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The synthesis and characterization of the di-, tetra-, and hexanuclear titanium(1V)—copper-
(1) carboxylates {[Ti](C=CSiMe3),} CuO,CR? (3) {3a: R? = Me, 3b: R? = C¢Hs, 3c: R? =
CH,CeHs, 3d: R? = CH=CMey; [Ti] = (5°>-CsHSiMey),Ti}, {[Ti](C=C'Bu),} CuOC(O)—X—
C(O)OH [12a: X = trans-CH=CH, 12b: X = CH,C(=CH,)], {[Ti](C=C'Bu),} CuOC(O)—X—
C(O)OCU{(RIC=C),[Ti]} [R* = 'Bu, 13a: X = trans-CH=CH, 13b: X = cis-CH=CH, 13c:
X =1,4-C¢H,, 13d: X =C=C, R! = SiMe3;, 14a: X =trans-CH=CH, 14b: X = CH,C(=CHy,)],
[{[Ti](C=C'Bu),} CuO(0O)C], (13e) as well as {[Ti](C=C'Bu),} CuO(O)C-1-CsH3(CO,H),-3,5
(16), [{[Ti](C=C'Bu),} CuO(0O)C],-1,3-CsH3(CO,H)-5 (17), and [{[Ti](C=C'Bu),} CuO(O)C]s-
CeH3-1,3,5 (18) is described. All of these complexes are easily accessible by the reaction of
{[Ti](C=CR%'),;}CuMe (1la: R! = SiMes;, 1b: R! = 'Bu) with the corresponding carboxylic
acids in different stoichiometric ratios of the reactants. Furthermore, the preparation and
reaction chemistry of the alkyne-stabilized copper(l) percarboxylate {[Ti](C=CSiMes),}-
CuO,C(0)CsH4CI-3 (10) is discussed. As the central organic building block, all complexes
contain mono-, di-, or tricarboxylic units. The latter two allow for the subsequent addition
of further titanium(1V)—copper(l) assemblies onto these entities. The X-ray structure analyses
of 3a and 13a are reported. Within the {[Ti](C=CR?),} CuOC(O)R? array the copper(l) center
is n?-coordinated by both RIC=C groups of the organometallic tweezer [Ti](C=CR?), and
n*-bonded by one oxygen atom of the O,CR? unit. Cyclic voltammetric studies on representa-
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tive examples are presented and discussed comparatively.

Introduction

Copper carboxylates play an important role as cata-
lysts in homogeneous catalysis; for example, cuprous
carboxylate compounds are considered to be the first
complexes involved in homogeneously catalyzed hydro-
genation reactions.t Another example that is of syn-
thetical importance is the Hurtley reaction, involving
the condensation of 2-halobenzoic units with g-dicar-
bonyls.?2 However, there are only limited structural
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information as well as detailed reactivity studies of
copper carboxylates available.3~10

Previously, di- or tetranuclear copper(l) carboxylate
species with alkenes or alkynes as additional donor
components have been reported and were partly struc-
turally identified.* In this low-nuclearity copper(l) spe-
cies, the carboxylic units act as wu-bridging ligands
between two copper centers, involving both oxygen
atoms of the RCO, moiety.*~10

Recently, it was shown that »'-bonded carboxylate
ligands are present in monomeric n?-alkyne-stabilized
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tallics 1990, 9, 2807. (c) Reger, D. L.; Huff, R. F. Organometallics 1992,
11, 69.
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Scheme 1.
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Different Synthetical Methods for the Preparation of Complexes
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copper(l) carboxylates of structural type {[Ti](C=CR?),}-
CuO(O)CR2{[Ti] = (°-CsH4SiMe3),Ti; Rl = SiMej3, Bu;
R2 = Me, Cg¢Hs}.* In addition, monomeric copper(l)
carboxylates are accessible by applying, for example,
multidentate phosphanes as additional donors.®1°

In this study we describe the synthesis, structure, and
bonding of numerous alkyne-stabilized copper(l) car-
boxylates using mono-, di-, or trifunctionalized carbox-
ylic building blocks, such as R2CO,— (R? = singly
bonded organic ligand), —0,C—CO,—, cis- or trans-O,C-
CH=CH—-CO,—, —0,C—C=C—CO,—, CsH4(CO,)2-1,4,
or Ce¢H3(CO2)3-1,3,5. Preliminary cyclic voltammetric
studies are discussed comparatively.

Results and Discussion

Preparation of Titanium(lV)—Copper(l) Car-
boxylates. The titanium(lIV)—copper(l) carboxylate com-
plexes 3, 12—14, and 16—18 as well as the copper(l)
percarboxylate 11 are accessible in excellent to quan-
titative yield, by starting out from {[Ti](C=CR?%),} CuMe
(1a: R! = SiMe3, 1b: R! = 'Bu),’2 {[Ti](C=CSiMej3),}-

(11) Leschke, M.; Lang, H.; Melter, M.; Rheinwald, G. Inorg. Chem.
1999, submitted.

(12) Lang, H.; Seyfert, D. Z. Naturforsch. 1990, 45b, 212,

(13) (a) Janssen, M. D.; Kohler, K.; Herres, M.; Dedieu, A.; Smeets,
W. J. J.; Spek, A. L.; Grove, M. D.; Lang, H.; van Koten, G. J. Am.
Chem. Soc. 1996, 118, 4817. (b) Lang, H.; Kohler, K.; Zsolnai, L.;
Buchner, M.; Driess, A.; Huttner, G.; Strahle, J. Organometallics 1999,
18, 598.

CuCl (4),1415 or [Ti](C=CSiMe3), (6)*? {[Ti] = (5>-CsHa-
SiMe3),Ti} and a suitable carboxylate source (Scheme
1).

Thus, the reaction of {[Ti](C=CSiMe3s),} CuMe (1a)
with R2CO;H (2a: R2 = Me, 2b: R%2 = CgHs, 2c: R2 =
CH,CgHs, 2d: R?2 = CH=CMe,) in a 1:1 molar ratio in
tetrahydrofuran at —20 °C produces the alkyne-stabi-
lized monomeric copper(l) carboxylates {[Ti](C=CSi-
Mes);} CUOC(O)R? (3a: R? = Me, 3b: R? = CgHs, 3c:
R2 = CH,CgHs, 3d: R2 = CH=CMe,). Complexes 3a—
3d are formed in quantitative yields (Scheme 1, path
a). This type of reaction is accompanied by the loss of
CHa,.

A further possibility to synthesize, for example,
complexes 3a and 3b is given by treatment of {[Ti]-
(C=CSiMejz),} CuCl (4) with 1 equiv of [AgO,CR?] (5a:
R2 = Me, 5b: R2 = CgHs) in dichloromethane at 25 °C
(Scheme 1, path b) or, as represented by path c in
Scheme 1, by reacting the bis(alkynyl) titanocene [Ti]-
(C=CSiMey); (6) with equimolar amounts of [CuO,CR?]
(7a: RZ = Me, 7b: R2 = CgHs) in diethyl ether.

However, the maximum isolated yields in the latter
reactions amount only to 75% (reaction of 4 with 5) or
83% (reaction of 6 with 7), respectively. In contrast,

(14) (a) Lang, H.; Weinmann, M. Synlett 1996, 1. (b) Lang, H.;
Rheinwald, G. J. Prakt. Chem/Chem. Zeit. 1999, 341, 1.

(15) Lang, H.; Herres, M.; Kbhler, K.; Blau, S.; Weinmann, S
Weinmann, M.; Rheinwald, G.; Imhof, W. J. Organomet. Chem. 1995,
505, 85.
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almost quantitative yields can be obtained, when the
bis(alkynyl) titanocene 6 is treated with the tetranuclear
complex (72-Me3SiC=CSiMej3),(Cu-u-O,CR?)4 (8a: R =
Me, 8b: R = Cg¢H5s) in tetrahydrofuran (Scheme 1, path
d).

In this respect it must be noted that the reaction of
la with 2a—2d is straightforward, since the new species
3a—3d are formed rapidly on mixing the corresponding
reagents, even at low temperature. As compared with
the other reactions outlined in Scheme 1, path a
possesses the highest synthetic potential, since numer-
ous easily prepared and/or commercially available car-
boxylic acids can successfully be applied. Another
advantage of this procedure is the very simple workup:
the loss of CH,4 as the only byproduct yields, after
evaporation of all volatiles, the corresponding molecules
analytically pure and in quantitative yields.

All complexes are soluble in polar organic solvents,
such as diethyl ether and tetrahydrofuran, but are
poorly soluble in n-pentane or toluene. In the solid state,
3a—3d are stable to air for short periods of time, while
in solution they slowly decompose to undefined products.

The approach decribed in Scheme 1, path a, also can
successfully be applied to the preparation of the copper-
(1) percarboxylate {[Ti](C=CSiMe3),} CuO,C(O)CsH,4CI-
3 (10). Subsequently, treatment of 1a with stoichiomet-
ric amounts of HO,C(O)CgH4CI-3 (9) at —70 °C in
tetrahydrofuran affords quantitatively complex 10, ac-
companied by the liberation of CH4. The copper(l)
percarboxylate 10 can be isolated as a brown oil (eq 1).

& SiMe, cl
. /Cé\
[Ti]{ . ~Cu=CH, + HO,C )
Sc
“SiMe;
1a 9

Cl

; |
L _SiMe; @

. /C ~
[Tx]\C(Cu—o—o—g
SCo o]
SiMe;,

10

This new copper(l) percarboxylate moiety in complex
10 is stabilized by the n?-coordination of both Me3SiC=C
ligands of the [Ti](C=CSiMe3), fragment. This com-
pound can safely be handled in the solid state as well
as in solution and exhibits a high thermal stability.
However, heating a toluene solution of 10 under reflux
leads to its unselective decomposition within a few
minutes.

On the basis of the aforementioned results, the
synthetic potential of the titanium(l1V)—copper(l) com-
plex {[Ti](C=CR!);}CuMe (la: R! = SiMe3, 1b: R! =
‘Bu) was expanded toward di- and tricarboxylic acids.
This allows for an easy access to multinuclear organo-
metallic complexes in which the corresponding di- or
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tricarboxylate units act as bridging moieties between
early—late heterobimetallic titanium—copper building
blocks of the form {[Ti] (C=CR%),}Cu (Scheme 2, com-
plexes 13 and 14).

At low temperature, the reaction of {[Ti](C=C'Bu),} -
CuMe (1b) with an equimolar amount of a dicarboxylic
acid HO,C—X—-CO3H [11la: X = trans-CH=CH, 11b:
X = CH,C(=CHy,)] affords {[Ti]J(C=C'Bu),} CuOC(O)—
X—C(O)OH [12a: X =trans-CH=CH, 12b: X = CH,C-
(=CH.)] by selective transformation of only one CO,H
group of the dicarboxylic acids 11a or 11b. Thus, the
corresponding titanium—copper tweezer complexes 12a
and 12b are formed quantitatively, and both possess,
apart from the titanium—copper moiety {[Ti](C=C-
'Bu),} Cu, a pendant CO;H unit as a further reactive
site.

The prepartion of symmetric (13a) or mixed (14a,
14b) organometallic coordinated copper(l) dicarbox-
ylates of the type {[Ti](C=C'Bu);} CuOC(O)—X—C(0O)-
OCu{ (R1IC=C),[Ti]} [13a: R!='Bu, X =trans-CH=CH,
14a: R! = SiMes, X = trans-CH=CH, 14b: R! = SiMes,
X = CH,C(=CHy)] is made possible by the presence of
this second, unreacted HO,C functionality in 12a or
12b. Treatment of 12a with 1b gives symmetric 13a,
while the reaction of 12a or 12b with stoichiometric
amounts of la results in the asymmetric species 14a
or 14b, respectively (Scheme 2). After appropriate
workup, these tetrametallic complexes can be isolated
as orange crystalline materials which are stable to air
for short periods of time. In contrast with the titanium-
(IV)—copper(l) carboxylates 12a and 12b, complexes
13a, 14a, and 14b are much more soluble in organic
solvents; they possess almost the same solubility be-
havior as 3a—3d.

In the synthesis of complex 13a it is not necessary to
isolate structural type 12 species (Scheme 2). When the
dicarboxylic acids HO,C—X—CO,H (11la: X = trans-
CH=CH, 11c: X = cis-CH=CH, 11d: X = CgHs-1,4,
1le: X =C=C)or HO,C—CO,H (11f) are combined with
2 equiv of 1b in tetrahydrofuran at —20 °C, tetranuclear
complexes of general composition {[Ti](C=C'Bu),} CuOC-
(O)—X—C(O)OCu{(‘BuC=C),[Ti]} [13a: X = trans-
CH=CH, 13c: X = cis-CH=CH, 13d: X = CgHs-1,4,
13e: X =C=C]or [{[Ti](C=C'Bu),} CuOC(0)], (13f) are
produced in one step, again in quantitative yields
(Scheme 3).

Access to bi-, tetra-, or even hexametallic complexes,
i.e., {[Ti](C=C'Bu),} CuOC(0)-1-CsH3(CO,H),-3,5 (16),
[{[Ti](C=C'Bu)2} CuO,C],-1,3-CsH3CO,H-5 (17), and [{[Ti]-
(C=C'Bu),} Cu0,C]3—CsH3-1,3,5 (18), is given by ap-
plying CgH3(CO,2H)3-1,3,5 (15) as starting material
(Scheme 4).

When the tricarboxylic acid 15 is reacted with the
appropriate stoichiometric amount of {[Ti](C=C'Bu),} -
CuMe (1b), the multimetallic complexes 16—18 are
formed quantitatively by loss of CH,4 (Scheme 4). In this
respect it must be noted that 18 can also be prepared
by subsequent addition of 1b to 15, 16, or 17. Further-
more, tetra- or hexanuclear 17 and 18 are accessible
by treatment of 1b with 2 or 3 equiv of 1b (Scheme 4).
Noteworthy in the preparation of 16—18 is that with
the increasing number of {[Ti]J(C=C'Bu),Cu} entities,
the solubility of these complexes increases, too.
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Scheme 2. Synthesis of Complexes 12—14 by the Reaction of 1b with 11a or 11b (preparation of 12a and
12b) and by Treatment of 12a or 12b with 1a or 1b (preparation of complexes 13a, 14a, and 14b)
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Solid-State Structure of {[Ti](C=CSiMes),} CUOAC
(3a). Single crystals of 3a were obtained by cooling a
tetrahydrofuran/n-pentane solution of 3a to —30 °C.
3a crystallizes with two almost identical molecules and
two molecules of tetrahydrofuran per asymmetric unit.
The result of the X-ray diffraction study is shown in
Figure 1; the second complex molecule and the tetrahy-
drofuran molecules are omitted for clarity. The most
important interatomic distances and angles are given
in Table 1; the experimental data for the X-ray structure
analysis are presented in Table 3.

In 3a a monomeric copper(l) acetate unit is bis-7?-
coordinated by two alkynyl ligands of the [Ti]J(C=CSi-
Mes), entity (Figure 1). The acetate group is »'-bonded
to the central copper(l) center Cu(1) by O(1), whereas
O(2) is noncoordinated. Apart from the IR data (vide
infra), this can clearly be deduced from the different
copper—oxygen distances found [Cu(1)—O(1) 1.934(7) A,
Cu(1)—0(2) 2.747(7) A]. The copper(l) center possesses
a trigonal-planar environment comprised of the alkynyl
ligands C=CSiMe;z and the n!-bonded OC(O)CHj3 entity.
Due to the n?-coordination of the alkynyl ligands to a

_'Bu Me;Si
) /Cz\ \%C\
[Ti)Z. Cu—oO_ _0—Cu_ “>[Ti]
Cg C—X—Cx .C
\C\ O O /C/
‘Bu Me,Si

14a: X = trans-CH=CH
14b: X = CH,C(=CH,)

mononuclear low-valent Cu(l) center, the C=C triple
bonds are lengthened from 1.214(4) or 1.203(9) A in 618
to 1.233(12) or 1.252(13) A in 3a. Furthermore, the bite
angle C(1)—Ti(1)—C(6) is decreased from 102.8(2)° in 6
to 90.3(3)° in 3a. A further typical observation for
heterodinuclear tweezer complexes is a trans-deforma-
tion of the Ti—C=C—SiMe; fragments [Ti(1)—C(1)—C(2)
163.9(7)°, C(1)—C(2)—Si(1) 163.9(8)°, Ti(1)—C(6)—C(7)
165.6(8)°, C(6)—C(7)—Si(2) 165.0(8)°], which are linear
[Ti—C=C 175.8(4)°, 178.2(5)°; C=C—Si 174.8(4)°, 178.3-

(16) (a) Janssen, M. D.; Herres, M.; Dedieu, A.; Spek, A. L.; Grove,
M. D.; Lang, H.; van Koten, G. J. Chem. Soc., Chem. Commun. 1995,
925. (b) Janssen, M. D.; Herres, M.; Zsolnai, L.; Spek, A. L.; Grove, M.
D.; Lang, H.; van Koten, G. Inorg. Chem. 1996, 35, 2476.

(17) (a) Pasquali, M.; Leoni, P.; Floriani, C.; Gaetani-Manfredotti,
A. Inorg. Chem. 1982, 21, 4324. (b) Lang, H.; Kohler, K.; Bichner, M.
Chem. Ber. 1995, 128, 525.

(18) (a) Lang, H.; Herres, M.; Zsolnai, L. Organometallics 1993, 12,
5008. For related complexes see also: (b) Wood, G. L.; Knobler, C. B.;
Hawthorne, M. F. Inorg. Chem. 1989, 28, 382. (c) Sebald, A.; Fritz, P.;
Wrackmeyer, B. Spectrochim. Acta 1985, 41A, 1405. (d) Jimenez, R.;
Barral, M. C.; Moreno, V.; Santos, A. J. Organomet. Chem. 1979, 174,
281. (e) Jenkins, A. D.; Lappert, M. F.; Srivastava, R. C. J. Organomet.
Chem. 1970, 23, 165. (f) Teuben, J. H.; Liefde Meijer, H. J. J.
Organomet. Chem. 1969, 17, 87. (g) Kopf, M.; Schmidt, M. J. Orga-
nomet. Chem. 1967, 10, 383.
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Scheme 3. Synthesis of Complexes 13a—13e by the Reaction of 1b with 11a and 11c—11f
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Table 1. Selected Bond Lengths [A] and Bond
Angles [deg] for Complex 3a?
bond lengths [A] bond angles [deg]
Ti(1)—C(1) 2.102(10) C(1)-Ti(1)—C(6) 90.3(3)
Ti(1)—C(6) 2.085(10) Ti(1)—C(1)—C(2) 163.9(7)
C(1)-C(2) 1.233(12)  Ti(1)—C(6)—C(7) 165.6(8)
C(6)—C(7) 1.252(13) C(1)-C(2)-Si(1) 163.9(8)
C(2)-Si(1) 1.851(10) C(6)—C(7)-Si(2) 165.0(8)
C(7)-Si(2) 1.851(10)  Cu(1)-O(1)-C(27)  110.7(6)
Cu(l)-0(1)  1.934(7) 0(1)-C(27)-0(2)  123.2(9)
Cu(1)-0(2)  2.747(7) 0(1)-C(27)—-C(28)  116.2(10)
O(1)-C(27)  1.276(13) O(1)-Cu(1)-Ti(1)  172.6(2)
0(2)-C(27) 1.224(12) D(1)-Ti(1)-D(2)>  133.16(44)
Cu(l)-Ti(1) 2.929(2)
Cu(1)-C(1)  2.080(8)
Cu(l)-C(2)  2.125(9)
Cu(1)-C(6)  2.072(9)
Cu(1)-C(7)  2.149(9)
Ti(1)-D(1)>  2.0459(44)
Ti(1)-D(2)>  2.0416(44)

c28{ % _cas

e
\\

Figure 1. ORTEP drawing (50% probability level) of the
titanium(1V)—copper(l) acetate complex 3a, with molecular
geometry and atom-numbering scheme.

(5)°] in the noncoordinated bis(alkynyl) titanocene spe-
cies 6.1 This fragment is linear in the starting com-
pound 6.18 The best plane through the atoms of the
acetate group [C(28)—C(27)—0(1)—0(2)] is perpen-
dicular (87.50(23)°) to a best plane through Ti(1)—
C(1)—C(6)—Cu(1)—C(2)—C(7) [max. deviation from this
plane: 0.0134(68) A], which minimizes the steric repul-
sion between the acetate group and the SiMes units.

Solid-State Structure of {[Ti](C=C'Bu),} CuOC-
(O)-trans-CH=CH—-C(O)OCu{(*BUC=C),[Ti]} (13a).
The molecular structure of 13a was determined by X-ray
diffraction analysis (Figure 2) from single crystals
obtained by cooling a tetrahydrofuran solution of 13a
to —30 °C. Selected geometrical details are listed in
Table 2, and experimental data for the X-ray diffraction
studies are given in Table 3.

The molecular structure of 13a contains a center of
inversion. All symmetry-generated atoms are marked

a Standard deviations are given as the last significant figure in
parentheses. ? D(1), D(2): centroids of the cyclopentadienyl ligands.

with the suffix “a”. Compound 13a crystallizes in the
monoclinic space group C2/c with two molecules of
tetrahydrofuran per unit cell. The main characteristic
of 13a is that two early—late titanium(lV)—copper(l)
moieties { Ti(C=C'Bu),}Cu are linked by a trans-con-
figurated OC(O)—CH=CH—C(O)O unit of which only
one oxygen atom per carboxylate group is o-bonded to
the copper(l) center (Figure 2). An identical feature was
observed also for complex 3a (for comparison see also
IR studies).

As in the solid-state structure of 3a, in 13a the
copper(l) center Cu(l) is trigonally coordinated by a *-
O-bonded monoanionic carboxylate ligand and two #?2-
bonded alkynyl groups of the organometallic z-tweezer
[Ti](C=C'Bu), (Figure 2). The latter bonding is forced
by the chelating effect of the bis(alkynyl) titanium entity
to occur almost in-plane, which means that the Cu(1)
center is only by 0.1585(16) A positioned out of the best
plane through Ti(1)—C(1)—C(2)—C(7)—C(8)—Cu(1). The
plane of the n!-bonded organic carboxylate ligand trans-
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Scheme 4. Synthesis of Complexes 16—18 by (i) the Reaction of 1b with 15 in the Ratios of 1:1, 2:1, or 3:1,
(ii) the Reaction of 16 with 1b in the Ratios of 1:1 or 1:2, and (iii) Treatment of 17 with 1b
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0,C—CH=CH—CO, [0(1)—0(2)—C(29)—C(30)] is almost
perpendicular to the Ti(1)—C(1)—C(2)—C(7)—C(8)—Cu-
(1) plane [interplane angle: 88.93(14)°] (Figure 2). A
similar coordination motif around the Cu(l) center was
observed for complex 3a (vide supra).

Further characteristics of 13a are comparable with
those of other known heterodinuclear tweezer complexes
of the general type {[Ti]J(C=CR);}CuX (X = singly
bonded inorganic or organic ligand), including (i) a bond
lengthening of the C=C triple bond [C(1)—C(2): 1.240
(5) A, C(7)—C(8): 1.233 (5) A], (ii) a trans-distortion of
the Ti—C=C-C~—"'Bu units [Ti(1)—C(1)—C(2): 165.7(3)°;
Ti(1)—C(7)—C(8): 166.3(3)°; C(1)—C(2)—C(3): 163.4(4)°;
C(7)—C(8)—C(9): 163.5(4)°], and (iii) the reduction of the
bite angle C(1)—Ti—C(7) [91.3(1)°] compared with non-
coordinated [Ti](C=CR?), species (e.g., R! = SiMea:
102.8(2)°].13716 The copper—oxygen distance Cu(1)—0O(1)
is 1.933(2) A, in accordance with other known Cu—0
bonds.*917

Structure of Complexes 3, 10, 12—14, and 16—18
in Solution. The IR spectra of all compounds show one

‘Bu—Cs| C.
C~[ri)
18

characteristic C=C stretching vibration for the alkynyl
groups between 1900 and 1920 cm™! for the [Ti]-
(C=CSiMej3), moiety** or 1975 to 1990 cm™! for the
[Ti}(C=C'Bu), entity.’* This shift of vc=c to lower
wavenumbers is typical for the change from noncoor-
dinated bis(alkynyl) titanocenes to heterodinuclear or-
ganometallic tweezer complexes of the type {[Ti]-
(C=CRY,} MX or {[Ti]J(C=CRY);} MX; (MX, MX; = low-
valent mononuclear transition metal complex fragment
with 10—12 valence electrons).>13717 As compared with
the starting materials 1a (vc=c = 1867 cm~1)2 and 1b
(ve=c = 1909 cm~1),18 the vc=c bands in the correspond-
ing titanium(1V)—copper(l) carboxylates 3, 12—14, and
16—18 are generally shifted to higher frequencies. These
data show that due to the alkyne—metal interaction, the
C=C triple bond is weaker in the case of 1a and 1b than
in the corresponding carboxylate specimen. This clearly
demonstrates that, in the case of the ligands »*-bonded
to copper(l), the substitution of a stronger o-donating
ligand (e.g., Me) by a weaker o-donor ligand (e.g., O»-
CR?) results in a stronger C=C triple bond.13
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Table 2. Selected Bond Lengths [A] and Bond
Angles [deg] for Complex 13a2b

bond lengths [A]

bond angles [deg]

Ti(1)-C(1) 2112 (4)  C(1)-Ti(1)-C(7) 91.30 (4)
Ti(1)-C(7) 2.115(4)  Ti(1)—-C(1)-C(2) 165.7 (3)
C(1)-C(2) 1.240 (5)  Ti(1)—C(7)—C(8) 163.3 (3)
C(7)-C(8) 1.233(5)  C(1)-C(2)-C(3) 163.4 (4)
C(2)-C(3) 1.496 (5)  C(7)—C(8)—C(9) 163.5 (4)
C(8)—C(9) 1513 (5)  Cu(l)-O(1)-C(29)  110.6 (2)
Cu(1)-0O(1)  1.933(2)  O(1)—C(29)-0(2) 124.9 (3)
O(1)-C(29)  1.286(4)  O(1)-C(29)-C(30)  116.1(3)
0(2)-C(29)  1.240 (4)  C(29)—C(30)—C(30a) 123.7 (4)
C(29)-C(30) 1.518 (5 O(1)—-Cu(1)-Ti(1) 171.32 (8)
C(30)-C(30a) 1.314(7)  D(1)-Ti(1)—D(2)° 133.46(18)
Cu(1)-Ti(1)  2.8775(7)

Cu(l)-C()  2.075(4)

Cu(1)-C(7)  2.068 (3)

Cu(1)-C(2)  2.219 (4)

Cu(1)-C(8)  2.213 (4)

Ti(l)-D@@)  2.0597 (14)

Ti(2-D(2)°  2.0640 (17)

a Standard deviations are given as the last significant figure in
parentheses. P Transformations used to generate symmetry equiva-
lent atoms: —x + Y, =y + 1/5; —z + 1. ¢ D(1), D(2): centroids of
the cyclopentadienyl ligands.

Table 3. Crystal and Collection Data for
Complexes 3a and 13a

3a 13a
empirical formula C54H110CU2065i3Ti2, CsngoCUzO4Si4Ti2
C4HgO
mol mass 1423.12 1210.56
cryst syst monoclinic monoclinic
space group P2(1)/n C2lc
a(A) 21.686(9) 28.4022(6)
b (A) 16.678(6) 16.4644(4)
c(A) 23.963(8) 19.7488(4)
V (A3) 7758(5) 7821.7(3)
S (deg) 116.48(3) 97.97(3)
peale (g cm~3) 1.218 1.028
F(000) 3024 2560
z 4 4
cryst dimens (mm) 0.2x0.2x0.2 0.2 x 0.2 x 0.15
diffractometer model Siemens R3m/V Bruker SMART
CCD

radiation (4, A)
abs coeff (u, mm~1)

Mo Ka. (0.710 73)
0.905

Mo Ko (0.710 73)
0.828

temp (K) 193(2) 173(2)

scan mode w-scan w-scan

scan range (deg) 1.61 <0 < 21.06 150 < 0 < 30.16

index ranges —-7=<h=21 —39=<h=<23
-16 <k =16 —-6=<k=22
—24=<1=<21 —26=<1=<27

total no. of reflns 8505 13674

no. of unique reflns 8237 8510

no. of obsd reflns 5329 4357

[1 = 20(1)]
no. of refined params 765 337

R1, wR2 [I = 20(1)] 0.0755, 0.18192

R1, wR2 (all data) 0.1240, 0.21702

S 1.0122

max., min. peak in final 0.757, —1.690
Fourier map (e A-3)

aR1 = 3 [|Fol — IFell/ZIFol. WR2 = [F(W(Fo? — F)?)/3 (WF")]Y2,
w = 1/[s3(Fo?) + (0.1173P)2 + 24.2255P] with P = [F,? + 2F2)/3;
S = [FwW(Fo? — F2)2)/(n — p)¥2. PR1 = 5 ||Fo| — |Fc||/3|Fo|. WR2 =
[> (W(Fo? — FA)AIy (WFoH]Y2, w = 1/[s¥(Fo?) + (0.0440P)? + 0.0000P]
with P = [Fo? + 2FZ2]/3; S = [JW(Fe? — F2)?]/(n — p)*2. n = number
of reflections, p = parameters used.

0.0568, 0.1180P
0.1090, 0.1319°
0.827°

1.027, —1.155

Next to the C=C stretching vibrations, another two
absorptions are observed that can be assigned to the
unsymmetrically coordinated CO; group. The symmetric
C—O0O stretching vibration appears in the region 1740—
1650 cm~! and the band for asymmetric C—O vibration
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between 1620 and 1550 cm~. These absorptions are
found in an area that is typical for copper(l) carboxylate
building blocks.*917.19 Furthermore, the individual dif-
ferences of the symmetrical and asymmetrical vibra-
tions strongly suggest that the carboxylic groups are
only o-bonded by one oxygen atom to the copper(l)
center.’® This was confirmed independently by the X-ray
structure analyses (vide supra). For the percarboxylate
complex 10 two distinct CO vibrations are found at 1595
cm™? (veoas) and 1771 cm~Y(veosym). However, to the
best of our knowledge, no comparable spectroscopic
studies concerning copper(l) percarboxylates have been
published so far.2°

The vc—c stretching vibration of the C=CH; building
block in 12b appears at 1632 cm™1, while characteristic
absorptions for the vcy vibrations of the olefinic =C—H
units are found between 3080 and 3095 cm™! for 12a,
12b, 14a, and 14b, respectively. In the region of the
asymmetric C—O vibration (1620—1550 cm1) also the
bands for the C=C stretching modes of the carbon—
carbon double bonds for complexes 3d, 12a, 13a, 13b,
14a, and 14b are observed.

The 'H NMR spectra of complexes 3, 10, 12—14, and
16—18 are comprised of sharp and well-resolved reso-
nance signals of the organic groups present. Noteworthy
are two facts: while for complexes 3a, 3d, 13a, and 13d
an AA'XX' pattern is found for the cyclopentadienyl
protons with coupling constants Jyn between 2.1 and
2.4 Hz, all other multimetallic species show broad
signals, which for 12a, 12b, 14a, 14b, and 16 become
magnetically almost equivalent. The olefinic protons
appear in the expected region between 5.6 and 6.9 ppm
as broad signals. The proton of the carboxylic acid
functionalities in complexes 12a and 16 appear as very
broad singlets around 12 ppm.26 However, correspond-
ing signals for complexes 12b and 17 could not be
assigned unequivocally.

The 13C{IH} NMR spectra of all complexes are in
agreement with their formulation as heterobimetallic
titanium(IV)—copper(l) moieties, linked by di- or tri-
carboxylic ligands. The corresponding carbon resonance
signals are found at the expected chemical shifts
without peculiarities (Experimental Section). It is note-
worthy to mention that the Cu(l) center in complexe 12b
appearently leads to an almost identical chemical shift
of the carbon atom of the carboxylic unit, as does a
proton.26 In the case of the unsymmetrically bound
dicarboxylic acid in complex 12a or tricarboxylic acid
in complexes 16 and 17, the resonance signals of the
CuOC(0O) and the COzH units are not distinguishable
and appear at the same chemical shift.

(19) Nakamoto, K. In Infrared an Raman-Spectra of Inorganic and
Coordination Compounds, 3rd ed.; Wiley-Interscience: New York,
1977.

(20) For references on the IR data of percarboxylates see for
example: (a) An Infrared Atlas for the Coating Industry; Federation
of Societies of the Coating Industry, 1980. (b) Schrader, B. Raman/
Infrared Atlas of Organic Compounds; VCH: Weinheim, 1989.

(21) Frosch, W.; Back, S.; Lang, H. Organometallics 1999, 18, 4119.

(22) Back, S.; Stein, T.; Frosch, W.; Wu, I. Y.; Kralik, J.; Rheinwald,
G.; Buchner, M.; Huttner, G.; Lang, H. Inorg. Chim. Acta, submitted.

(23) Wakeshima, I.; Oghi, H.; Kijma, I. Synth. React. Inorg. Met.-
Org. Chem. 1993, 23, 1507.

(24) Spek, A. L. Am. Crystallogr. Assoc. Abstr. 1994, 22, 66.

(25) Spek, A. L. Acta Crystallogr. 1990, A46, C34.

(26) Pouchert, C. J.; Behnke, J. The Aldrich Library of 13C and 'H
NMR Spectra; Aldrich Chemical Co.: Milwaukee, WI, 1993.
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Figure 2. ORTEP drawing (50% probability level) of the titanium(IV)—copper(l) carboxylate complex 13a, with molecular

geometry and atom-numbering scheme.

With complex 13a as a representative example,
orientating cyclic voltammetric studies were conducted
in a tetrahydrofuran solution at 25 °C; all potentials
were referenced to the FcH/FcH™ couple (E12 = 0.00 V).
As already observed in the case of tri- or pentametallic
1,1'-ferrocenyl dicarboxylate bridged titanium(IV)—cop-
per(l) species,? an irreversible Cu(l1)/Cu(0) reduction
was found at Ereg = —1.83 V. However, in contrast with
these Ti(IV)—Cu(l)—Fe(ll)-containing multimetallic com-
plexes,?! the one-electron Ti(IV)/Ti(l11) reductive process
observed for 13a at E.q = —2.00 V is irreversible.

In the oxidative region, a reversible one-electron
process at E;», = 0.12 V (AE = 80 mV) was observed.
This could be assigned to the reversible Cu(l)/Cu(ll)
oxidation.??

In addition, these experiments reveal that a possible
electronic communication between the heterobimetallic
titanium(IV)—copper(l) building blocks via the linking
carboxylic units and the w-conjugated system in 14a is
not detectable electrochemically. This can be interpreted
as the carboxylic entity acting rather as an impedance
than as a transmitter.

Experimental Section

General Methods. All reactions were carried out in an
atmosphere of purified nitrogen (O traces: CuO catalyst,
BASF AG, Ludwigshafen; H,O: molecular sieve 4 A) using
standard Schlenk techniques. Solvents were purified by distil-
lation (n-pentane and dichloromethane: calcium hydride;
diethyl ether and tetrahydrofuran: sodium/benzophenone
ketyl; toluene: sodium). FT-IR spectra were recorded on a
Perkin-Elmer FT-IR 1000 spectrometer (KBr pellets, as film
between NaCl plates or as solution between CaF; plates). NMR
spectra were recorded on a Bruker Avance 250 spectrometer,
operating in the Fourier transform mode; *H NMR spectra
were recorded at 250.130 MHz (internal standard relative to
CDCl3, 6 = 7.27; dg-thf, 0 = 1.73/3.58); 3*C{*H} NMR spectra
were recorded at 67.890 MHz (internal standard, relative to
CDCl3, 6 = 77.0; dg-thf, 0 = 25.5/67.7). Chemical shifts are
reported in ¢ units [ppm] downfield from SiMe, with the
solvent as reference signal. Melting points were determined
using analytically pure samples, sealed off in nitrogen-purged
capillaries on a Gallenkamp MFB 595 010 M melting point
apparatus. Microanalyses were performed by the Organic
Department at the Technical University of Chemnitz.

Cyclic voltammetric studies were carried out in a solution
of [n-BusN][PF¢] (0.1 mol dm~3) in tetrahydrofuran at 25 °C
on a Radiometer DEA 101 digital electrochemical analyzer,
using a standard three-electrode cell arrangement (Pt, Pt,

SCE) and were referenced to the ferrocene/ferrocenium couple
FcH/FcH™ (Ey2= 0.00 V) as internal standard.

General Remarks. Compounds 1,2 4,415 523 § 12 and 8*
were prepared by published procedures. All other chemicals
were purchased by commercial suppliers and were used as
received.

1. Synthesis of {[Ti](C=CSiMes),} CuOAc (3a). Method
A. MeCO:H (2c) (25 mg, 0.417 mmol) was added in one portion
to {[Ti](C=CSiMes),}CuMe (1a) (250 mg, 0.417 mmol) in 50
mL of tetrahydrofuran at —20 °C. After stirring for 30 min at
this temperature, the reaction mixture was slowly warmed to
25 °C and stirred for an additional 1 h at this temperature.
All volatile materials were removed in vacuo. The orange-
colored residue was washed with cold n-pentane (2 x 5 mL)
to yield 3a as an orange solid in quantitative yield (265 mg,
0.417 mmol).

Method B. To {[Ti](C=CSiMes),} CuCl (4) (300 mg, 0.490
mmol) in 40 mL of dichloromethane was added 1 equiv of
[AgO.CMe] (5a) (80 mg, 0.490 mmol) in one portion at 25 °C.
After 4 h stirring at this temperature, the reaction mixture
was filtered through a pad of Celite. All volatiles were removed
in vacuo, and the residue was washed twice with n-pentane
(2 x 5 mL). Crystallization from tetrahydrofuran/n-pentane
(5:1) at —30 °C yielded 3a as an orange solid (235 mg, 0.370
mmol, 75% based on 4).

Method C. To [Ti](C=CSiMej3), (6) (300 mg, 0.580 mmol)
in 80 mL of diethyl ether was added in one portion 1 equiv of
[CuO,CMe] (7a) (70 mg, 0.580 mmol) at 25 °C. The color of
the reaction mixture gradually changed from orange to red.
After stirring for 30 min at this temperature, an orange solid
started to precipitate. The reaction mixture was stirred for
another 3 h, and all volatiles were removed in vacuo. Crystal-
lization from tetrahydrofuran at —30 °C yielded 3a as an
orange solid (310 mg, 0.480 mmol, 83% based on 6).

Method D. To [Ti](C=CSiMej3), (6) (125 mg, 0.240 mmol)
in 30 mL of diethyl ether was added 0.25 equiv of (y?-Mes-
SiC=CSiMej3),(CuOAc)s (8a) (50 mg, 0.060 mmol) in one
portion at 25 °C. After stirring for 30 min at this temperature,
an orange solid started to precipitate. The reaction mixture
was stirred for another 4 h. Afterward all volatiles were
removed in vacuo. Crystallization from tetrahydrofuran at —30
°C yielded 3a in analytically pure form (150 mg, 0.230 mmol,
97% based on 6). Mp (°C): 145 (dec). IR (NaCl, cm™1): 1901
(ve=c), 1598 [vco(sym)], 1380 [vco(asym)]. *H NMR (CDClg, 6):
0.25 (s, 18 H, SiMe3), 0.28 (s, 18 H, SiMes), 2.01 (s, 3 H, Me),
5.97 (pt, Inn = 2.3 Hz, 4 H, CsH,), 6.10 (pt, Iun = 2.3 Hz, 4 H,
CsH4). *C{*H} NMR (CDClg, 8): 0.0 (SiMe3), 1.2 (SiMes), 24.1
(Me), 113.2 (CH/CsHa), 116.1 (CH/CsHJ), 121.5 (iC/CsHJ), 132.4
(TiC=C), 170.9 (TiC=C), 177.0 (CO,Cu). Anal. Calcd for CzgHaz-
CuO,Si,Ti (639.46): C, 52.59; H, 7.41. Found: C, 52.93; H,
7.31.
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X-ray Structure Determination of 3a. The solid-state
structure of 3a was determined from single-crystal X-ray
diffraction. Data collection was performed on a Siemens-
Nicolet Syntex R3m/V diffractometer using Mo Ko radiation.
Crystallographic data of 3a are given in Table 3. The structure
was solved by direct methods (Sheldrick, G. M. SHELX 97;
University of Gottingen: Goéttingen, Germany, 1997). An
empirical absorption correction was applied. The structure was
refined by the least-squares method based on F? with all
reflections. All non-hydrogen atoms were refined anisotropi-
cally; the hydrogen atoms were placed in calculated positions.

2. Synthesis of {[Ti](C=CSiMej3),} CuOC(O)CsHs (3b)
and {[Ti] (C=CSiMej3),} CuUOC(O)CH,CsHs (3c). CsHsCO,H
(2b) (55 mg, 0.450 mmol) or C¢HsCH,CO,H (2c) (60 mg, 0.450
mmol) was added in one portion to {[Ti](C=CSiMej3),} CuMe
(1a) (270 mg, 0.450 mmol) in 80 mL of tetrahydrofuran at —20
°C. After stirring for 30 min at this temperature, the reaction
mixture was gradually warmed to 25 °C and additionally
stirred for 2 h. All volatile materials were removed in vacuo.
The resulting brown residues were washed with cold n-pentane
(2 x 5 mL) to afford 3b (orange solid) or 3c (yellow-brown oil)
in quantitative yields (0.450 mmol; 3b, 315 mg; 3c, 320 mg).

3b. The analytical as well as spectroscopic data are given
in ref 17b.17®

3c. IR (NaCl, cm™): 1917 (vc=c), 1700 [vco(sym)], 1558 [vco-
(asym)]. *H NMR (CDClg, 6): 0.15 (s, 18 H, SiMeg), 0.23 (s, 18
H, SiMes), 3.59 (s, 2 H, CHy), 5.95 (bs, 4 H, CsH.), 6.07 (bs, 4
H, CsHy), 7.1-7.4 (m, 5H, CgsHs). *3C{*H} NMR (CDCls, 6): 0.1
(SiMes), 0.2 (SiMes), 45.1 (CHy), 113.3 (CH/CsH.), 116.1 (CH/
CsHy), 121.5 (IC/CsH,), 125.5 (CH/CgHs), 127.7 (CH/CgHs),
129.8 (CH/CgHs), 132.5 (\C/CgHs), 137.6 (TiC=C), 170.3 (TiC=C),
175.9 (CO,Cu). Anal. Calcd for C34H5:CuO,SisTi (715.55): C,
57.07; H, 7.18. Found: C, 56.72; H, 6.89.

3. Synthesis of {[Ti](C=C'Bu),} CuOC(O)CH=CMe, (3d).
Me,C=CH—-COH (2d) (50 mg, 0.520 mmol) was added in one
portion to {[Ti]J(C=CSiMe3),} CuMe (1a) (290 mg, 0.520 mmol),
dissolved in 100 mL of tetrahydrofuran at —20 °C. After
appropriate workup (see preparation of 3a) {[Ti](C=C'Bu)_}-
CuOC(0O)CH=CMe; (3d) was isolated as an orange oil in 98%
yield (330 mg, 0.510 mmol). IR (NaCl, cm™?): 3073 (v=c-n),
1985 (chc), 1651 [Vco(Sym)], 1580 (’Vc=c), 1558 [vco(asym)]. H
NMR (CDCls, 9): 0.26 (s, 18 H, SiMe3), 1.31 (s, 18 H, 'Bu),
1.32 (s, 6 H, =CMe), 6.02 (pt, Jun = 2.1 Hz, 4H, CsH,4Ti), 6.04
(pt, Iun = 2.1 Hz, 4 H, CsHy), 6.05 (s, 1 H, =CH). 13C{1H}
NMR (CDClg, 6): 0.1 (SiMej3), 29.5 (¢C/'Bu), 30.8 (Me/*Bu), 31.0
(=CMe), 113.5 (CH/CsH,), 116.3 (CH/CsHa,), 119.3 (\C/CsHy),
121.4 (=CMey), 131.8 (=CH), 135.8 (TiC=C), 146.5 (TiC=C),
175.1 (CO,Cu). Anal. Calcd for C33Hs:CuO,Si,Ti (647.36): C,
61.22; H, 7.94. Found: C, 60.87; H, 7.79.

4. Synthesis of {[Ti](C=CSiMe3),} CuOOC(O)CsH.CI-3
(10). HO3C—C¢H4CI-3 (9) (100 mg, 0.570 mmol) was added in
one portion to {[Ti](C=CSiMes),} CuMe (1a) (350 mg, 0.570
mmol) in 100 mL of tetrahydrofuran at —70 °C. After ap-
propriate workup (see preparation of 3a) complex 10 was
obtained as a brown oil in 98% yield (420 mg, 0.559 mmol).
IR (NaCl, cm™): 1917 (vc=c), 1771 [vco(sym)], 1595 [vco-
(asym)], 839 (vc—ci). *H NMR (CDCls, 6): 0.13 (s, 18 H, SiMes),
0.24 (s, 18 H, SiMe3), 6.00 (bs, 4 H, CsHa), 6.11 (bs, 4 H, CsHa),
7.2—8.1 (m, 4 H, CsHa). *C{*H} NMR (CDCls, 6): 0.1 (SiMes),
0.2 (SiMes), 113.2 (CH/CsH,), 116.1 (CH/CsH.), 121.7 ((C/CsHL),
127.7 (CH/CgHa), 128.7 (CH/CgHa), 129.7 (CH/CsHa), 129.8 (CH/
CeHy), 132.2 (i\C/CgHy4), 133.3 (\C/CgH.), 138.4 (TiC=C), 170.0
(TiC=C), 170.1 (CO3zCu). Anal. Calcd for Cs3H4sCICuUO3SisTi
(752.01): C, 52.71; H, 6.43. Found: C, 52.89; H, 6.18.

5. Synthesis of {[Ti](C=C'Bu),}CuOC(O)-trans-CH=
CH-CO;H (12a) and {[Ti](C=C'Bu),} CuOC(O)CH,C-
(=CH)CO;H (12b). HO,C-trans-CH=CH-CO;H (11a) (20
mg, 0.178 mmol) or 25 mg (0.178 mmol) of HO,C—CH,C-
(=CH3)CO.H (11b) was added in one portion to {[Ti](C=C-
‘Bu),} CuMe (1b) (100 mg, 0.178 mmol) in 60 mL of tetrahy-
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drofuran at —70 °C. After stirring for 30 min at this temper-
ature, the reaction mixture was slowly warmed to 25 °C and
stirred additionally for 1 h. All volatile materials were removed
in vacuo. The orange-colored residue was washed with cold
n-pentane (3 x 5 mL) to yield quantitatively 12a as an orange
solid (120 mg, 0.178 mmol) or 12b as a red oil (120 mg, 0.178
mmol).

12a. Mp (°C): 179 (dec). IR (NaCl, cm™1): 2950 (vown), 1983
(chc), 1705 [Vco(Sym)], 1610 (Vc:c), 1568 [vco(asym)]. IH NMR
(CDClg, 9): 0.25 (s, 18 H, SiMes), 1.26 (s, 18 H, 'Bu), 6.05 (bs,
8 H, CsH,), 6.87 (s, 2 H, =CH).® 13C{*H} NMR (CDCls, 6): —0.4
(SiMe3), 30.8 (Me/*Bu), 31.1 (9C/'Bu), 113.9 (CH/CsH.), 116.8
(CH/CsHy), 119.8 (iC/CsHy), 134.4 (TiC=C), 135.2 (=C—H),
147.7 (TiC=C), 170.6 (CO,Cu). Anal. Calcd for C3;H47CuQO,-
SipTi (663.32): C, 57.94; H, 7.14. Found: C, 57.55; H, 6.94. A
signal for the CO,H group could not be assigned unequivocally.

12b. IR (NaCl, cm™): 2958 (von), 1986 (vc=c), 1700 [vco-
(sym)], 1632 (vc=c), 1558 [vco(asym)]. *H NMR (CDClg, 6): 0.24
(s, 18 H, SiMe3), 1.24 (s, 18 H, 'Bu), 3.34 (s, 2 H, —CH>—),
5.57 (bs, 1 H, =CHy), 6.05 (bs, 8 H, CsHJ), 6.15 (bs, 1 H, =CHy),
12.3 (bs, 1 H, OH). *3C{*H} NMR (CDCl3, 6): 0.4 (SiMej3), 30.8
(Me/*Bu), 31.1 (qC/*Bu), 41.7 (—CH,—), 114.3 (CH/CsH,), 117.1
(CH/CsHy), 121.0 (‘C/CsHa), 126.5 (=CHy), 132.9 (TiC=C), 136.6
(C=CHy), 148.1 (TiC=C), 173.2 (CO,Cu), 173.4 (COzH). Anal.
Calcd for Ci3HaoCuO4Si,Ti (677.35): C, 58.52; H, 7.29.
Found: C, 58.35; H, 7.63.

6. Synthesis of {[Ti](C=C'Bu),} CUOC(O)—X—C(0O)OCu-
{(*BUC=C),[Ti]} (13a: X = trans-CH=CH, 13b: X = cis-
CH=CH, 13c: X = 1,4-CgH4, 13d: X = C=C) and [{[Til-
(C=C'Bu),} CuO,C], (13e). To [Ti](C=C'Bu),} CuMe (1b) (270
mg, 0.480 mmol) in 60 mL of tetrahydrofuran was added 0.5
equiv (0.240 mmol) of trans-HO,C—CH=CH—-CO,H (11a) (30
mg), cis-HO,C—CH=CH—-CO;,H (11c) (30 mg), C¢H4(CO2H),-
1,4 (11d) (40 mg), HO,C—C=C—-CO,H (11le) (25 mg), or
HO,C—CO,H (11f) (20 mg) in one portion at —20 °C. After
stirring for 30 min at this temperature, the appropriate
reaction mixture was allowed to warm to 25 °C and stirred
for another 2 h at this temperature. All volatiles were removed
in vacuo. The orange-colored residue was washed with cold
n-pentane (2 x 5 mL) to yield quantitatively (0.240 mmol)
analytically pure 13a—13e as orange solids (13a, 290 mg; 13c,
300 mg; 13e, 285 mg) or orange-red oils (13b, 290 mg; 13d,
290 mg).

13a. Mp (°C): 189 (dec). IR (NaCl, cm™1): 3071 (v=c-n), 1980
(VCEC), 1713 [Vco(sym)], 1590 (Vc:(;), 1566 [Vco(asym)]. IH NMR
(CDCls, 0): 0.27 (s, 36 H, SiMe3), 1.29 (s, 36 H, 'Bu), 6.02 (pt,
JHH =21 HZ, 8 H, C5H4), 6.05 (pt, JHH =21 HZ, 8 H, C5H4),
6.86 (s, 2 H, =CH). 3C{*H} NMR (CDCls, 6): 0.0 (SiMej3), 30.8
(*Bu), 31.1 (Cy/'Bu), 113.7 (CH/CsH4), 116.6 (CH/CsH,), 119.4
('CICsHy), 135.3 (TIC=C), 135.6 (=CH), 147.3 (TiC=C), 172.3
(C02CU) Anal. Calcd for CsngoCU204Si4Ti2 (121057) C,
59.53; H, 7.49. Found: C, 59.74; H, 7.59.

X-ray Structure Determination of 13a. The solid-state
structure of 13a was determined from single-crystal X-ray
diffraction. Data collection was performed on a Bruker SMART
CCD diffractometer using Mo Ka radiation. Crystallographic
data of 13a are given in Table 3. The structure was solved by
direct methods (Sheldrick, G. M. SHELX 97; University of
Gottingen: Gottingen, Germany, 1997). An empirical absorp-
tion correction was applied. The structure was refined by the
least-squares method based on F2 with all reflections. All non-
hydrogen atoms were refined anisotropically; the hydrogen
atoms were placed in calculated positions. Compound 13a
contains one disordered tetrahydrofuran molecule for which
no satisfactory model could be refined. The SQUEEZE?*
procedure from PLATON? was used to take this electron
density into account.

13b. IR (NaCl, cm™2): 3077 (v=c-n), 1983 (vc=c), 1699 [vco-
(sym)], 1580 (vc=c), 1558 [vco(asym)]. *H NMR (CDCls, d): 0.23
(s, 36 H, SiMej3), 1.24 (s, 36 H, 'Bu), 6.08 (bs, 16 H, CsH4), 6.34
(bs, 2 H, =CH). *C{*H} NMR (CDClg, 9): 0.1 (SiMes), 30.9
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(‘Bu), 31.1 (C4/'Bu), 114.3 (CH/CsH4), 117.1 (CH/CsH4), 121.4
(iC/CsH4), 131.8 (TiC=C), 134.7 (=CH), 148.3 (TiC=C), 169.1
(COZCU) Anal. Calcd for CengoCUzO4Si4Ti2 (121057) C,
59.53; H, 7.49. Found: C, 60.04; H, 7.71.

13c. Mp (°C): 164 (dec). IR (NaCl, cm™1): 1983 (vc=c), 1700
[veo(sym)], 1560 [vco(sym)]. *H NMR (CDCls, 6): 0.28 (s, 36
H, SiMes), 1.29 (s, 36 H, 'Bu), 6.07 (pt, Jun = 2.4 Hz, 8 H,
C5H4), 6.08 (pt, JHH =24 HZ, 8 H, C5H4), 8.08 (S, 4 H, C5H4).
BC{H} NMR (CDCls, 9): 0.1 (SiMes), 31.2 (Bu), 31.5 (C4/'Bu),
114.1 (CH/CsHJ), 117.3 (CH/CsHs), 120.7 (C/CsHa), 128.4 (CH/
CeHa), 133.1 (iIC/CgH4), 137.4 (TiC=C), 147.5 (TiC=C), 174.8
(C02Cu) Anal. Calcd for C64H92CU204Si4Ti2 (126066) C,
60.98; H, 7.36. Found: C, 60.55; H, 7.06.

13d. IR (NaCl, cm™2): 2085 (vc=c), 1977 (vric=c), 1701 [vco-
(sym)], 1561 [vco(asym)]. *H NMR (CDCls, d): 0.20 (s, 36 H,
SiMej3), 1.28 (s, 36 H, 'Bu), 6.01 (bs, 16 H, CsH,). *C{*H} NMR
(CDCls, 9): 0.1 (SiMes), 30.6 (C4/*Bu), 30.9 (*Bu), 71.6 (C=C),
112.3 (CH/CsH4), 115.1 (CH/CsH4), 117.7 ('C/CsH4), 133.2
(TiC=C), 148.1 (TiC=C), 161.3 (CO,Cu). Anal. Calcd for CgoHgs-
Cu,0,4Si4Ti, (1208.55): C, 59.63; H, 7.34. Found: C, 59.16; H,
7.27.

13e. Mp (°C): 134 (dec). IR (NaCl, cm™1): 1982 (vc=c), 1680
[veo(sym)], 1500 [vco(asym)]. *H NMR (CDCls, 6): 0.25 (s, 36
H, SiMes), 1.29 (s, 36 H, Bu), 6.07 (pt, Jun = 2.1 Hz, 8 H,
CsHa), 6.16 (pt, Jun = 2.1 Hz, 8 H, CsH.). **C{*H} NMR (CDCls,
0): 0.3 (SiMe3), 31.1 (C¢/'Bu), 31.4 (‘Bu), 113.8 (CH/CsH,), 117.0
(CH/CsH4), 119.0 (\C/CsHy), 133.2 (Tic=c), 147.1 (TiC=C), 168.7
(CO2Cu). Anal. Calcd for CsgHgsCu,04SisTi, (1184.55): C,
58.81; H, 7.49. Found: C, 58.59; H, 7.81.

7. Synthesis of {[Ti](C=C'Bu),} CuOC(0O)—X—C(0O)OCu-
{(Me3SiC=C),[Ti]} [14a: X = trans-CH=CH, 14b: X =
CH,C(=CHy,)]. [Ti](C=CSiMes),} CuMe (1a) (100 mg, 0.177
mmol) in 40 mL of tetrahydrofuran was added dropwise to
{[Ti](C=C'Bu),} CuOC(0O)-trans-CH=CH—-CO;H (12a) (120 mg,
0.177 mmol) or {[Ti](C=C'Bu),} CuOC(O)—CH,C(=CH,)CO,H
(12b) dissolved in 50 mL of tetrahydrofuran at —20 °C. After
stirring for 30 min at this temperature the reaction mixture
was warmed to 25 °C and stirred for 1 h. All volatiles were
removed in vacuo. The orange-colored residue was washed
twice with cold n-pentane (5 mL) to afford in 98% isolated yield
of 14a (orange oil, 215 mg, 0.173 mmol) or 14b (red oil, 220
mg, 0.173 mmol).

14a. IR (NaCl, cm™1): 3081 (v=c-n), 1977 (vc=c-t-8u), 1917
(VCECSi), 1700 [’Vco(Sym)], 1595 (’Vc:c), 1575 [Vco(asym)]. H
NMR (CDCl3, 6): 0.18 (s, 18 H, SiMe3), 0.22 (s, 18 H, SiMej3),
0.24 (s, 18 H, SiMe3), 1.26 (s, 18 H, '‘Bu), 5.94 (bs, 4 H, CsH.),
6.00 (bs, 8 H, CsHa), 6.06 (bs, 4 H, CsH,), 6.10 (bs, 4 H, CsH.),
6.81 (s, 2 H, =CH). BC{'H} NMR (CDCls, ¢): —0.1 (SiMes),
30.8 (‘Bu), 31.1 (C¢/'Bu), 113.0 (CH/CsH4), 113.7 (CH/CsH.),
116.0 (CH/CsHa), 116.5 (CH/CsHJ), 119.4 (iC/CsH4), 121.3 (iC/
CsH.), 130.1 (TiC=C'Bu), 132.4 (TiC=C'Bu), 135.5 (TiC=C-
SiMe3), 135.8 (=CH), 147.2 (TiC=CSiMe3), 172.7 (CO,Cu).
Anal. Calcd for CsgHgoCu,04SisTi, (1242.72): C, 56.06; H, 7.30.
Found: C, 56.24; H, 6.89.

14b. IR (NaCl, cm™?): 3078 (v=c-n), 1978 (vc=c-t-8u), 1918
(VCECSi), 1733 [Vco(Sym)], 1590 (’l/c:c), 1554 [Vco(Sym)]. IH NMR
(CDClg, 6): 0.18 (s, 18 H, SiMeg), 0.21 (s, 18 H, SiMeg), 0.23
(s, 18 H, SiMeg3), 1.27 (s, 18 H, Bu), 3.38 (s, 2 H, —CH,—),
5.71 (bs, 1 H, =CH,), 5.98 (bs, 4 H, CsH4), 6.01 (bs, 8 H, CsH.),
6.08 (bs, 4 H, CsHy), 6.11 (bs, 4 H, CsH4), 6.15 (bs, 1 H, =CH,).
B3C{*H} NMR (CDCls, 6): 0.0 (SiMej3), 0.1 (SiMej3), 30.0 (‘Bu),
30.1 (Cq/'Bu), 41.2 (CH,), 113.3 (CH/CsH,), 113.8 (CH/CsH.),
116.2 (CH/CsHay), 116.6 (CH/CsH,), 119.6 (‘\C/CsH,), 121.8 (\C/
CsH,), 123.9 (=CH,), 132.7 (TiC=C'Bu), 134.8 (C=CHy), 139.0
(TiC=CSiMe3), 147.5 (TiC=C'Bu), 170.1 (CO,Cu), 173.6
(TiC=CSiMej3), 175.2 (CO,Cu). Anal. Calcd for CsgHg,Cu,04-
SieTi, (1256.74): C, 56.38; H, 7.38. Found: C, 55.82; H, 7.12.

8. Synthesis of {[Ti](C=C'Bu),} CuOC(0)-1-CsH3(CO,H).-
3,5 (16). CsH3(CO,H)s-1,3,5 (15) (80 mg, 0.373 mmol) was
added in one portion to {[Ti](C=C'Bu),} CuMe (1b) (210 mg,
0.373 mmol) in 150 mL of tetrahydrofuran at —70 °C. After
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stirring for 30 min at this temperature, the reaction mixture
was slowly warmed to 25 °C. After stirring for 4 h at this
temperature all volatiles were removed in vacuo. The orange-
colored residue was washed with cold n-pentane (3 x 5 mL)
to yield quantitatively complex 16 (280 mg, 0.373 mmol) as
an orange solid. Mp (°C): 190 (dec). IR (NaCl, cm™'): 3150
(’VOH), 1978 (chc), 1700 [Vco(Sym)], 1620 [VCOOH(Sym)], 1558
[veco(asym)]. *H NMR (CDClg, 6): 0.27 (s, 18 H, SiMes), 1.26
(s, 18 H, 'Bu), 6.08 (bs, 4 H, CsH4), 6.09 (bs, 4 H, CsHa), 9.01
(bs, 3 H, CsH3), 12.0 (bs, 2 H, OH). B¥C{*H} NMR (ds-thf, 0):
0.9 (SiMe3), 30.8 (Me/*Bu), 31.5 (9C/*Bu), 114.5 (CH/CsH4), 117.2
(CHICsH4), 121.0 (‘C/CsH4), 133.8 (‘C/CsH3), 133.9 (‘C/CeH3),
134.3 (CH/CgH3), 134.4 (CH/Cg¢H3), 136.6 (TiC=C), 146.3
(TiC=C), 167.8 (CO,Cu). Anal. Calcd for Cz;Hs9CuOsSi,Ti
(757.39): C, 58.68; H, 6.52. Found: C, 58.80; H, 6.54. A signal
for the CO,H group could not be assigned unequivocally.

9. Synthesis of [{[Ti](C=C'Bu),} CuOC(0)]:-1,3-CsH3-5-
CO,H (17). Method A. {[Ti](C=C'Bu),;} CuMe (1b) (110 mg,
0.198 mmol) in 50 mL of tetrahydrofuran was added in one
portion to {[Ti]J(C=C'Bu),} CuO,C-1-CsH3(CO,H).-3,5 (16) (150
mg, 0.198 mmol) in 80 mL of tetrahydrofuran at —70 °C. After
stirring for 30 min at this temperature the reaction mixture
was slowly warmed to 25 °C and stirred additionally for 3 h.
All volatiles were removed in vacuo. The orange-colored
residue was washed with cold n-pentane (2 x 5 mL) to yield
quantitatively analytically pure 17 (245 mg, 0.198 mmol) as
a red solid.

Method B. {[Ti](C=C'Bu),}CuMe (1b) (180 mg, 0.320
mmol) in 70 mL of tetrahydrofuran was added in one portion
to CgH3(CO2H)s-1,3,5 (16) (35 mg, 0.160 mmol) in 60 mL of
tetrahydrofuran at —70 °C. After appropriate workup (see
preparation of 16) complex 17 was obtained in quantitative
yield (200 mg, 0.160 mmol) as a red solid. Mp (°C): 163 (dec).
IR (NaCl, cm™1): 3050 (von), 1978 (ve=c), 1700 [vco(sym)], 1620
[VCOOH]y 1558 [Vco(Sym)], 1H NMR (CDC|3, (3) 0.26 (S, 36 H,
SiMe3), 1.28 (s, 36 H, ‘Bu), 6.02 (pt, Jun = 1.8 Hz, 8 H, CsH.),
6.04 (pt, Jun = 1.8 Hz, 8 H, C5H4), 8.95 (bS, 3H, C6H3). 13C{1H}
NMR (ds-thf, 6): 0.7 (SiMe3), 30.9 (Me/'Bu), 31.2 (¢C/'Bu), 114.3
(CHICsH4), 117.4 (CH/CsHa), 120.8 (‘C/CsH.), 133.6 (‘\C/CsH3),
134.1 (‘'C/CeHs), 134.4 (CHI/CgHs), 134.7 (CH/C¢H3), 136.3
(TiC=C), 146.7 (TiC=C), 168.2 (CO,Cu). Anal. Calcd for CgsHoy-
Cu,06SisTiz (1241.10): C, 62.91; H, 7.47. Found: C, 62.56; H,
7.28. A signal for the CO;H group could not be assigned
unequivocally.

10. Synthesis of [{[Ti](C=C'Bu),} CuOC(0)]sCsHs-1,3,5
(18). Method A. To 180 mg of {[Ti]J(C=C'Bu).}CuMe (1b)
(0.315 mmol) in 80 mL of tetrahydrofuran was added 0.33
equiv of C¢H3(CO,H)s-1,3,5 (15) (20 mg, 0.105 mmol) in one
portion at —20 °C. After stirring for 15 min at this tempera-
ture, the reaction mixture was slowly warmed to 25 °C and
stirred additionally for 2 h at this temperature. All volatile
materials were removed in vacuo. The red-colored residue was
washed with cold n-pentane (5 mL) to yield 18 (195 mg, 0.105
mmol) as a red solid in quantitative yield.

Method B. {[Ti](C=C'Bu),}CuMe (1b) (115 mg, 0.206
mmol) in 40 mL of tetrahydrofuran was added in one portion
to {[TI](CECtBU)z} CUOgC-l-CsH3(COzH)2-3,5 (16) (75 mg,
0.103 mmol) in 80 mL of tetrahydrofuran at —20 °C. After
appropriate workup 18 was obtained in quantitative yield (190
mg, 0.103 mmol) as a red solid.

Method C. {[Ti](C=C'Bu),} CuMe (1b) (60 mg, 0.103 mmol)
in 40 mL of tetrahydrofuran was added in one portion to [{[Ti]-
(C=C'Bu),} Cu0,C],-1,3-CsH3(CO,H)-5 (17) (125 mg, 0.103
mmol) in 100 mL of tetrahydrofuran at —20 °C. After stirring
for 10 min at this temperature, the reaction mixture was
warmed to 25 °C and stirred additionally for 3 h. All volatiles
were removed in vacuo. The red-colored residue was washed
with cold n-pentane (5 mL) to yield quantitatively 18 (185 mg,
0.103 mmol). Mp (°C): 144 (dec). IR (NaCl, cm™1): 1989 (vc=c),
1699 [vco(sym)], 1558 [vco(asym)]. *H NMR (CDCls, 6): 0.27
(s, 54 H, SiMe3), 1.25 (s, 54 H, 'Bu), 6.02 (bs, 12 H, CsH,), 6.04
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(bs, 12 H, CsHa), 8.80 (s, 3 H, CeHa). 1*C{1H} NMR (CDCls, 0):
0.2 (SiMej), 30.9 (Me/'Buy), 31.1 (°C/‘Bu), 113.5 (CH/CsH,), 116.4
(CH/CsH.), 119.1 (CH/CsHa), 132.8 (CH/CgH3), 136.2 ((C/CsHs),
136.3 (TiIC=C), 146.7 (TiC=C), 172.6 (CO,Cu). Anal. Calcd for
C93H135CU3OeSisTi3 (1851.88): C, 60.32; H, 7.35. Found: C,
59.81; H, 7.25.
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