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Fermethyltitanocene( III) diacetylide - magnesium tweezer complexes, 
intermediates in the catalysis of linear head-to-tail dimerization of 

terminal acetylenes 

Abstract 

The (C,Me,),TiCI./i-RMgCI/Er,O (Mg:Ti =4-IO) catalytic systems relectively cawlyze the dimeriwrion of terminal ircctykrcs 
RC-CH to ?+disubs&ted I-buten-3.ynes for R = Me. Et. n-R, n-Bu. cyclohexyl. Ph. and SiMe, witb a tun~~cr numba 500-700 
after 5 days. The ESR investigation of tbcsc <ystems has revealed that permethyldmnocenc twwzer comptexes with embedded Mg ioo 
between the acetylide arms [(C,Me,),Ti(~‘-C~CR),I~[M~OEtIIXlt (X = Cl or C-CR) (IA-1G for R = Me. Ea n-R. n-Baa. 
cyclohexyl. Ph. and SiMe,) are intermediates in the formation of a dimerizatiw calatytic center. Their ESR rpeclra are characterized by 
S-values in the range 1.990-1.993, coupling constant to the proton at a-&n atom of the acetylene substituent 2.0-2.5G and by 
coupling c~nsumts to “Ti and ‘*Ti isotopes in the range 7.h-8.7G. The tweezer complex I(C,Me,),Tic~‘-C~CSiMe,),l-t~~~~l~ 
(ZG) has ken synthesized. It catalyzes the head-to-tail dimerizationz with the same selectivity and similar turnover numbas 3s the above 
~yW%lb. 

1. Intmduction 

The linear head-to-tail dimerization of terminal 
acetylenes induced by the (C,Me,),TiCl,/i-PrMgBr/ 
Et10 system [I] has been an outstanding example of a 
transition metal catalyzed highly selective reaction. The 
selectivity close to 99% was believed to be controlled 
by the restriction of coordination space around the 
titanium atom due to the Me substituents at the cy- 
clopentadienyl ligaods. A Iow activity of the (C,H,)?- 
TiCI,/ i-PrMgBr system yielding a mixture of products 
with prevailing cyclotrimers supported this view. All 
other titanium-based Ziegler-Natta systems also sf- 
forded mostly cyclotrimers, with 1.2.4~ttisubstituted 
benzene derivatives being more abundant than 1.3.5~iso- 
triers [2]. The catalytic complex for the head-to-tail 
dimetization was assumed to be pecmethyltitanocene 
acrtylide formed fmm a hypothetical (C,Me,)2TiH by 

reactions with two molecules of the acetylenes accord- 
ing to Eq. (I ). 
(C,Me,)2TiH + ZRC-CH 

+ (C,Me,),TiC=CR+ H,C=C(R)H (1) 

The catalytic cycle was proposed to consist of the 
regioselective insertion of the acetylene into the Ti-C, 
bond followed by the replacement of the fomzed e”yoe 
by another acetylene molecule with a hydrogen traosfer 
(Eq. (2)). 

(C,Me,),l’-CH=C(R)-C=CR + RC=CH 

+ (C5Me,),TiC=CR + RC-C-C( R)=CHI (2) 

The catalytic activity has been thus attributed to a 
Ti(Il0 center [I]. Guided by the above cot~~l~sions, 
pelmethylmetdllxene carbyls of several trivalent latt- 
thaoide elements (SC 131. Y [41, and Y. La and Ce [SD 
were used as ctttalysts for the dimerization of terminal 
acetylenes. The observation that the selectivity of lbe 
fomtation of bead-to-tail dimers deaeased with the 
metal atom size supported the opinion that the dimetiza- 
tion is sterically controlled. The participatioo of elec- 
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tmnic factors has been, however, inferred from an 
unexpected formation of the head-to-tail dimem of 
HC=CPh and HC-CSiMe, on the La and Ce com- 
pouods [Sl. 

We have recently studied the K,H,_,Me,),TiX,/ 
i-PrMgX/Et?O (n = O-4; X = Cl, Br; lMg/Ti > 4) sys- 
tems in the absence of tenoinal acetylenes and have 
found that dimetic binucleat hydride complexes 
[(C,H,_.Me,)lTi(~-H),Mg(Et,0X~-X)12 (X = Cl or 
Br) were nearly quantitatively formed [6]. The structure 
evidence we obtained from the X-ray crystal analysis 
of the complexes for n = 4 and from ESR spectra of the 
whole series of the complexes showing a hiplet splitting 
a,, - 6.6-7.5G at 8 = 1.991-1.993 due to two equiva- 
lent bridging hydrogen atoms. The C,Me+ontaining 
systems (it = 5; X = Cl and Br) yielded mainly the 
trinuclear complex [(C,Me,)2Ti(l*-H)Z]zMg which was 
characterized by the X-ray crystal structure and by the 
electronic triplet state ESR spechum 171. 

Here we rep& the results of investigation of the 
catalytic activity and selectivity of the whole series of 
the (C,H,_aMe,),TiClz/i-PrMgC1/EtzO/RC=CH (n 
= O-5) systems as depending -Y the number of Me 
substituents at the cyclopentadienyl rings and on the 
Mg:Ti ratio for the acetylenes containing Me, Et, n-Pr, 
n-Bu, t-Bu, cyclohexyl, Ph and SiMe, substituent. The 
ESR investigation of the catalytic systems as well as the 
catalytic and ESR investigations of the tweezer complex 
[(C,Me,)ZTi(rl’-C~CSiMe,)ll[Mg(THF)Cl]’ (2G) 
allowed us to draw conclusions about the structure of 
the catalytic intermediates. 

2. Experimental 

2. I. General dam and methods 

A vacuum technique using all sealed glass devices 
equipped with breakable seals, sealed quartz cuvettes 
and ESR tubes was used throughout the dimetization 
experiments and the synthesis of 2G. A high 
vacuum/argon line without greased stopcocks ws op- 
erated by means of glass-to-metal sealed valves (Hake). 
ESR spectra were measured on an ERS-220 spectrome- 
ter (Centre for Production of Scientific Instruments. 
Academy of Sciences. Berlin, Germany) in the X-bi.:d. 
g-Values were determined using an Mn” standa; 
(M, = - l/2 line) at g = I.9860 and a proton magne- 
tometer MJ-I 10 R (Radiopan. Poznan, Poland). Concen- 
trations of pammagnetic compounds were estimated 
from integrated tirst derivation spectra. A variable tem- 
perature unit SIT-3 was used for the measurement in 
the range - 140 to + 23°C. ’ H and “C NMR spectra of 
the dimeis were measured on a Varian VXR-400 spec- 
tmmeter @OO and IOOMHz respectively) in CDCI, at 
25 “C. Infrared spectra of the dimers (neat) were recorded 

on a UR-75 (Ziess, Jena, Germany) spectrometer. GC 
analysis of terminal acetylenes and products of their 
catalytic oligomerization were performed on B CHROM 
5 gas chromaiograph (Laboratory lnstrume&.~, Prague, 
Czech Republic) using 104 SE-30 on a Chromaton 
N-AW-DMCS column. GC-MS analyses were carried 
out on u Hewlett Packard gas chromatograph (5890 
series II) equipped with a muss spectrometric detector 
(5791 A) and a capillary column SPB-I (Supelco). 
UV-vis, IR and MS spectra of 2G were measured us 
described elsewhere 181. 

2.2. Chemicals 

Solvents hexane. toluene, diethyl ether. tetruhydrofu- 
ran (THF), 2.methyltetrahydrofuran (MTHF) were dried 
by refluxing over LiAIH, under argon, degaswd and 
stored as solutions of green dimeric titanocene (p- 
C,,,H,)[(C,H,)T~(CL-H)], on a vacuum line. I-Butyne, 
I-pentyne. I-hexyne, cyclohexylethyne, phenylethyne, 
trimethylsilylethyne and ten-butylethyne (all Aldrich) 
were degassed and distilled under vacuum on a small 
amount of solid dimeric titanocene. Impurities contain- 
ing reactive hydrogen or oxygen were removed by the 
reaction with the hydride function of dimeric titanocene. 
A portion of the acetylene was also consumed by an 
induced polymerization. Then the acetylene was de- 
gassed, required volumes were distilled into ampoules 
and sealed off when cooled by liquid nitrogen. Propyne 
(Merck-Schuchardt, lecture bottle) wus condensed under 
vacuum to give an approximate volume and then dis- 
tilled to the catalyst without further purification. Ti- 
tunocene dichlorides (C,H,_,zMe,,)lTiCl, (n = O-5) 
were. prepared as described earlier [9]. lsopropylmagne- 
sium chloride and bromide were obtained from magne- 
sium turnings (Fluka, for Grignurd reactions) and iso- 
pmpyl halides in diethyl ether either under argon or in a 
degassed sealed system. The concentration of the Grig- 
nard reagents was determined by the titration with 0.1 N 
HCl. The tweezer complex [(C,HMe,&Ti(xl’- 
C=&Me,),l-[M~(THF)CI]+ (2) was obtained BS de- 
scribed elsewhere [IO]. 

2.3. Preprrrarion of IfC, Mes&Tif?j’-C= C-Si- 
Me,,?,l-lMgfTHF)C/l+ f2G) 

In the procedure following the synthesis of 2, an 
ampoule contaiuing (C,Me,)2TiCl, (3 mmol, 1.167g) 
and magnesium turnings (SOmmol. 1.2g) wus evacu- 
ated and THF (30ml) wus distilled on u vttcuum line. 
The ampoule was sealed off when cooled by liquid 
nitrogen and Me,SiC-CC-CSiMe, (3 mmol, 0.582 g) 
was udded from an attnched ampoule. The mixture was 
then stirred at 60°C. After 30min the solution turned 
blue and after I h orange-red. Further wurming for 5 h 
did not lead to another color change. The orange solu. 



tion was separated from unreacted magnesium and THF 
was evaporated in vacuum. The residue was washed 
with hexane and then dissolved in toluene to a dirty 
yellow-green solution. A brown-green crystalline ma- 
terial was obtained by cooling of the saturated toluene 
solution. The conversion to 26 was apparently com- 
plete as no other pammagnetic product was revealed in 
the hexane washings and no product of different color 
was recognized during the isolation procedure. Tbe 
yield of crystalline 2G was l.74g (2.7mmoL 81%). 
Anal. Found: C, 63.5; H. 8.8. C,H,,CIOSi2MgTi 
Calc.: C, 63.39: H, 8.76%. IR (toluene) (cm-‘): 1930 
(s), 1924 (s) (bath v(C-Cl). 1245 (s), 1063 (WI, 1020 
(m) (t&-O) THF), 855 (vs), 842 (vs), 760 (m), 670 
(m), 450 (w); (KB~) the same spectrum, positions of the 
bands within +5cm-I. ESR (toluene, 20°C): g = 
1.9932, AH= l.5G. aT, =7.3G: (toluene, - 130°C): 
sI = 2.0018, g, = 1.9937, g, = 1.9870, g,, = 1.9942: 
(MTHF, 20°C): g = 1.9933, AH = 1.8ci. aTi = 7.3G; 
(MTHF, - 1400~): g, = 1.9987. x1 = 1.9933, g, = 
1.9889. g,, = 1.9936. UV-vis (toluene) (A,,,, nm): 
365 (s). 405 (vs), 450 (w. sh), 540 (VW. sb, extending to 
8OOnm). MS (direct inlet, 70eV): decomposition at 
220°C. The spectroscopic data of 2G closely resemble 
those of the tetmmetbylated analogue 2 which was 
obtained by the same procedure and whose X-ray crys- 
tal structure is known [IO]. Attempted X-ray single 
crystal analysis of 26 (Philips PW 1100 k~ur circle 
diffmctometw using graphite monochromated MO Ka 
radiation (A = 0.71069A)) has failed since all I9 ctys- 
tals examined gave reflections which could not be cen- 
tered. 

2.4. Dimerization of I-ulkynes by the CC, Me,&TiCI,/ 
i-PrMgCI system ut the Mg:Ti = 10 molar ratio 

(C,Me,)2TiCI, (0.0097g. 0.025 mmol) was charged 
into an wnpoule attached to a vacuum line and equipped 
with a magnetic stirrer. This was evacuated, dietbyl 
ether (5ml) was condensed in, and a solution of i- 
PrMgCl in diethyl ether (0.05 M, 5 ml) was added from 
an attached ampoule. After stirring for 15min (blw 
solution) acetylenes propyne. I-butyne, I-pentyne, l- 
hexyne, cyclohexyletbyne, pbenylethyne, trimetbylsi- 
lylethyne or ten-butyletbyne (25 mmol, acetylene:Ti = 
IOGO) were added fmm another ampoule and the mix- 
ture was kept at 25°C for 5 days. After this reaction 
time the light green color of the catalytic solution turned 
to yellow. The reaction was terminated by opening the 
ampoule to air. Tbe sample for GC analysis (I ml) was 
syringed into a small rubber-capped probe and a stan- 
dad hydrocarbon with a retention time close to that of 
the dimer was added. The amount of dimer was deter- 
mined using tt calibration plot drawn from the measure- 
ment of mixtures of the pure dimer and the standard 
(e.g. d&-cane was used for the dimer of I-bexyne. 

n-octane for the dimer of uimethylsilylethyne, etc.). The 
CC yields cotresponded to the hmtover numbers 
[acetylene (mmol)/titanium (1 mmol)] (TN) in the range 
500-700 for all the acetylenes except tetz-bury 
which was unreactive. The yields strongly depended cm 
the purity of the acetylene. If TN lower than 500 was 
obtained the acetylene was once more putif& by 
dimeric titanocene. The isolation of pure dimen for 
their identification by GC-MS, NMR and IR metbcds 
was carried out by washing of the reaction solution with 
water and by fractional distillation of the organic layer. 

Analogous ex~riments were carried out at the molar 
ratio MzTi = 4 (using i-RMgCI in diethvl ether 
(0.05 M.3 ml) and 8 ml if dietby; ether) with l&xyne, 
trimethylsilyletbyne and cyclobexylethyne. Tbe @Ids 
coi-resgonded to TN of at least 500. 

2.5. Dimerization of I-olkynes by the (C,Mc,@CI,/ 
i- PrMgCl and f C, Me, )? Ti& / i-PrMgBr systems at the 
Mg:Ti = 2 molar ratio 

(CSMe,),TiC12 (O.I2g, 0.3mmol). sdutions of i- 
PrMgCl or i-PrMgBr in diethyl ether (0.05M. 12ml) 
and 27 mm01 of the acetylenes (acetykne:Ti = 90 m&w 
ratio) were used in the experiments which were per- 
formed in the same manor as described above for the 
Mg:Ti = IO molar ratio. These experiments were termi- 
nated after 5 h since the conversion did not increae at 
longer reaction time. The GC yields for all the acetylettes 
corresponded to TN equal to 50-60 except far text- 
butykthyne which did not react. 

2.6. Oligomeriasion of I-hexye by the fC, Hs_ n Me, &- 
TiCl,/i-PrMgCI/EtzO fn = 0. 3-5) ~ystents at tk 
Mg / Ti = 10 ratio 

Compounds (C,H,_ .Me,),TiCIZ (0.025mmol) were 
weighed into an ampouk, this was evaluated, diethy 
ether (5ml) was distilled in, and i-PrMgCI in dkthyl 
ether (0.05M. 5tnl) was added from an attached aan- 
poule. After l5min of stirring, I-bexyne (2.9mL 
25 mmol) was added from an attached ampouk. Afier 5 
days at 25°C the reaction mixtures were wened to air 
and the yields of products were e?.tim%t!d by the GC 
analysis as described above. The tentative pduct Cotw 
position was determined by CC-MS analysis. The E- 
subs are given in Table I. 

2.7. Dinrerizotion of I-olkynes by ZG and 2 

A solution of 2G in toluene (2 X IO-) M. 5 ml) was 
mixed with IOmmol of I-alkytte in a sealed ;uopoule 
and this was kept at 25°C for IO days. Then the 
ampoule was opewd to air and the reaction mixture 
analyzed. The CiC analysis revealed 50-m cower- 
sions to the head-to-tall dittter which corresponded to 



TN = 500-700. It has to lx noticed that the results were 
much less reproducible than in the above experiments 
probably because the catalyst was irreversibly deacti- 
vated by impurities (see Section 2.8). Therefore, when 
TN lower than 500 was achieved the acetylenes were 
purified by partial dimerization induced by 26 and then 
they were distilled off under vacuum. Tbe highest con- 
versions were obtained for 1-hexyne and himethylsi- 
lylethyoe, the lowest for propyne and phenylethyne. 
Ten-butylethyne remained tutreacted. The trace amount 
of a mixed dimer of hitncthylsilylethyr and I-hexyne 
was detected by GC-MS analysis in the isolated dimer 
of 1-bexyne. lk MS spectrum [m/z (%): 180 (Mt. 12). 
165 (70). 138 (441, 123 (100). 107 (14), 97 (15). 83 
(18), 73 (40, 59 (451, 43 (27)] tits to 2-butyl-4-t+ 
methylsilyl-I-buten-3-yne, the exclusive codimer of 
these acetylenes obtained with the (C,Me,),TiCl,-based 
catalyst [ll. 

Analogous experiments with himetbylsilylethyne and 
I-bexyne using IO-times higher concentration of com- 
plex 2 did not show a remarkable conversion of the 
acetylenes. 

2.8. ESR irwestigations 

The catalytic experiments with the (C,Me,)2TiCIz/ 
i-PrMgCI systems as described above were carried out 
in an ampoule with an attached ESR tube in such a way 
that the solution in the ESR Ntx could be diluted by the 
distillation of the solvent from the atnpoule. The sys- 
tems were measured without addition of the acetylene, 
and then after its addition. Independently of the reaction 
time in the absence of acetylene, the ESR specs listed 
in Table 2 were observed within 30min after the acety- 
lene was added. The maximum intensity of the ESR 
signal coincided with the light green coloration of the 
solution. Then, the ESR signal slowly decayed and the 
color was turning yellow. The (C,H,_,MeJ,TiCl,/i- 

Tabk I 
Oli~omerizai~ of I-hexyne by ti (C,H,_,Me,),TiCI, /I- 
PrMgiZI/Et,O (n = 0. 3-S) systems = 

II elm- TN* c”mpLnidon of pmduc,r (?a) c 
verriMl 
(40 

RC-C-CR=CH, Other CYClO- 
diwrs timen 

5 70 7w 99.3 _ _ 
4 2 2” I.4 - 0.1 
3 ‘I 40 0.5 0.1 3.1 
0 6 64 0.2 0.5 4.3 

’ Conditions: (C,H,_.Me.),TiCI, 0.025 mmol; i-PrMgcI 
“.zSmmal: I-hexyne 25mmol: dietbyl ether IOml: temperdture 25°C. 
2 days. 

Table 2 
EPR spcva of the (C,Me,),TiCI,/i-PrMgCl/RC~C/Er,O sys- 
,ems (IA-1G) and the ,weezer complexes [(C,Me,),T,(q’-C=C- 
R)~I-IM~(THF)cII+ (ZG) 2nd [(c,HM~_)~T~(~‘- 
C~CSi~~ee,),]-[~g(~~~)clli (2) 

R ga multiplet (1” (G) +, (13) AH(G) 

IA methyl 1.9905 7 2.5 8.6 1s 
IB ethyl ,.9!JO4 5 2.3 8.7 1.5 
1c PmPYf I.9906 5 2.2 8.7 1.5 
m n-butyl 1.99w 5 2.2 8.7 1.5 
1E cyclohexyl 1.9908 3 2.7 8.6 1.5 
IF phenyl 1.9926 I - 7.6 I.5 
IG uimetbylsilyl i.9930 I 7.2 1.4 
1H ten-butyl 1.9905 I 8.5 I.2 
26 D 1.9933 I 7.3 1.8 
2’ 1.9935 I 7.3 2.5 

PrMgCI/Et,O/l-hexyne 01=3, 4) systems at the 
Mg:Ti = 10 ratio were also investigated in the same 
manner. The ESR spectra were dominated by single 
lines at F= 1.96, AH=7.0G, however, very weak 
quintuplets at g= 1.9913, n = 2.3G were also ob- 
served in both cases. 

The reactions of 26 in toluene with I-hexyne as 
described in Section 2.7 were also followed by ESR 
spectroscopy. A rapid decay of the ESR signal of 26 
(see Table 2) accompanied by the occurrence of new 
less intense single lines, e.g. for I-hexyne AH = 1.6G 
at g = 1.9896and 1.9881 anda broaderline AH= 4.OG 
at g = 1.977 indicated the reaction of 2G with imputi- 
ties contained in the acetylenes. The remaining signal of 
2G was then decreasing vety slowly on the time scale 
of days and this decrease can be related to the deactiva- 
tion of 26 in the catalytic reaction. In such an experi- 
ment TN close to 100 was obtained. The role of impuri- 
ties was proved in experiments with I-hexyne which 
was tinally purified by solid 26 and distilled away from 
the solution still containing 5-20% of undecompo.sed 
2G. Addition of this I-hexyne to the catalytic amount of 
2G largely turned the ESR signal of 2G into a broad 
signal AH = 20G at g = 1.947 within 10 days and the 
above signals of impwities were not observed at all. 
The conversion of I-hexyne corresponded to TN ca. 
600. 

3. Resulls and discussion 

3.1. The head-to-tail dimerization of I-dkyer induced 
by the CC, Hs _ d Me,, &Tic/, / i-PrMgCi/ Et,0 s~wttts 

Reinvestigation of the oligomerization of propyne, 
I-butyne, I-pentyne, I-hexyne. cyclohexylethyne, 



phenylethyne and trimethylsilylethyne catalyzed by the 
repot-ted (C,Me,),TiCl,/i-RMgBr/Et,O system at the 
molar ratio Mg:Ti = 2 and at the molar ratio 
acetylene:Ti = 70 afforded 2,4disubsituted I-buten-3- 
ynes with TN = 50-70 after 5 h ttt 25°C. These results 
are comparable with those achieved by Nakamurd and 
coworkers [I] who reported conversions 90-100% at 
the initial I-alkyne:Ti molar ratio equal to 50 after 
l-3 h at 30°C. Practically the same results were also 
obtained for the (C,Me,),TiCl,/i-PrMgCl system and 
in both caxs the systems appeared to be inactive after 
the reaction time of 5h. Newly, we found that an 
increase in the Mg:Ti ratio to at least 4 led to a 
considerable increase in the catalytic activity of bath 
systems at the retained nearly 100% selectivity. Using 
the initial molar ratio 1-alkyns:Ti = 1000 the 
(C,Mee,);TiCl,/i-RMgCI (Mg:Ti = 10) system reached 
TN in the range 500-700 after 5 days. Similar conver- 
sions were obtained also for I-hexyne, ttimethylsi- 
lylethyne aoa cyclohexylethyne at the Mg:Ti - 4 molar 
ratio. All of the catalytic systems were inactive towards 
tert-butylethyne in agreement with the previous report 

111. 
The influence of Me substituents at the cyclopentadi- 

enyl ligaod on the activity and selectivity of the 

(C,HS_.Me,),TiCl,/i-RMsCI/Et,O/RC~~ (n = 
0.3-5; Mg:Ti = 10) systems was examined in detail for 
the oligomerization of I-hexyne, and the qresentarive 
results are listed in Table 1. They cnrlirm tha the 
C,Me,-containing systems are ttniqw in theii high ac- 
tivity as well as high selectivity towards the formation 
of the head-to-tail linear dimefs. OnJy the next less 
methylated system based on (C,Hh4e,);Ticl, produces 
the head-to-tail dimer, however, with a low selectivity, 
and the overall activity of the system is lower by nearly 
two orders. The systems contaittiog less methylsted 
cyclopentadienyl ligands exezt only a low catalytk dfi- 
cieocy, producing mostly cycladmers (bibntylben- 
ienes)aodsomedlmers.smrMesofthesedimersaR. 
accordiig to GC-MS, different from the bead-to&ii 
isomer. howevsr, the dimers were not isolated and their 
strwntres remain unknown. AU thz other tenniapl 
acetylenes except unnwtive tat-butyk.thy~ gave very 
similar results. 

3.2. The ESR insestigaion of the fC,MeJ,TiCl,/i- 
PrMgCl/Et20/RC=CH qstems 

The reacting (C,Me5)zTii,/i-PrMgCi/Et,O sys- 
tems at the Mg:Ti = 10 molar ratio gave at first a broad 

IA-1H 
x-cl OI CiCR 



ESR signal at g = 1.956, AH = 38 G and a blue color 
of the solution (A,, = 530 and 640 (sh)nm) which are 
bti indicative of the fomr&on of (C,Me,);TiCI [I I.121 
(Scheme I, step (a)). Within the initial 15min of the 
catalyst formation period in the absence of terminal 
acetylene, an additional ESR signal started to grow at 
g = 1.9901. This was characterized by the triplet split- 
ting ir:i:i) q, = 6.7G and by coupling to the titanium 
isotopes ’ aTt = 5.4G which was observed in low inten- 
sity wings of tbc spectrum (Fig. 1, upper record). This 
spechum can be assigned to the dimeric titanocene 
hydride magnesium(chloro)hydride complex 
[(C,Me,)zTi(lL-H)zMg(OEt,X~-C1)l, (3) (see Scheme 
1. step (b)) on the basis of sklar ESR parameters with 
[(C,HMe4)?Ti(/L-H)ZMg(OEtZX~-CI)I~ [6]. The ESR 
spectrum of 3 differs fmm that of the latter mainly by 
the absence of the superhypetfine splitting due to the 
cyclopentadienyl ring hydrogen atoms. As judged from 

the solution ESR spectra, the conversion of 
(C,Me,)lTiC1 to 3 was accomplished within another 
30min reaction time, whereas the blue color of the 
solution persisted. Addition of terminal acetylene 
(RC=CH:Ti= KKIO) to this solution of 3 led to an 
immediate color change to Light green and the ESR 
spectrum of 3 was replaced by narrow-line (AH I I .5 G) 
ESR spectra of odd multiplicity from singlet to septu- 
plet at g-values in the range 1.9903-1.9930. The spec- 
tra were further characterized by well-discernible low- 
intensity wings where splittings due to titanium isotopes 
(a_. = 7.2-8.76) were overlaid bv multiolets identical 

II , . 

with those displayed in the central part of the spectra. 
The splitting between the outermost multiplets allowed 
us to determine aTi with an accuracy of +0.2G. One of 
the simplest spectra, observed after adding 
HC=CSiMe,, is shown in Fig. I. lower record. The 
spectra showing additional hypertine mukiplets are 
shown in Fig. 2. The. parameters of ESR spectra result- 

(C,Me,)siCl,/i-PrMgCCIIOE~~C =CH 

R=CH,CH$X, 

200 H 
L-l_> 

Fip. 2. EPR rptulm uf the (C,Mr,)2TiC12 /i-PrMgCI/Et,O (M~:Ti 
= lo) system rercrin$ with RC-CH (RC-CH:Ti = IOOU) for 4h 
(win&? of rhe spectra amplified by il f&or of Ih for IA. 32 for LC. 
itnd 24 fm IE). 



ing from addition of all the studied terminal acetylenes 
are listed in Table 2. Addition of terminal acetylenes to 
the 15 min aged catalytic system speeded up the disap- 
pearance of (C,MeJ2TiCI and lighr green solutions 
exerting the above odd multiples spectra were obtained 
after about a 15min period. 

The comparative examination of the ESR spectra 
revealed that the multiplicity of the hyperfine splitting 
was related to the number of protons at the a-carbon 
atom of the acetylene substituent. The single line spec- 
tra occurred in the absence of such protons, i.e. for 
HC-CPh, HC-CSiMe,, and HC-CCMe, (systems 
denoted IF, lG, and 1H). The triplet splitting was 
obtained for cyclohexylethyne (lE), the quintuplet split- 
ting for I-butyne (IB), I-pentyne (IC), and I-hexyne 
(lD), and the septuplet specmon for propyne (la). The 
occutcence of these multiplets on the transitions due to 
the coupling to titanium isotopes in spectral wings 
implies that the spectra arise from the interaction of the 
TiWl) d’ electmn with the acetylenic protons. The 
approximate binomial intensities of the multiplets allow 
us to assume that the unpaired electron couples to the 
doubled number of protons at the u-carbon atom of the 
acetylene substituents which are magnetically equiva- 
lent. X similar appearance of the ESR spectrum of the 
first TiW tweezer complex [(C,HMe,),Ti(g’- 
C~CSiMel)2]-[Mg(THFX31]t (2) (see Table Z), whose 
structure has been determined by the X-ray t.rystal 
diffraction analysis [IO], and of the spectrum obtained 
from the (C,Me,),TiCl,/i-PrMgCI/ Et,O/ 
HC-CSiMe, system (1G) brought us to suggest that 
the spectra observed in the IA-N systems are at- 
tributable to the sane type of tweezer complexes. This 
assignment fully relates the observed multiplicities with 
the number of equivalent protons at the a-carbon atoms 
of substituents of the two acetylide arms. Some uncer- 
tainty remains about the nature of ligands bound to 
magnesium. In the diethyl ether solution. there is no 
doubt that the magnesium atom is coordinated by the 
ether solvent, like in 2 by one molecule of THF. The 
THF molecule is strongly coordinated in 2 as it is not 
released under high vactttnn or by evaporation of toluene 
solutions under vacuum. The presence of the chloride 
ligand is, however, uncertain since the excessive iso- 
propyl Grignard reagent has to be converted in the 
presence of terminal acetylenes into magnesium 
chloro-acetylides, and these can dispmpMtionate with 
the tweezer complexes in the lA-1H systems to give 
the magnesium acetylide cation. Hence. the ligand at the 
magnesium cation in tweezer complexes formed in step 
(d) of Scheme I is denoted X, where X is either Cl or 
C=CR. Complex 3 has not been prepared in the solid 
state as it easily loses two t~lecules of ether and one 
molecule of MgCI, to give the @inuclear complex 
[(C,Me,)lTi(p-H),Mg12 [71 (Scheme I. step (EN It is 
of interest that this complex is unreactive towards termi- 

nal acetylenes on the time scale of days and crystallizes 
unchanged from the toluene/trimethylsilyIethyne solo- 
tiw. 

To confirm the suggested catalytic role of tweezer 
complexes in the dimerization of terminal acetylenes. 
the complex [(C,Me,),Ti(~‘-C~CSiMe,)zl-- 
[MgtTHF)CI]+ t2G) was prepared by the scission of 
I ,4-bis(trimethylsilylKua-I ,3-diyne (BSD) by a perme- 
thyltitanocene species in statu nascendi in the 
(C,Me,)2TiCl,/Mg/THF/BSD syan, the method 
previously used to obtain 2 [IO], and its spectmscopic 
and catalytic properties have been investigated. 

3.3. Spec~oscopic and catalytic properties of 
i(C, Mes~jTi(q’-C-CSiMe, ),l~Ih4g(THF)Clif (261 

The identity of [(C,Me,),Ti(rl’-CICSiMe3,21-- 
[M~(THF)CII+ (2~) SMIIS fmm the EPR paramaers 
(Table 2), the electronic absorption specuom and in- 
frared spectrum which all bear features common with 
the analogous spectra of 2. The composition of 2G is 
further conoborated by satisfactory elemental analysis 
data. The presence of two infrared absorption bat& at 
1930 and l924cm-’ belonging to v(C=C) v:;ence 
vibration apparently erases fmm the coupling of acetylide 
w via the embedded Mg atom. In the diacetylide 
(r,HMe,),Ti(~‘-C-_;JiMe,)z such a splitting of the 
uIC=C) valence vibaion (2017cm-‘1 was not ob- 
served ivhile it was inherently present in tweezer com- 
plexes with embedded alkali metal cations [(C,l+h%~,)~ 
Ti(rl’-CICSiMel)l]-[M]* (M = Li-Cs) [13]. Com- 
pound 2 showed u(C=C) at I93Ocm-‘, however, a 
shoulder on the long wavelengths slope of the band was 
not reported [IO]. The UV-vis spectra of both 2G and 2 
exhibit two intense bands near 400 and 37Onm which 
were tentatively ascribed to charge transfer transitions 
and a ca. 20-times weaker shook& close to 6OOnm 
apparently doe to a d-d transition [IO]. 

Complex 26 in toluene solution behaved towards all 
the studied acetylenes like the (C,Me,),TiCl,/i- 
PrMgCl system, affording the head-to-tail dimers with 
close to 100% selectivity. except for the unreactive 
tert-butylethyne. The reactivity of 2G was. however. 
lower. as TN _ 500 was achieved after ca. IO days 
reaction rime, whereby the ESR spectm still indicated 
the presence of up to 20% of initial 2G. In the systems 
with acetylenes bearing protons at a-carbon atoms Of 
their substituents, no exchange of nimt~hylsilylethynyl 
groups in 2G with the acetylide groups of the subsnatc 
was observed. Instead, the signal of 26 was convened 
approximately quantitatively into the signals with low 
~-value. close to 1.947 and AH- 2OG. As no more 
&a concerning this new species are available, its na- 
ture can only tentatively he suggested. Its ESR pamme- 
ters do not differ much fmm those of K,Me,),Ti 
(C-CMe) (g= 1.941, AH=49G) [141, and this al- 



lows us to suggest that 2G deactivates by forming 
(C,Me,)2Ti(C-CR) complexes. This is at variance with 
the original proposal of the catalytic cycle where the 
(C,Me,)2Ti(C=CR) complexes played a key mle in the 
active species [I]. The direct ESR investigation into the 
2G-propyne system, whose ESR spectra should confirm 
the identity or diversity of the deactivation product with 
(C,Me,)ZTi(C=CMe), was, however, precluded by the 
difficult purification of propyne in low-pressure glass 
devices. The low reactivity of 2G towards terminal 
acetylenes, as indicated by the absence of acetylide 
group exchange. slow dimerization rate and slow con- 
version i&o another pammagnetic species, implies that 
the equilibrium (3) is stmngly shifted to the side of the 
reagents and that the concentration ot the catalytic 
comp!ex is extremely low. 

26 t RC=CH ++ [catalytic complex] (3) 

A somewhat slower reaction rate of 2G compared to the 
lA-16 systems may be due to the stronger coordina- 
tion of THF compared to diethyl ether and the different 
solvating power of toluene versus diethyl ether. The 
difference in reactivity can also arise from the presence 
of the Cl ligand at the Mg atom in 26 and from the 
possible presence of the Mg-acetylide cations in lA-16 
systems. 

The present results bring evidence that the head-to-tail 
dimerization activity of titanwene-based systems is 
confined to pxmethyltitrmocene derivatives and that the 
catalytic complex arises from the interaction of terminal 
acetylenes. except ten-butylerhyne. with the permeth- 
yltitanoceneW) diacetylide tweezer complexes with 
embedded magnesium cation generated in IA-16 sys- 
tems or synthesized by the titanocene-induced scission 
of BSD. Virtually the same catalytic properties as ex- 

erted by the above systems have recently been reported 
for the permethyltitanocene(II)-bis(trimethyl- 
silyl)acetylene complex (C,Me,)ZTi[q’-C,(SiMe,)l] 
[15]. Also in that case, the starting complex persisted in 
the presence of RC-CH for many days and the product 
of dtactivation was not convincingly established. This 
common catalytic behaviour implies that a highly active 
particle is generated from these precursors (Scheme 2). 
very slowly and in a low concentration. The formation 
of the catalytic species from both TiW and TiWl) 
precursors shows that the valency of the Ti atom in the 
precursor is not a lead for the valency of the catalytic 
complex. It also allows us to presume that an access to 
the catalytic complex will have apparently more, so far 
unknown, entries. 

In all the investigated systems, permethyi- 
titanocene(Ill) axtylides presumably play an important 
role. either as the catalytic species or as products of 
deactivation, and the investigation of their properties 
would be mostly desirable. Unfortunately, the direct 
route to them according to reaction (4) is accompanied 
by the formation of Ti(lll) tweezer complexes [(C,- 
Me)lTilC=CR),]-Mt [I31 which may interfere with 
the acetylides in their action upon terminal acetylenes. 

(C,Me,)2TiCl + M-C=CR 

+ (C5Me,)zTiC-CR + MCI (4) 

Methods avoiding the presence of Group I and II metal 
derivatives, for instance the reactions of various perme- 
thyltitanocene alkyl, ally1 or hydride derivatives with 
tenninal acetylenes, are therefore to be attempted. 
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