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Exclusive, high-yield formation of the cyclotrimers of ethynylferrocel)enfas observed when Ta(Cl
in benzene was employed as catalyst. Analysis of the resulting isomer mixture by means of
and'H NMR revealed the presence of 1,3,5-triferrocenylbenzeym®) and 1,2,4-triferrocenylben-
zene @sym?2) in the ratio of 4 : 6. A small amount of pusgm2 isomer was isolated, and its solid
state structure was established by single-crystal X-ray diffraction. The molecudgsr@fpossess a
distorted up-up-down arrangement of the ferrocenyl groups attached to the benzene ring.
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Acetylenes as a starting material in organic and polymer chemistry are a very po
tool for a variety of ingenious syntheses. Among these, transformations of acet
induced by metathesis catalysts (based mainly on Mo, W, Nb and Ta) are of par
importancé. The metathesis-type reactions of acetylenes fall into three group:
metathesis polymerization, (ii) cyclotrimerization, and (iii) transalkylidynation (t
metathesisi.e., an apparent exchange of carbon atoms between a pair of triple bc
The first reaction serves as a route to highly desirable oligo- and polyacetyle
Cyclotrimerization and transalkylidynation are important paths to trisubstituted
zenes and symmetrical acetylenes with internal triple bond, respectively.
Transformations of metallocene-bearing acetylenes into polymers and/or oligc
has attracted great attention in the last period because these polyenes should
enhanced optical non-lineardt§ In addition, incorporation of metallocene moieti
into polymer or oligomer chains might desirably tune further properties of these ma
such as electrical conductivity, magnetic behaviour, and thermal stability. A straig}
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ward approach to the preparation of metallocene-containing polyenes is a polyn
tion of ethynylferrocenel], likely one of the most easily accessible metallocene <
stituted acetylenes. However, except for the recent successful polymerizatiion
catalyzed by Schrock-type carbenes of the general forn
[Mo(=NAr)(=CHC(CgH5)(CH3),){OC(CF;),CH3} 5] (Ar = aryl) which yields well
defined soluble poly(ethynylferrocedepther attempts to polymeridewere much less
successful. Polymerization dfwith classical radical initiators or Ziegler—Natta cat
lysts gave mostly mixtures of poorly defined insoluble polymers, linear low-molec
weight oligomers, and cyclotrimé® By a proper selection of conditions, the yield
cyclotrimers was considerably enhanced with Tised catalyét However, there is
a serious discrepancy in the literature concerning the,-Ei&hlyzed cyclotrimeriza-
tion of 1. While Schldglet al reported 1,2,4-triferrocenylbenzene to be the only
ducf®, Nakashimaet al’ described the presence of both possible 1,2,4-
1,3,5-isomers as evidenced ¥y NMR. In general, the difficulties in a controlled poly
merization ofl are ascribed to a high electron-donating character of the ferroc
group which makes the acetylenic triple bond very reactive.

Recently we tested classical metathesis catalyst systems based op W@ @&Ing-
sten aryloxo complexes which are very efficient for polymerizations of a wide spec
of monosubstituted acetyleri€s® Unfortunately, the results obtained for monorte:
were similar to those outlined above for Ziegler—Natta catalysts. However, we
found that cyclotrimers of were formed in a markedly high yield in this reaction. T
question has thus arisen whether a selective cyclotrimerizatiarcah be performed
with a Ta-based metathesis catalyst. For this purpose, tantalum(V) chloride was ¢
since it is known to polymerize internal acetylenes but only cyclotrimerize tern
acetylene¥. In this paper, we report a successful cyclotrimerization with TaCk
(Scheme 1) as well as characterization of the reaction products including the
structure determination of 1,3,5-triferrocenylbenzene.

TaCI5 Fc
FcC=CH
benzene

sym-2 asym-2

Fc = ferrocenyl; (n9-CsH4)Fe(n5-CsHs)

ScHEME 1
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EXPERIMENTAL

Materials

Ethynylferrocene 1) was prepared as reportédfrom acetylferrocene. Tantalum pentachloride (Aldric
99.99%) was used as obtained. Benzene (Lachema, Czech Republic) was purified as descrik
wheré®.

Techniques

Size exclusion chromatography (SEC) was performed using a TSP chromatograph (Thermo Se
Products, Florida, U.S.A.) fitted with a series of two columns (Mixbed B and C, Polymer Lal
tories, Bristol, U.K.) calibrated by polystyrene standards. Conditions: room temperature, tetral
furan as the eluent (flow rate 0.7 €tmin™), spectrophotometric UV detection at 254 nm. HPL
analyses were carried out at room temperature using LiChrospher WP 300 columr@%m,
Merck) starting with 50% CECN in water (v/v) and increasing acetonitrile concentration linearly
to 100% CHCN during 120 min; flow rate 1 chmin™; spectrophotometric detection at 254 nr
The samples were injected as solutions inCIH-CH,CN (3 : 1, v/v) presaturated with watéH NMR
spectra were recorded on a Varian UNITY Inova 400 spectrometer (399.95 MHZzIH{CG[solu-
tions at 21°C using tetramethylsilane as internal standard. IR spectra were measured on an
ATI Mattson Genesis instrument in Nujol mulls in the range of 400-4 000. dvrass spectra were
obtained on a VG-7070E spectrometer (electron impact mode, 70 eV, direct inlet &€)2¥xact
mass (HR MS) was determined by peak matching method using perfluorokerosene as a ma
calibrant.

Cyclotrimerizaton ofL

Using the standard vacuum break-seal technique, a solution of ethynylferribicd@6 (ng, 2.0 mmol)
in benzene (1 c was mixed with 16 m benzene solution of Tag(5 cn?, 80 umol; molar ratio
1: catalyst = 25). After standing for 24 h at room temperature, the reaction was quenched b
tion of methanol (2 cf) and the resulting mixture evaporated to dryness. SEC of the crude pre
showed only two sharp peaks of elution volume corresponding to unseparated trimers and ur
monomer, respectively; no polymer was detected.

To remove a catalyst residue, the crude product was extracted with toluene €)Gindriiltered.
The filtrate was washed with 8 aqueous HCI (25 c#y saturated aqueous NaHg@5 cn?) and
water (50 crd). After drying (MgSQ), evaporation provided a mixture of isomesn2 and asym2
as an orange solid (322 mg, 79% isolated yield). IR spectrum of the mixture showed the abs
terminal acetylenic groups. ForEgFe; (630.2) calculated: 68.62% C, 4.80% H; found: 68.71%
4.70% H.

Characterization ofym2

Unfortunately, the isomer mixture could not be simply separated by preparative chromatography («
chromatography or TLC). On the other hand, the mixture could be possibly separated by prer
HPLC as documented by analytical HPLC used for quantitative analysis (Fig. 1). The informati
the quantitative composition of the mixture can be also easily derivedHoMMR signals of the
aromatic protons gHsFc;. The cyclopentadienyl (Cp) region is not suitable for the purpose due t
insufficient resolution of signalsH NMR (relative signal intensities for both isomers givesym2:
7.44 s, 0.4 HAsym2 (numbered as 1,2,4-triferrocenylbenzene): 7.35 dd, 0.8(#+5,H-6) = 7.9,
J(H-3,H-5) = 1.9 (H-5); 7.65 d, 0.6 HI(H-5,H-6) = 7.9 (H-6); 7.88 d, 0.6 H}(H-3,H-5) = 1.9
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(H-3). The quantitative analysis by eithét NMR or HPLC gave the same ratilym?2 : asym?2 of
4:6.

On the other hand, a small amount of psyer2 as well-developed orange needles was obtair
by gas-phase diffusion of methanol into a toluene solution of the mixture. That was also u:
standard for HPLC analysis. Mass spectramz (rel. abund., %): 632 (11), 631 (45), 630 (100)M
629 (9), 628 (19), 443 (4), 316 (4), 315.5 (17), 315 (38")MB14 (8), 121 (6, [GHcFel’). HRMS,
measured (calculatea/z 630.0408 (630.0396), gHsoF €.

X-Ray Crystallography

A crystal of sym2 grown as described above was glued to a glass fiber by epoxy cement. Th
fractions were measured at 296(1) K on an Enraf-Nonius CAD 4-MACH Il diffractometer u
graphite-monochromated MaKradiation § = 0.71073 A) and—20 scan. Since the measureme
was carried out at th@g-angle minimizing an intensity distortion due to the crystal shape (needle
further absorption correction was applied. Accurate cell parameters were determined by least !
from 25 centered diffractions witB angle in the range of 13.5-216The structure was solved b
direct methods (SIR92, réf) and refined by full-matrix least squares Brf (SHELXL93, refl’).
Non-hydrogen atoms were refined anisotropically. Hydrogen atoms were first defined geomet
and then freely isotropically refined. Relevant crystallographic parameters are given in Table
selected geometrical parameters are presented in Table Il. Additional crystallographic data ar
able from the Cambridge Crystallographic Data Centre.

RESULTS AND DISCUSSION

An attempted polymerization of with W-based catalysts led to the formation

polymer—linear oligomer—cyclotrimer mixture (as deduced from SEC). The use gfaka
a catalyst in benzene produces directly a polymer-free mixture of cyclotray®

andasymz2 in the 4 : 6 ratio in 79% vyield after purification. The procedure descri
above produces both isomers under very mild conditions. The isomer mixture is
soluble in dichloromethane, chloroform, tetrahydrofuran, toluene and insolub
methanol or water. The retention characteristics of both isomers are very simila

T

Detector
response

Fe. 1
HPLC traces recorded for puym2 (1) and

i purified mixture of isomersd). See Experimental
time. —— for details
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Fig. 1); therefore, the mixture could not be simply separatay,by preparative chro-
matography). Notwithstanding, on slow gas-phase diffusion of methanol into a to
solution of the mixture, the more symmetrical isonsym2, crystallizes as clusters o
well-developed crystals.

The X-ray structure determination confirms the structure ofyne2 isomer (Fig. 2).
The three ferrocenyl groups linked directly to the substituted benzene ring in the

TaBLE |
Crystallographic data for sym-

Formula unit GeHadFes

M, g mor? 630.15

Crystal system; space group orthorhomifibra (No. 61)
a A 14.360(1)

b, A 10.845(2)

c, A 34.882(2)

v, A%z 5432(1); 8

De, g cm® 1.54

F(000) 2592

Crystal size, mrh 0.15x 0.19x% 0.73
Colour, habit orange, bar

u, mnrt 1.61

20 range 2.3-4890

hkl range 0-16; 0-12; 0-39
Diffractions collectedR(0)?, % 4287; 3.4
Diffractions unique 4268

Diffractions observedF, = 40(Fo) 3137

Standard diffractions

3 monitored every 1 h

Variations in standards, % 2.5
Weighting schemey, w° 0.0304, 88.5908
Number of parameters 472

Rai(F); RopgF)?, % 6.9; 3.4
WRai(F?); WRobdF?)?, % 11.7, 7.7
GOFu® 1.06

(A/O)max 0.002

Ap, e A3 0.34; —0.37

2RF) = Y (IFol = IF) Y IFol, WRF) = 5 [(W(F3 = F2)A/(w(F5 ™,
GOF= Y (W(F3 ~ F2)%)/(Naifirs ~ Nparamll /% R(@) = 3 o(F3)/ 3 F3.
b Weighting schemew = [GZ(Fg) + W1P2 + WZP]_l; P= [ma)(Fg) + 2F§]/3.
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and 5 positions are in a general up-up-down arrangement but with different deviat
the substituted Cp-rings from the benzene plane. The distortion increases in the
Fc5(7) < Fcl(14) < Fc3(28), the corresponding dihedral angles of the substitu
cyclopentadienyl and benzene ring planes being given in parenticésesb{e Il). On

the other hand, no distortion occurs at the E{$-C(Fc) bond as demonstrated by
very short perpendicular distance of the Cp-carbon directly bonded to the be
least-square plane [maximum 0.080(6) A for C(50)] and 8¢B-C(CHs)—C(Fc)

angles close to 120All three ferrocenyl groups isym2 exhibit eclipsed conformatior

TasLE Il
Selected bond lengths (&), bond angles and dihedral angles of I. s.2{frfes sym2

Atoms Distances Atoms Angles
Cc-C (Fc, av.) 1.41(2) C-C-C (Fc, av.) 108(1)
Fe—C (Fc, av.) 2.04(2)

C01-C02 1.390(5) C02-C01-C06 118.7(3)
C01-C06 1.394(5) C01-C02-C03 121.1(3)
C02—-C03 1.396(5) C02-C03-C04 118.7(3)
C03-C04 1.391(5) C03-C04-C05 121.3(3)
C04-C05 1.396(5) C04-C05-C06 118.6(3)
C05-C06 1.383(5) C01-C06-C05 121.6(3)
Cco01-C10 1.474(5) C02-C01-C10 120.8(3)
C03-C30 1.475(5) C06-C01-C10 120.6(3)
C05-C50 1.475(5) C02-C03-C30 122.0(3)
C04-C03-C30 119.2(3)
C04-C05-C50 119.7(3)
C06-C05-C50 121.6(3)

Dihedral angles

Cplvs CgHg 13.6(2) Cplvs Cp3 20.8(2) CplsCpl 0.2(3)
Cp3vs CgHg 27.5(2) CplvsCp5 10.6(3) Cp¥sCp3 1.7(3)
Cp5vs CgHg 7.3(3) Cp3vsCp5 20.2(3) Cp%sCp3 1.1(4)

2 Cpl plane defined by carbons C10, C11, C12, C13, and C14; Cp4, C16, C17, C18, and C19
Cp3: C30, C31, C32, C33, and C34; Cp335, C36, C37, C38, and C39; Cp5: C50, C51, C52, C
and C54; Cp5 C55, C56, C57, C58, and C59;H5: C01, C02, C03, C04, CO05, C0530 entries.
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without any deformation of the parallel Cp-rings (Cp, Cp dihedral angle Similar up-up-
down arrangement was observed for m$fphenylethynyl)tricarbonylchromium(0)] ben
zene derivative 1,3,5-{Cr(CQN°-CgHsCsC)};CeHa, ref8. Unlike sym2, then®-CgHs
planes are almost perfectly coplanar with the centgil;@lane in the chromium car-
bonyl complex. The structure of the related 1,3,5-tris(ferrocenylethynyl)befizease
revealed two eclipsed ferrocenyl groups to adopt perfectly coplanar orientation
respect to the 1,3,5;8;moiety (up-up arrangement) while the third one was stagg
and oriented orthogonally. The torsional distortion of the “regular” arrangement o
rocenyl groups in the case sym2 is caused most likely by steric requirements
bulky ferrocenyl groups which is, however, markedly reduced by an introductio
C,-spacer (ethynediyl group) as reflected in the solid-state structures of the orga
tallics mentioned above.

Fic. 2
Perspective view ofsym2 showing labelling h
scheme (only pivot and adjacent atoms labelled}ie o.@ )
Thermal ellipsoids drawn at 50% probability% S0
level o c36 O

No significant intermolecular contacts shorter than the sum of van der Waals
have been detected within the crystal packingyfi2; the molecules are stacked i
normal van der Waals distances forming a molecular crystal lattice.
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