l) ion is
sw-bound by one Ph&C ligand of each of theis-[PtJC=CPh)
units, thus resulting in a linear alkyneopper-alkyne array
(alkyne= midpoint of the G=C triple bond)?¢9:25.304Complex
46 can be considered as an intermediate in the formatiet8of
(Scheme 3). When it is slowly warmed to 48, 46 smoothly
rearranges via the formation 47 and48to give 43, as could
be shown by spectroscopic as well as single-crystal X-ray

Au array, as required by the pseudotetrahedral geometry aroundyjffraction studiege9.25:30.42

silver(l). For the different coordination behaviors of copper(l)
and silver(l) toward Lewis bases see refs 2 and 37.

Although the reaction of [M](&CR), n-tweezers with metal
sources in a 1:1 ratio results in the formation of heterobimetallic
structural typeB complexes, an interesting class of oligometallic
species is produced when 2 equiv of [MF¥CRY), is allowed
to react with copper(l) or silver(l) salts, forming compounds of
the type {[M](u-0,7-C=CR)},M']X (41—44; Table 1). In

T
C\

(M]

//C

R
/

4
N

.\M‘

Pl

o

M
C\\\\
\

41-44

8

<

o,

these complexes a single metal ' = Cu, Ag) is tetrahe-
drally coordinated by two organometallictweezer fragments,

(37) (a) Wilson, A. J. C. Ininternational Tables of Crystallography
Kluwer Academic: London, 1995; Vol. C. (b) Lang, H.; Ker, K;
Schiemenz, BJ. Organomet. Chenml995 495 135.

Furthermore, whed3 s reacted with 1 equiv of [Cu(&C-
Me)4)X, the incoming Cu(l) adds to the alkynyl ligands 48,
resulting in the formation ofi9 (Scheme 3). IM9 two bis-
(alkynyl) platinum entities are linked by copper(l) ions, whereby
two PhG=C units, one associated with each platinum atom, are
n?-coordinated to the group 11 me#4{9.10n.25.30,42

A further possible way to synthesize trimetalida (Table
1) is given by treatment dfcis-[Pt](u-o,7-C=CPh}} AgFBF;

(50) with cis-[Pt](C=CPh} in a 1:1 molar ratio (Scheme %40

As shown in Scheme 4, the first step in the preparation of
44ainvolves the elimination of B from 50 upon addition of
the organometallic chelatds-[Pt](C=CPh}.2¢.9.252.304¢njtjally
formed [ cis-[Pt](u-o,m-C=CPh}},Ag]BF,4 (51) contains two

(38) Stein, T.; Ph.D. Thesis, TU Chemnitz, 2001.

(39) Lang, H.; Stein, T.; Back, S.; Rheinwald, &.Organomet. Chem.
2004 689, 2690.

(40) del Villar, A.; Rheinwald, G.; Lang, H. To be submitted for
publication inJ. Organomet. Chem

(41) Ara, |.; Berenguer, J. K.; Fornies, E.; Lalinde, E.; Moreno, MJ.T.
Organomet. Chenil996 510, 63.

(42) Lang, H.; del Villar, A.; Walfort, B.; Rheinwald, G. To be submitted
for publication inOrganometallics

(43) del Villar, A.; Rheinwald, G.; Walfort, B.; Lang, H. To be submitted
for publication inOrganometallics
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Scheme 3. Reaction Chemistry otis-[Pt|(C=CPh), toward [Cu(N=CMe),]X 25240

+ ({cis-[P}(C=CPh),}Cu(N=CMe))X
r cis-[Pt}(C=CPh),

[o]
\ .
Ph Phy

Py<C7_
c C\Ph
Cé\ _[Cu(N=CMe)X

C.

L —Ph
Ph PH (Py<CZI

43 =C~pn
49

\

Scheme 4. Synthesis of 44a by Reacting 50 withis-[Pt](C=CPh),252.4043

+ Ph o
—c—Ph 1" g 670 o
A(FBFa PU<CTC BF4 PO )
9 \C\Ph N,
/—Ph - Vel
cis-[Pt](C=CPh). i Ph
[Pt1<8j/ — o —_— o
=C~pn b-Ph
LC
Ph—, <c Pt/ "'.
50 Lc=1Pl [ ]\C%':
51 52
N
/é(';/Ph ] BF .
PI<cl< Ph
AN N Ter,
i /\ C\\
K Pt]
— 0o g Ph — 0o [P Ag. bl
Ph\C/ \,/C’ C/ \C/
Sc L pH
i Ph
53 44a

cis-[Pt](C=CPh)} moieties which arg?2-coordinated to a silver- ~ (FCG=C),M (54b, M = Cd;54¢ M = Zn) are thereby obtained
(1) cation by all four Ph&C groups. The twais-[Pt](C=CPh) in good yield*
assemblies are oriented parallel to the platinum atoms on A FePd trinuclear complex of composition [(FE=CCeHy4-

opposite sides. 4-C=N),Pd(PPh)2](OTf), (55) is available by the reaction of
Complex51 isomerizes in solution to produd and then Fc—C=CCgHs-4-C=N (21) with Pd(PPh),(OTf),.45

53, which afterward rearranges to givila (Scheme 4). IR Electrochemical studies &4 and55 showed that only one

spectroscopic studies gave the first hint for the different bonding reversible redox couple is found for the Fc units. Electron trans-

modes of the respective alkynyl groups preserbOr53 and fer via the connecting metals Hg, Cd, Zn, and Pd, respectively,

44a This finding could additionally be confirmed by single- is not observed445

crystal X-ray structure determinatioffs9.252.30.43 As shown earlier, FeNCNH pincer molecules can be used
Moreover, trimetallic MM’ species (M= Fe, M = Hg, Pd; successfully in the synthesis of heterobimetallic complexes. The

M = Pd, Pt, M = Fe) can be synthesized in a straightforward introduction of a further NCNH unit in FENCNH opens the

manner by applying different synthetic stratediés. possibility of preparing the ferrocene-based trimetallic FeM

Treatment of 2 equiv 020 with Hg(OAc), produces (Fc& complexess9 and60 (M = Pd, Pt), as presented in Scheme 5.
C);Hg (54a). Compounds isostructural witdaare accessible  The reactions depicted there include metalatizansmetalation
when20-Li is reacted with MC} (M = Cd, Zn). The complexes  and oxidative addition process&s'®

(44) Wetzold, N. Ph.D. Thesis, TU Chemnitz, 2006. (45) Kocher, S.; Lang, HJ. Organomet. Chen2001, 637639, 198.
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Scheme 5. Synthesis of Complexes 59 and¢f

MeoN

Me,N 57

(Ph3P).PdCl> ‘

1.2 "Buli

Me2T Fe
o~
Me,N 89
Other trimetallic MM, bis(alkynyl) metal complexes
are{[(n°-CsH4PPh),CuCl|Ti(u-o,m-C=C'Bu),} CuCl (61), Pt-
[(u-0,m-C=CPh)CdC}], (62), and Pt[(GECCsHs-2-C=C),-

HgCl,]» (63).47
So far, trimetallic molecules with two different transi-

tion metals have been discussed. A straightforward synthetic

method of preparing heterotrimetallic derivatives is depicted in
Scheme 6248

Alkynylation of 24d gives 64, which produces with
[Cu(N=CMe)]BF, heterotrimetallic65 (Scheme 6). In65 a
Fc—C=C-—bipy unit is chelate-bound to a PCu tweezer
moiety. A similar structural motif is found in {(Ti](«-0,7-
C=CSiM&;),;} M")bipy—C=CFc]X (66a M' = Cu, X = PF;
66b, M' = Ag, X = ClO4), where the 2,2bipyridine entity is
coordinated to d[Ti](u-0,m-C=CSiMe3),} M'* fragment3248

Related compounds can be obtained, when the gold(l)
acetylide PBPAu—C=C-—bipy (67) is reacted with the orga-
nometallicz-tweezer{[Ti](u-0,7-C=CSiMe;).} M'X (M'X =
Cu(N=CMe)PF;, AgCIlO,). After the appropriate workup,
[{[Ti](u-0,7-C=CSiMe3),} M")bipy—C=C—AuPPh]X (683,
M’ = Cu, X = PF; 68b, M' = Ag, X = ClOy4) can be isolated
as a red solid in excellent yiefd.The chemical and physical

o

TMez
@Q?_u
NMe,

NMe,

NMe, 1.2 "Buli
2.21,
NMe,
|
MeoN !

NMe,
I

b

2.2 (SEtp),PtCh,

MeoN 58
Pd,dbas+CHCI3 or
[Pt(tol-4),(SEtp)]o
NMe,
@C@—'
Me,N 1
, Fe NMe,
n
Me,N
60a: M = Pd
60b: M = Pt

A heterotrimetallic species featuring Ir, Pt, and Rh metals is
71, which is accessible by treatment of (NBif Ir—Pt (C=C
SiMes);] with [Rh(cod)(acetong)’ (cod = cyclooctadiene®

SiM
C/ iVies
MesSim_ ~. C//\ Rh(COD)
\ \Pt\
Ir \ Ckfc\ :
(COD) C SiMe;
N
C
SiMey
71

The solid-state structure afL confirms the presence of the
heterotrimetallic zwitterion [(cod)li-1«C*:n?-C=CSiMes)(u-

(49) For example: (a) Puddephatt, R. JOomprehensie Coordination
Chemistry Wilkinson, G., Gillard, R. D., McCleverty, J. A., Eds.;
Pergamon: Oxford, U.K., 1987; Vol. 5, p 861. (b) Grohmann, A.;
Schmidbaur, H. IrComprehensie Organometallic Chemistry;lAbel, E.

W., Stone, F. G. A., Wilkinson, G., Eds.; Pergamon: Oxford, U.K., 1995;
Vol. 3, p 1. (¢) Jia, G.; Puddephatt, R. J.; Scott, J. D.; Vittal, J. J.
Organometallics1993 12, 3565. (d) Mingos, D. M. P.; Yau, J.; Menzer,
S.; Williams, D. J.Angew. Chem., Int. Ed. Engl995 34, 1894. (e)

properties of the latter species correspond to those of otherpuddephatt, R. JThem. Commun1998 1055. (f) Irwin, M. J.; Jia, G.;

gold(l) acetylides649

Another trimetallic complex with a gold(l) acetylide unit is
PhsPAu—C=CNCN—Pt—C=C—Fc (70), which can be obtained
by treatment of PPAu—C=CNCN-PtCI (69) with FcC=C
SnMe.5 Complex70 represents a rigid-rod-shaped molecular
wire molecule in which the transition metals are spanned by
acetylide, cyclopentadienyl, and phenyl units.

(46) Kocher, S.; Walfort, B.; Prasad, R., van Koten, G.; Lang, H.
Submitted for publication id. Organomet. Chem.

(47) (a) Delgado, E.; Hernandez, E.; Mansilla, N.; Moreno, M. T.; Sabat,
M. J. Chem. Soc., Dalton Tran4999 4, 533. (b) Charmant, J. P. H,;
Gomez, J.; Orpen, A. G.; Falvello, L. R.; Forajel.; Rueda, A.; Gomez,
J.; Lalinde, E.; Moreno, M. TChem. Commuri999 20, 2045. (c) Ara, |.;
Berenguer, J. R.; ForfseJ.; Lalinde, Elnorg. Chim. Actal997 264, 199.

(d) zZhang, D.; McConville, D. B.; Tessier, C. A.; Youngs, W. J.
Organometallics1997, 16, 824.

(48) Packheiser, R.; Walfort, B.; Lang, H. Submitted for publication in

Inorg. Chim. Acta

Payne, N. C.; Puddephatt, R.Grganometallicsl993 12, 4771. (g) Irwin,
M. J.; Vittal, J. J.; Puddephatt, R. @rganometallics1997, 16, 3541. (h)
Yam, V. W. W.; Choi, S. W. K.; Cheung, K. KOrganometallics1996
15, 1734. (i) Irwin, M. J.; Manojlovic-Muir, L.; Muir, K. W.; Puddephatt,
R. J.; Yufit, D. S.Chem. Communl997, 219. (j) Lang, H.; Keher, S;
Back, S.; Rheinwald, G.; van Koten, Grganometallic2001, 20, 1968.
(k) Back, S.; Gossage, R. A.; Lang, H.; van Koten Ear. J. Inorg. Chem.
200Q 1457. (I) Yam, V. W. WAcc. Chem. Re®002 35, 555. (m) Whittall,
I. R.; Humphrey, M. G.; Houbrechts, S.; Persoons, A.; Hockless, D. C. R.
Organometallics1996 15, 5738. (n) Naulty, R. H.; Cifuentes, M. P;
Humphrey, M. G.; Houbrechts, S.; Boutton, C.; Persoons, A.; Heath, G.
A.; Hockless, D. C. R.; Luther-Davies, B.; Samoc, MChem. Soc., Dalton
Trans.1997, 4167. (o) Whittall, I. R.; Humphrey, M. G.; Samoc, M.; Luther-
Davies, B.; Hockless, D. C. R.. Organomet. Chenl997 544, 189. (p)
Whittall, I. R.; Humphrey, M. G.; Samoc, M.; Luther-Davies, Bngew.
Chem., Int. Ed. Engl1997, 36, 370. (q) Yamamoto, Y.; Shiotsuka, M.;
Onaka, SJ. Organomet. Chen2004 689, 2905. (r) Ferrer, M.; Rodriguez,
L.; Rossell, O.; Lima, J. C.; Gomez-Sal, P.; Martin, @rganometallics
2004 23, 5096. (s) Lu, X. X.; Li, C. K.; Cheng, E. C. C.; Zhu, N.; Yam,
V. W. W. Inorg. Chem 2004 43, 2225.

(50) Ara, |.; Berenguer, J. R.; Eguizabal, E.; Fornies, J.; Lalinde, E.
Organometallic2001, 20, 2686.
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Scheme 6. Synthesis of Heterotrimetallic 6348
@CEC \ N/ \N / HC==CSiMe; ?_CEC \ N/ \N /
e \Pt/ CH,Cl, / HNPr, :e \Pt/
4
o’ o e &£ %
24d Me;Si” SiMe,
64
[Cu(N=CMe)4]BF 4 :'|: c=C \ N/ \N /
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Me;Si C|u SiMe;
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Scheme 7. Synthesis of Tetrametallic 7882 (Table 2)
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2icC*:52-C=CSiMe;) Pt (u-2«C*:5?-C=CSiMe;3),Rh*(cod)],
formed by the binuclear anionic fragment [(codyh{xC*%:52-
C=CSiMe;)(u-2xC*:7?-C=CSiMe;)Pt(C=CSiMe3),] -, which
in its turn acts as a chelating dimetallo bidentate ligand toward R R

ecules (NN) have been utilized to connect tweezer-chelated
copper(l) and silver(l) centers (eq 3, Scheme 7 and Table 2).

the cationic [Rh(cod)] building block® [TA]/CZQM_X . oK 4/£M‘_Y

A further series of trinuclear heterometallic complexes could ' \C\Qg ' \C$€ i
be synthesized on the basis of 1,3,5-triethynylbenzene. Two R R
examples are [1,3CI(PE),PdG=C} ,-5{ (Mezbpy)(CO)xRe-
C=C} CsH3] (72) and [1{Fc-C=C}-3{ (COXCr(;*-CeHsC=C)} - R R .
5{PhPAUC=C} CsH3] (73).51:52 For similar compounds see 2 \C\*c v
ref 53. i SM—x—mZ_ i

A heterotrimetallic Fe Ru—W complex is represented by St 7 (3)
(dppf)(75-CsHs)Ru—C=CCsH,N—W(COLPPh (74; dppf = R R

75-77

1,2-bis(diphenylphosphino)ferrocent).

(Hetero)tetrametallic Transition-Metal Complexes. Orga-
nometallic typeB z-tweezers can also successfully be used in
the preparation of tetrametallic ;M4 My’ species (M = My';

M4 = My'; M4, My = Cu, Ag)?2149:38,55

In this respect, halides, pseudohalides (X), dicarboxylates

(O.,C"COy) and, for example, nitrogen-based bidentate mol-

Complexes75—82 may display metatmetal interactions, as
the inorganic or organic connecting units permit rapid intramo-
lecular electron transféfg-3855The compounds synthesized thus
far are summarized in Table 2.

The electrochemistry of selected complexes was studied by
cyclic voltammetry. Semiempirical calculations were also carried
out149:5561The results indicate a strong intramolecular interac-
tion between the group 11 metals held in place by the
organometallic bis(alkynyly-tweezers.

(51) Chong, S. H. F.; Lam, S. C. F.; Yam, V. W. W.; Zhu, N.; Cheung,
K. K. Organometallics2004 23, 4924.

(52) Packheiser, R. Ph.D. Thesis, TU Chemnitz.

(53) (&) Long, N. J.; Martin, A. J.; White, A. J. P.; Williams, D. J.;
Fontani, M.; Laschi, F.; Zanello, FDalton Trans.200Q 19, 3387. (b)
Whittall, I. R.; Humphrey, M. G.; Houbrechts, S.; Maes, J.; Persoon, A.;
Schmid, S.; Hockless, D. C. R. Organomet. Chen1997, 544, 277. (c)
Jutzi, P.; Kleinebekel, BJ. Organomet. Chenl997 545-546, 573.

(54) Wu, I. Y.; Lin, J. T.; Luo, J.; Sun, S. S,; Li, C. S,; Lin, K. J.; Tsali,
C.; Hsu, C. C,; Lin, J. LOrganometallics1997, 16, 2038.

(55) Stein, T.; Lang, H.; Holze, Rl. Electroanal. Chem2002 520,
163.

(56) Frosch, W.; Back, S.; Rheinwald, G.; Her, K.; Lang, H.
Organometallic200Q 19, 5769.

(57) Al-Anber, M. Ph.D. Thesis, TU Chemnitz, 2003.

(58) Al-Anber, M.; Walfort, B.; Stein, T.; Lang, Hnorg. Chim. Acta
2004 357, 1675.

(59) Al-Anber, M.; Stein, T.; Vatzadze, S. Z.; Lang, hhorg. Chim.
Acta 2005 358 50.

(60) Kohler, K. Ph.D. Thesis, Universitadeidelberg, 1996.
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Table 2. Synthesis of Complexe$[Ti]( #-0,7-C=CR)}M—L L —M{([Ti]( #-0.7-C=CR)2} (L L = X, NN, O,C CO,)

compd MM’ R X Y 0,C COJ/N N n reacrt ref
75a Cu SiMe Cl ClO4 i 14g, 38, 55
75b Cu SiMe; Br ClOy i 14g, 38, 55
75¢c Cu SiMe | ClO4 i 14g, 38, 55
75d Cu SiMe CN CIOs i 14q, 38, 55
75e Cu SiMe NCS ClIOy i 14g, 38, 55
76a Cu/Ag SiMe Cl ClO4 i 14g, 38, 55
76b Cu/Ag SiMe Br ClO4 i 149, 38, 55
76¢C Cu/Ag SiMe | ClO4 i 14g, 38, 55
76d Cu/Ag SiMe CN CIOs i 14g, 38, 55
76e Cu/Ag SiMe NCS Clgy i 14g, 38, 55
77a Ag SiMes Cl ClO4 i 14g, 38, 55
77b Ag SiMes Br ClO4 i 14g, 38, 55
77c Ag SiMes | ClO4 i 14g, 38, 55
77d Ag SiMes CN ClOy i 14g, 38, 55
T77e Ag SiMes SCN ClIOy i 14g, 38, 55
77f Ag SiMes OCN ClOy i 14g, 38, 55
779 Ag SiMe; SeCN cla i 149, 38, 55
78a Cu Bu 0.C—-CO; 0 iii 2, 3b—d, 56
78b Cu ‘Bu 0,CC=CCO, 0 iii 2, 3b—d, 56
78c Cu ‘Bu Cis:O,CCH=CHCO, 0 iii 2, 3b—d, 56
78d Cu Bu transO,CCH=CHCO; 0 i 2,3b—d, 56
78e Cu ‘Bu/SiMe; transO,CCH=CHCO;, 0 iii 2, 3b—d, 56
78f Cu ‘Bu O,CCGH4CO,-1,4 0 iii 2,3b-d, 56
789 Cu Bu (O:C)2CeHz-1,3-(CQH)-5 0 iii 2, 3b—d, 56
78h Cu ‘Bu/SiMe; 0,CCH,C(O)CECH,)CO, 0 iii 2,3b—d, 56
78i Cu SiMe CsH204 0 iii 2,3b—d, 56
78] Cu Bu O,CC=C 0 iii 2,3b—d, 56
79a Ag Ph OC-CO, 0 iv 2,3b-d, 56
79b Ag SiMes trans O,CCH=CHCQO, 0 iv 2, 3b-d, 56
79c Ag SiMes 0O,CCsHACOx-1,4 0 iv 2,3b-d, 56
79d Ag SiMes C404 0 iv 2,3b-d, 56
79 Ag SiMes CsH204 0 iv 2, 3b-d, 56
80a Cu SiMe PFs PFs biphenyldicarbonitrile 2 ii 57
80b Cu SiMe; BF4 BF,4 biphenyldicarbonitrile 2 ii 57
80c Cu SiMe PFs PFs p-phenylendiacetonitrile 2 ii 57
80d Cu SiMe PR PFs NCsH4CH=CHGCsH4N 2 ii 59
8la Ag SiMes ClO4 ClO4 1,4-pyrazine 2 ii 58
81b Ag SiMe; ClO4 ClO4 4.,4-bipyridine 2 ii 59
8lc Ag SiMe; ClO4 ClO4 1,4-dicyanobenzene 2 ii 57
81d Ag SiMes ClO4 ClOy bis((4-cyanophenyl)oxy)dimethylsilane 2 ii 57
8le Ag SiMes ClO4 ClO4 biphenyldicarbonitrile 2 ii 57
81f Ag SiMes OTf oTf biphenyldicarbonitrile 2 ii 57
81g Ag SiMe; ClO4 ClO4 p-phenylendiacetonitrile 2 ii 57
81h Ag SiMe; OTf oTf p-phenylendiacetonitrile 2 ii 57
81i Ag Ph OTf OTf biphenyldicarbonitrile 2 ii 57
81j Ag SiMes ClO4 ClO4 pyridine-4-carbonitrile 2 ii 57
81k Ag SiMes OTf oTf pyridine-4-carbonitrile 2 ii 57
81l Ag SiMe; ClO4 ClO4 fumaronitrile 2 i 57
81m Ag SiMe; ClO4 ClO4 2,3-bis(2-pyridyl)pyrazine 2 ii 57
81n Ag SiMe; ClO4 ClOy 2,2:6',2"-terpyridine 2 ii 57
8lo Ag SiMe3 ClO4 ClO4 NCsH4sCH=CHCsH4N 2 ii 59
81p Ag SiMes ClO,4 ClO4 NCsH4CH=CgHsO=CHGCsH4N 2 ii 59
81q Ag SiMes ClO,4 ClO4 NCsH4CoN3zHCsH4N 2 ii 59
81r Ag SiMes ClO,4 ClO4 NCsH4CH=NCgHsN=CHGCsH4N 2 ii 59
81s Ag SiM83 C|O4 C|O4 NC5H4CH=C5H40=CH05H4N 2 ii 59
81t Ag SiMes OTf oTf 2,2-bipyrimidine 2 ii 60
82a Cu/Ag SiMe PFs ClO4 pyridine-4-carbonitrile 2 ii 57
82b Cu/Ag Bu/SiMe; oTf C=CC=N 1 b 60

aThe reaction letter refers to the reactions shown in Schemi&@action of{[Ti]( u—o,7-C=CR);} CUC=CC=N with {[Ti](x-0,7-C=CR);} M'(OTf)

(M" = Cu, Ag; R= Bu, SiMey).

Other tetrametallic MNM"', species ard [M](u-o,7-C=C
Fcp}M'X ([M] = (17°-CsHsSiMes),Ti: 83a M'X = Pd(PPBh);
83b, M'X = Ni(CO); 83¢ M'X = CuBr; 83d, M'X = CucCl;
83g M'X = CuOTf; 83f, M'X = CuCk; 83g M'X = ZnCly;
83h, M'X = ZnBry; 83i, M'X = AgCl; 83j, M'X = AgBF;
[M] = (bipy)Pt: 84a M'X = CuBr; 84b, M'X = CuOTf; 84¢,
M'X = CuBF; 84d, M'X = AgNOs; 84e M'X = AgCIQy;
84f, M'X = AgO,CCR; [M] = [(PhLPCHPPH),Ru: 85,

(61) (a) Vatsadze, S. Z.; Al-Anber, M.; Holze, R.; Thiel, W. R.; Lang,
H. Proc. Org. ElectrochemECS Meeting; San Antonio, TX, in press. (b)
Al-Anber, M.; Vatsadze, S. Z.; Holze, R.; Lang, H.; Thiel, W. Rew J.
Chem, in press. (c) Vatzadze, S. Z.; Al-Anber, M.; Thiel, W. R.; Lang, H.;
Holze, R.J. Solid-State Electrochein press.

M'X = Cul).2*22They are impressive examples of mixed early
late transition-metal complexes in which both reducible and
oxidizable groups are present. Their electrochemical behavior
is discussed in detail in refs 14 and 22.

Further heterotetrametallic compounds &®&a and 88b
(Figure 7), which are accessible in a two-step synthesis,
including the Sonogashira cross-coupling reaction of-hid-
(ethynyl) biferrocene§6) with 1-1-NCN-4-Br and the oxidative
addition of 1,1-(Br-4-NCNC=C),bfc (87; bfc = biferrocene)
to [Pcb(dba)] and [Pt(tolp(SEb),], respectivelys?

Cyclic voltammetric studies 088a and 88b show that the
ferrocene moieties can be oxidized independently. The differ-



Multiheterometallic Transition-Metal Complexes Organometallics, Vol. 25, No. 8, 20889

NMe, In the latter molecules organometallictweezer units are
&—c=C ,\|,|_Br connected by a 1'4errocenyldicarboxylate9d) or a 1,3,5-
To benzenetricarboxylic entity96). However, electrochemical
@_@ NMe studies showed that the connecting carboxylates act as an
MeN T impedance rather than a transmiftg$*
Br—M c=c—cb The second and ultimately more straightforward synthetic
| route to (hetero)multimetallia-tweezer-based complexes is the
MeN reaction of{[Ti](u-0,m-C=CSiMe&3),}M'X (M' = Cu, Ag; X
Figure 7. Biferrocene-based molecul@&8a (M = Pd) and88b = ClO4, OTf) with the metal salts [M¥~ (M = Cu, Ag, Au;
(M = Pt)62 X = C=N, OCN) (synthesis 0f6a—€) or [Ag(C=N)4]3"
(synthesis 0of97) in the ratios of 2:1 and 4:1, respec-

ence of the potentials of the Fe(ll)/Fe(lll) redox couples is 300 tively.2e.9:36.38,55,65
mV and is not affected by the NCN transition-metal pinter.

Even heterotetrametallic MMM’ complexes with four Sive Me.Si _| +CIO -
different metals, based on an organometattitveezer, can be =< ° \/Cgc\ ‘
obtained by joining heterobimetallic FiCu or Ti—Ag tweezers [TiKCQ/M“—X—M—X—’M'\,C/[Ti]
with Fe—Au- or Fe—Pt-containing molecules (Figure 8). Thus, T siMe, Me3Si/C/
HCEC—{ Pt} —C=C-Fc (89) ({ Pt} = Pt(Cst(CHzNMez)z- 96a — 96e
2,6)) gives with{[Ti]( u-0,m-C=C'Bu),} CuCH; (90) on loss of
C_H4 cor‘_nplex91,4g whilt_a FcPPhAu—C=C—bipy (92) affords [Tl~co ’[Ti]_| +CIO ;
with {[Ti](u#-0,7-C=CSiMe&;)2} M'X (M'X = Cu(N=CMe)PF, ‘C\ \\\C\R K d 4
AgClO,) tetrametallic93.53 \};\Ag R Aé/(/://

Complexes91 and 93 represent the first examples of R ‘\N\ N
heterotetrametallic transition-metal complexes in which early \\c\ /c/’/
and late metals are connected/pyonjugated organic bridging et}
units. A striking feature 091is that all metals possess different R N//,C C\\\N R
coordination spheres: Ti shows a pseudotetrahedral environ- C//A: \Ag\\
ment, Cu possesses a planar environment, Pt has square-planar & R R~C R
coordination, and Fe is part of a sandwich structdre. [Ti]//CZC N \‘[Ti]

(Hetero)pentametallic to (Hetero)nonametallic Transition- o7

Metal Complexes.Further examples of the molecular “Tink-
ertoys” approach includes the synthesis of (hetero)penta- to
(hetero)nonametallic complexes. oot NN o N,

An important family of “Tinkertoys” are halide, pseudohalide, %gﬂ M :A gA,gXM, S C'\llj’ ?(62 '\éIEN.M 96e @lg,:XAu ’Rlll S C(?J’
cyanpace;ylide, hetg_rocyclic, and_/ or di- and tricarboxylic acid X = C=N) kllave Iineallr structurés and contaih the feaiures
functionalized trgnsmon-metal bqumg_bIocks. typical for one-dimensional molecular wire molecules. Complex

There are mainly three methods which can successfully be g7 js one of the outstanding examples of a cross-shaped
applied for the preparation of the title compounds. The first ylecule in which four titaniumsilver tweezers are linked by
synthesis protocol includes the reaction{¢i](u-0,7-C=C 4 [Ag(C=N),]3" core. In97 each cyanide is datively bound to
R);} CuCHs with diverse organic and organometallic di- and 5 gjjver(l) center of an individuat-tweezer fragment. While
tricarboxylic acids, owing to the instability of alkykopper the inner silver atom possesses a tetrahedral environment, the
systems, and is based on the preparatiof4nd 95.5°5¢ outer silver(l) ions are coordinated in a planar fashion and,

hence, possess coordination numbép 3.

Complexe6a—e (96a M = M" = Cu, X = C=N; 96b, M

CZC/SiM% Multiple zz-tweezers can also be linked together by bipyridyl,
[Ti]<C\>Cu—OzC—@ 5 2,4,6-tris(2-pyridyl)-1,3,5-triazine (tpt), or pyridyl functionalized
“Cxsites Fe U\CQC porphyrin connecting unitg$With tpt, complexe®8a—d (M’
Q—COZ—CUCCNTH = Cu, X=PFs: 983 R = Ph;98b, R = SiMe;; M' = Ag, X
tBu/C/ = ClO4: 98¢ R = Ph;98d, R = SiMe;) are formed, when
94 {[Ti](u-0,1-C=CR)}M'X is reacted with tpt in the stoichio-
. metry of 3:1.
‘BU—CEC/C[[TI] [Ti). 3+
o I
'Bu 2 Sl Loy _I 8x
el Lo o N SR
N Bu W~
<c 0/ X, N, X
\' N N
Bu Cc=0 1By ? E/I\J /N/,,,R\CS
¢ ) //(/://'VI _R >l
Cu—\ rr/C & 7 R/c2
'‘Bu—Cz '
! \C\\[Ti] =
05 98a —98d

(63) Packheiser, R.; Walfort, B.; Lang, H. Submitted for publication in
(62) Kocher, S.; van Koten, G.; Lang, H. Submitted for publication in  Inorg. Chem. Commun
Organometallics (64) Frosch, W.; Back, S.; Lang, HDrganometallics1999 18, 5725.
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Figure 8. Complexes91 (left) and93 (right; 93a M = Cu, X = PF; 93b. M = Ag, X = ClQ,).49:63

In a similar manner, the heptametallic Fe@u,Ti, and
FeAwAg,Ti, molecules Fe(>-CsHsPPR)AUC=C—bipy—
M{ (u-0,7-C=CSiMe&3),[Ti]})2 (99, M = Cu; 100 M = Ag)
are accessible by treatment of FE(CsH4PPhB)AuC=Cbipy),
with 2 equiv of {[Ti](u—0,7-C=CSiMe3)2} M'X (M'X = Cu-
(N=CMe)PF, AgCIlO,).52

Pyridine-functionalized porphyrins allow the linkage of four
organometallicz-tweezers as shown ih0la (M = Cu) and
101b (M = Ag). However, these molecules show a tendency
to decompose in solution with formation of elemental copper
or silver along with [Ti]J(GECSiMey), and the porphyrif®

-

il o+

4X

o
i N
AVAS

/o M\

RO R

R
~\,
Cx

C
N o O,
—M\/C/[I'l]

=
~C=

A study of the reaction chemistry d01aand101btoward

Ph] (102,88 (FcC=CC=CFc)O(CO) (103,57 and (Fc-
C=C),0(CO)p (104)58

Summary and Outlook

This review addresses the chemistry of mono- and bis-
(alkynyl) transition-metal complexes, functionalized diaminoaryl
NCN pincer molecules (NCN- [CgH2(CH2NMey)»-2,617) and
modified ferrocenes toward diverse metal fragments and serves
to understand the manifold and sometimes unexpected reaction
behavior of such species. Interesting novel (hetero)bi- to
(hetero)nonametallic compounds with often uncommon struc-
tural motifs are formed, in which the respective transition-metal
building blocks are connected viaconjugated organic and/or
inorganic bridging units. The reactions based on the modular
molecular “Tinkertoys” approach depend on the steric and
electronic properties of the metal centers and ligands involved.
Despite the large quantity of experimental work carried out in
this field of chemistry, the exact factors which control the
formation and/or interconversion of the structures in the (hetero)-
multimetallic complexes is still an open question and will
continue to stimulate fruitful work in this field. A challenge is
the preparation of even larger transition-metal complexes
featuring more than four different earlyate metal atoms and
new functionalities. In addition, it should be possible to use
the described (thiol-functionalized) organometallic species as
one-dimensional molecular wires to span metal surfaces/
electrodes and, hence, such single molecules may function as
key components or insulators in future computational devices.
This chemistry also opens the possibility for creating new
materials with innovative electronic, catalytic, optical, and/or
magnetic properties.
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