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Abs|rac[ 

it has been shown Ihat carlton dioxide reacts with acetylene complexes ol li|auoccnc Cp+Ti(RC;,R) (R ~ Ph, SiMe;) ~,1 ru.m 
tcmpcr,~durc mid almosphcri¢ prc,~me lo form biimclcm' +P+alkcnylcm+boxylalc complexes of |rivalcnl tilamum CpffiC(RJ+~+C(R), 
C()(¥| ' iCp: cmblmnin~ Ix~o fw.ed chelale cycles mid a Iricom'dmaled oxygen atom. The interaction of these bi0mclcm ~ c~,'l+oxylate 
complexes wi|ll air oxygen at 21)"C nc~+ul|,+ in rapid |*o|'uii|lion o|' lilililai'tir+|ltoii¢ mctaliacycles Cp: ':f~C(~(~TC~i~CJ~i?(~), X~n,y dill+rat 
|rim s|udics of complc~c~+ (.+i).i'i('iSiMe,)~+('i.~iMe~)~t:'()t)Ti('!,~ m,d Cp: ~F~+~ i 'i~7(++~'~]~(+)l+,av¢ bern ¢al+ried .|~I+ ~c> I,}tH 
Elscvie+ Science S,A, 

KeVw+ml+: Titanium; Acetylene complexes; Carl~on dio,xidc 

1. Inlrl~duction 

Acetylene complexes of titanium react readily with 
carbon dioxide to give products the structure of which is 
dependent on the nature of the initial complex, In the 
case of tohme complex of pentamethyltitanocene 
CpCp" Ti(PhC ~ Ph) [! ] and mixed phosphine-acetylene 
complexes o f  titanocene Cp~Ti(RC 2 R)(PMe~ ) (R = H, 
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Me) [2,3], the interaction with carbon dioxide results in 
the formation of titanafuranone metaih|cycles, e,~.~.' 

..,.Ph -0 o * P/~(,Phh 

"<It Cl~,P.l" i 4. CO ~ ........ ~ Cp(' pTi 

The reaction of CO~ with bis(trinlethyl,,~ilyl)acetylene 
corn  p l e x  o f  p e r m  e t h y l t i t a n o c e n e  

, .SI e+) is accompanied by displace° Cp~ Ti(Me~SiC+ 'M + 
ment of the acetylene ligand from the titanium coordina° 
tion sphere and carbon dioxide undergoes disproportion° 
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atio~ yielding Cp~Ti(CO) 2 and binuclear carbonate 
~ l e x  of titanium (111) (Cp~ Ti)2CO 3 [4]. 

$ 

~ O o c  • . O .  • 

+ 4 CO2 ~ 2 Cp2T~-O--C-.~. b" .-:TiCp2 + 

+ Cp~TilCO)2 + ~ M¢~SiCECSiM©~ 

Another type of carbon dioxide reaction is realized in 
interaction of CO: with tolane and bis(trimethyl- 

silyl)acetylene complexes of fitanocene C P 2 T i ( P h C  2 P h )  

(!) [5] and Cp2Ti(Me~Sie2SiMe~) (!!) [6.7]. Earlier [8] 
we have briefly reported that as a result of this reaction 
unusual binuclear o'-alkenylcarboxylate complexes of 
trivalent titanium Cp:TiC(R)=C(R),COOTiCp2 (R = Ph 
(ill). SiMe~(IV)). containing two fund chelate cycles 
and a it|coordinated oxygen atom. are produced, in ihe 
pre~nt paper the synthesis, structure and some chemi- 
cal properties of the~ carboxylate complexes are de° 
~ribed in detail. 

2. Results and dh~u~ton 

The inter~tion of carbon dioxide with complexes 1 
~ d  | |  was studied in the solutions of aliphatic hydro° 
c~bons (ooh¢x~ne, nopentane) at room tem~r~ture ~nd 
atmo,phefic pressure. Under th¢se conditions. I and 11 
~apidly ~acted with CO~ to give binuclear ~malkeno 
ylc~boxylate complex.as !ll and !V in 76~82% yields. 
As a t~sult of the ~action corresponding fi'ee acetyletlc 
w~@ M~o obtained, 

' *'~ Cp~Tt 

\m)jo 

R~t~ O) 

÷ R e a r  

The formation of carboxylate complex 
C ~ p "  FiC(Ph)~C(Ph)~COOTiCpCp" of similar com- 
position has ~ n  proposed earlier by Dixneuf et M. Ill 
in t ~  ~action of CO~ with tolane complex of pen- 
t~thylti!anocene CpCp" Ti(PhC, Pit), however this 
c o m p t ~  has not b~n isolated an~i characterized, 

It is interesting that, in contrast to [ and ll, the 
~malogous ben~yne complex of timnocen¢ Cp~Ti(o- 
C~H~), produced during thermal decomposition of 

CP2TiPh 2 [9], does not give the corresponding binuclear 
carboxylate complex in the reaction with CO 2. In this 
case, the final reaction product is titanabenzofuranone 
metallacycle [ 10]. 

The structures of complexes Ill  and IV have been 
established by spectral and chemical means as well as 
by X-ray diffraction studies. 

Cp2Ti~z ........ :> 
-Pith CPtTiXO~~o 

Complex III is a grey- or black-coloured paramag- 
netic solid (m.p, 261-263°C (dec.) under Ar), complex 
IV is a dark green, paramagnetic crystalline solid (m.p. 
214-216°C (dec.) under Ar). Both complexes are read- 
ily soluble in THF and benzene and poorly soluble in 
aliphatic hydrocarbons. The complexes are stable under 
Ar at room temperature but decompose rapidly in the 
presence of air and moisture. 

IR spectra of complexes within the range of 1300- 
1600 cm= t exhibit two strong absorption bands (1501 
and 1385 cm °t tbr Ill, 1481 and 1344 cm -g for IV) 
that can ~ assigned to stretching vibrations of carbox- 
ylate group. The magnetic susceptibility of | l l  and IV 
measured in the t e m ~ o m ~  range of 77-300 K o~ys  
the Curie law (with the accuracy of 3%). the magnetic 
moment of the complexes King equal to 1.6 Pit ~ r  
tit0nium atom in !~th ea~es~ This value is close to that 
of pure spin magnetic moment for Ti(lii) (1.73 P n) and 
indicates that each of the molecules of Ill and IV 
contMns two unpaired electrons. 

In accord with its a~alkenylcarboxylat¢ structure, 
complex III ~adily reacts with HCI in ethanol at rt~m 
temperature to give Cp~TiCl~ and trans~-phenylcin~ 
namic acid in nearly quantitative yields. 

Cp~Tt\o~, x 

C'p~Tl "" 

HO i F,,tOH Ph\ iPh 

H SCOOH 

Cp.TtC I ~ Cp~Ti¢|~ HCI 

Under similar conditions but on using DCI in D~O. 
transo~,.phcnylcinnamic acid, containing two deuterium 
atoms, is produced. 

The remarkable feature of complexes |I1 and IV is 
that they are capable of rapidly reacting with air oxygen 
at room temperature, releasing one of titanocene units 



E E Burlakor et a~ / Journal ~!f Orgamunem#ic Chemisto" 542 ¢ 1997) 105-112 107 

and forming litanafuranone metallacycles (V) [i 1] and 
(vl).  

+ o: ep r 

,,m.O 
CacTI" R=Ph O') 

R=I~ (lID a - - S ~  (Vii) 

pt~lu¢~ of 
+ o.xidalion 

of Cp2Ti 

The mechanism of this interesting reaction becomes 
understandable if one assumes that, along with the 
resonance form A (see below), the resonance form B 
(representing in fact the complex of corresponding ti- 
tanafuranone (V or VI) with titanocene) makes certain 
contribution into the electronic structure of o'-alken- 
yicarboxylates It! and IV. In the resonance form B, the 
most sensitive site towards dioxygen attack is the 
Cp~Ti(ll) unit whose oxidation results in degradation of 
binuclear tr-alkenylcarboxylate structure of I11 and IV 
producing titanafuranone. 

~ m;o 
c~.m" 

(A) l i t )  

Complexes I|1 al~d iV arc appat'cntiy formed via the 
s|ep of displacement of acetylene Iigand fi~om I and 11 
by CO~ Ibllowed by a rapid reaction of the intermediate 
carbon dioxide complex [Cp~Ti. CO~] with an excess 
of the acetylene complex yet unreacted. An alternative 
mechanism involving an initial formation of the titana- 
t ~ n o n c  then acting as a !igand in displacing acetylene 
from the starting acetylene complex is not supported by 
the experimental data which show that complex I does 
not react with titanafuranone V in hexane at room 
temperature. 

Complex V is an air stable, red crystalline solid (m.p. 
261~262°C (dec.) under Ar), sparingly soluble in 
CH2CI ~, and practically insoluble in ethereal and hydro° 
carbon solvents. Complex V1 is a yellow solid, less 
stable than V. The structure of V has been proved by 
analytical and spectral methods and confirmed by an 
X-ray diffraction study (see below). In contrast to V, 
complex VI could not be isolated in the analytically 
pure state but the spectral data lbr this compound are in 
good agreement with its proposed titanafuranone struc- 
ture. 

Thus, IR spectra of both complexes V and Vl within 
the range of 1600-1700 cm- ~ show very strong absorp- 

lion bands (1630 cm-~ for V and 1625 cm-~ for VI) 
that can be assigned to the stretching vibrations of 
carbonyl CO group, Analogous u(CO) bands in this 
region are displayed by other known titana- and zir- 
conafuranone metallacycles [ 1-3,12,13]. The mass spec- 
tra of V and VI exhibit parent ion peaks at m/e  400 
and 392, respectively. The ~H NMR spectrum (200 
MHz, CD2CI 2) of complex V shows a singlet of cy- 
clopentadienyl protons (~$ 6.51 ppm) and a multiplet of 
phenyl protons (6 6.82-7.14 ppm). The singlet-to-mul- 
tiplet intensity ratio is close to the theoretical value for 
V. 

For elucidation of the structural peculiarities of syn- 
thesized tr-alkenylcarboxylates and titanafuranones X- 
ray diffraction studies of complexes IV and V have 
been carded out (see Figs. l and 2 and Tables 1-5). 

Fig. I shows the structure of complex IV. One can 
see that the complex is indeed a binuclear tr-alken- 
ylcarboxylate derivative of titanium. An interesting fea- 
ture of the complex is that its molecule contains a 
tricoordinated oxygen atom and two fused chelate tings: 
a four-membered TiO,C (Ti-O 2.258(3) and 2.094(4) 
A) and a five-membe~d TiOC3 (Ti-O 2.178(3), Ti-C 
2.256(6) b,). The tficoordinated oxygen atom forms 
longer Ti,-O bonds and a longer C-O bond (1.310(6) 
A) than the two coordinated oxygen (C-O 1.266(5) A). 

The bicyclic system in IV exhibits as a whole only 
insignificant deviations from planarity: the Ti(l) and 
Ti(2) atoms are displaced to opposite sides of the mean 
O(2)C(3)O(6)C(4)C(5) plane (planar within 0.05 f~) by 
0.143(5) and 0.146(5) A, respectively; both five-mere° 
bered TI(I)O(2)C(3)C(4)C(5) and the four°membered 

C(14) 

CI15), 

CI131 

C(221 

C(121 
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CI5) 
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Fig. I. Structure ofcomplex IV. 
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Ct25) I r  
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%JC{23) 
Fig. 2. Slmclure of complex V. 

O(2)C(3)O(6)Ti(2) cycles are planar within 0.03 A. 
Two bis(cyclopentadienylhitanium fragments show non 
tieeable gomelric differences which are most probably 
due to different coordination environment of titanium 
atoms. Thus, the Ti(I)=C(Cp) bonds ar~ on average 
slightly longer than the Ti(2)=~C(Cp) distances (see 
Table 2), The Cp~Ti(l) moiety in molecule iV has a 
ne~ly eclipsed confom|ation, wbe~as the co.tbrmatmn 
of the Cp~Ti(2) moiety is intermediate ~ twee ,  the 
ecl ipsed and s taggered  (torsion angles  
C ( 1 7 ~ I g l ~ l g 2 ~ 1 8 )  and C(23~[g3~p(4~(30) are 
~ual  m 8,6 and 24.0* res~ctively) °. At the s ~  time 
the differe~e in the dihedral angles between the planes 
of Cp ligands at the Ti(I) and Ti(2) atoms (I 35.2 and 
133.2 °. res~etively) may hardly be considered signifi- 
cant. Complex I11 appears to have a similar structure. 

An X~ray diffraction study of complex V ~ (Fig. 2. 
Tables 4 and 5) has revealed that it is close in its 
~ometric parameters to other known titanafuranones, 
e.g. VII [10.14] and VIii [12], as well as to the titanadi- 
hydrofurane comp~x (IX), which we have studied preo 
viously [15] (see Table I), It should be note& however, 
that, whereas the bond lengths and angles in a~tallacy- 
tie V do not differ significantly from those in VII and 

VIII. the conformation of TiOC3 cycle in V is rather 
close to that of metallacycle in IX. 

(Vii) (V|l!) ( iX ) 

I n d . .  the five-membered TiOC~ cycle in V, as in 
IX. has an envelope conformation 4: the displacement 
of the Ti atom from the O(2)C(3)C(4)C(5) plane (planar 
within 0,01 ~,, plane A) is 0,224 ~,: the folding angle 
along the line O{2). . .  C(5) is equal to &0 °, The orien- 
tation of Ph rings in V does not essentially differ from 
that found in IX. As might be expected, the dihedral 
angles formed by the planes of these rings with plane A 
axe close to 90°: they are equal to 10&7 and 103.9 ° for 
the planes Ph ~ = t ~ and Ph,~ = ,s, ~Sl~n:tively. 

As already noted, the Ixmd lengths and angles in V 
a~ very close to those in VII and VIII. Thus. the 
values of the Ti(I)-O{2) bond lengths in all three 
complexes (1:~5(3) A in V. i.945 A in Vii. 1.997 A in 

TC~I), C~), C:3) and Clan) ~ the ten|raids of :p rings 
('~ | 3= | ?), ~ t 8-22), C[23-27) and C[28-32), re,~pectively, 

For preliminary ¢~mmunic~tioa, ,~ Ref, Ill ], 
In Ih~ molecules of VII and VIII, the melallacycle is practically 

planar. 



E E Burlakor et aL 1 Journal ~'Organmnetallic ChemistO" 542 # 199D 105-112 I~ 

Table ! 
Geometric parameters of five-membered metallacycles in complexes 
IV, V, VH-LX 

Complex IV V V l l  V l l l  iX 

Bond lengths " 
Ti( ! )-0(2) 2. ! 78 ! .965 i .945 1.997 1.830 
Ti(I)-C{5) 2.256 2.201 2.201 2.181 2.190 
0(2)-C(3) 1.310 1.327 1.338 1.300 1.434 
C(3) = 0 (6 )  1.266 1.225 1.256 1.250 - 
C(3) -C(4)  1.487 ! .489 1.453 1 A46 i .525 
C(4)-C(5) ! .369 i.340 1.384 1.336 i .332 
Bond angles ~ 
O(2)Ti( I )C(5) 75.8 78.0 78.6 79.6 78.7 
Ti(I)O(2)C(3) i 14.6 120.3 120.1 i 17.1 126.3 
012)12(3)O(6) i 15.0 121.7 119.8 120.0 - 
O12)C(3)C(4) 121.4 113.8 115.7 115.9 105.6 
016R~(3)C14) 123.6 124.4 124.2 124.2 - 
C(3)C(4)C15) 113.6 116.8 115.5 119.9 118.9 
Ti(I)C(5~4) 114.2 110.1 109.9 107.6 110.1 
Folding angle along 2. I 8.0 0.5 0.5 4.7 
the line O12).. .C15) 

a Atomic numbering in all complexes corresponds to Fig. I. 

r i l l )  differ only slightly and correspondotO an upper 
limit of a rather wide range (1.75~ !.96 A) found tbr 
this type of bonds in oxygen derivatives of bis(cyclo- 
pentadienyl)titanium [ 16-18]. The lengthening of the 
Ti(I)-O(2) bond in V, Vii  and VIII is accompanied by 
s!lortening of the endocyclic O(2)-C(3) bond (1.327(5) 
A in V, 1.338 A in VII, 1.3(~ A in VIII) and is 

Table 2 
[tond lenglhs (~) tilt l i t  

°hi 1L(~2) L 178{3) Si(2):~C(5) 1,8'~R6) 
Ti( I )~C(5) 2,25O(0) Si( 2)=,C(!0) 1,87818) 
T~( I )~.C(13) 2,41(~6) Si(2)-C( I I) 1~859(6) 
Ti( 1 )=C(14) 2:t08(5) SI(2)=C(12)  1,865(7) 
Ti(1)=C(15) 2,386(5) O(2)~C(3) 1,311R6) 
Ti(1)=C(16) 2.379(6) C(3)=O(6) 1,266(5) 
Ti(1)=C(17) 2.376(6) C(3)~C(4) IA87(7) 
Ti(1)=C(I~) 2.395(6) C(4)=C(5) 1.369(7) 
Ti(I)=C(19) 2.415(6) C(13)=C(14)  1,399(8) 
Ti(1)=C(20) 2 . 4 0 6 ( 6 )  C(13)=C(17)  1,389(7) 
Ti(1)=C(21) 2 . 3 9 3 ( 7 )  C(14)-C(15) 1.399(8) 
Ti(I)=C(22) 2 . 3 7 3 ( 7 )  C(15)=C(16)  1.402(8) 
Ti(2)=O12) 2 . 2 5 8 ( 3 )  C(16)-C(17) 1,39619) 
Ti(2)~O(6) 2 . 0 9 4 ( 4 )  C(18)=C(19)  1.370(8) 
Ti(2)-C(23) 2 . 3 8 1 ( 7 )  C(18)~C(22)  !,378(9) 
Ti(2)=C(24) 2 . 3 8 8 ( 7 )  C(19)=C(20)  1.395(8) 
Ti(2)=C(25) 2 , 3 7 0 ( 6 )  C(20)ooC(21) 1.363(9) 
Ti12)-C126) 2 . 3 8 3 ( 6 )  C(21)-C(22) 1.386(9) 
Ti(2)~C(27) 2 .373 (6 )  C(23)~C124) 1,398(9) 
Ti12)~C(28) 2.35{i16) C(23)°oC127) 1,39(R9) 
Ti(2)-C(29) 2 . 3 3 8 ( 6 )  C(24)=C125) 1,411(I0) 
Ti(2)~C(30) 2 , 3 6 5 ( 6 )  C(25)~C(26)  1.38919) 
Ti(2)~C(31) 2 , 3 7 7 ( 6 )  C(26)=C(27)  1.368(9) 
Ti(2)~C(32) 2 . 3 9 4 ( 6 )  C(28)-C(29) 1,383(9) 
Si(I)~C(4) 1.908(6) C128)-C132) 1.39118) 
Si(I)~C(7) 1.883(7) C(29)-C130) 1,39619) 
Si(I)~C(8) 1.840(8) C(30)-C(31) 1.39419) 
Si(I)-C(9) 1.83217) C(31)-C(32) 1.387(9) 

Table 3 
Selected bond angles (°) tbr IV 

O(2)'Fi~(i-)~';(5 ) 75.8(2) 
0(6)Ti(2)012) 59.77(13) 
CI9)Si( I )C18) ! 10.8(6) 
C(9)Si(!)C(7) 101.415) 
C(8)Si(I)C(7) 105.4(4) 
C(9)Si( | )(?(4) 117.5(3) 
C(8)Si(!)C(4) 109.9(3) 
C(7)Si(1)C(4) 111.0(3) 
C( I ! )Sff2)C(l 2) 102.0(4) 
C(I I)Si(2)C(IO) ! i 1.114) 
C( 12)Si12)C( ! O) ! 04.2(4) 
C(I I )Si(2)C(5) ! 12.2(3) 
C(12)Si12)C(5) 114.813) 
C(I0)Si(2)C(5) 111.9(3) 
C(3)0(2)Ti(I) 114.6(3) 

C13)012)Ti(2) 
Ti(l)0(2)Ti(2) 
016)C13)012) 
0(6)C13)C14) 
O(2)C(3)C14) 
O(6)C(3)Ti(2) 
0(2)C13)Ti12) 
C(4)C13)Ti(2) 
C15)C14)C13) 
C(5)C(4)Si(i) 
C13)C(4)Si(I) 
C(4)C(5)Si(2) 
C(4)C(5)Ti(l) 
Si(2)C(5)Ti(i) 
C(3)O16)Ti(2) 

~ 881(3) 
157.2(2) 
115.015) 
123.615) 
121.4(5) 
53.9(3) 
61.3(3) 

174.513) 
I 13.6(5) 
136.9(4) 
109.5(4) 
123.614) 
! 14.214) 
122.2(3) 
96.8(3) 

Table 4 
Bond lengths (,~) for V 

Ti(1)-O(2) !.96513) 
Ti(1)-C(5) 2.201(4) 
Ti(I)~C(19) 2.376(5) 
Ti(I)-C(20) 2.376(5) 
Tt(I)-C(21) 2.378(5) 
Ti(1)-C(22) 2.346(5) 
Ti(I)-C(23) 2.381(5) 
Ti(I)~C(24) 2.376(5) 
Ti(I)-C(25) 2.372(4) 
Ti(I)°~C(26) 2,389(4) 
Ti(I)~C(27) 2,347(5) 
Ti(I)oC(28) 2,369(5) 
(~2)-,C(3) 1,32'7(5) 
C(3)=(X0) 1,225(5) 
C(3)=C(4) 1,489(5) 
C(4L~C(5) 1,34(X5) 
C(4)~C(7) !,51)7(5) 
C(5)=C(13) 1.499(5) 
C17)=C(8) 1,38816) 
C(7)=C(!2) 1,38(g6) 

C(8)-C(9) 
C(9)-C(I0) 
C(IO)-C(ll) 
C(II)-C(12) 
C(13)-C(14) 
C(13)-C(18) 
C(14)-C(15) 
C(15)-C(16) 
C(16)-C(17) 
C(17)-C(18) 
C(19)-C(20) 
C(I0)-C(23) 
C(~0)~C(21) 
C(21)~C(22) 
C(22)~C{23) 
C(24)=C(25) 
C124)o,C(2x) 
C(25)=C(26) 
C(26)=C(27) 
C(27)=C(28) 

!.401(6) 
1.365(7) 
1.38417) 
1,383(6) 
1.38015) 
i.38516) 
1.404(5) 
1.37216) 
1,37916) 
!,387(5) 
i,389(0) 
!.,T18(7) 
I,~54{7) 
1,37817) 
1371118) 
1,4t~6) 
1 382(6) 
1,3t~X5) 
1,392(6) 
1,398(6) 

Table 5 
Bond angles (°) for V 

0(2)TR I ~(5) 
C( 3)O(2)Ti( I ) 
O{6~(3)O{2) 
0(6)C(3)C(4) 
(X2K'(3)C(4) 
C(5~(4)C(3) 
C(5)C(4)C(7) 
C(3)C(4)C(7) 
C(4)C(5)C(13) 
C(4)C(5)TR 1 ) 
C( 13)C(5)Ti( I ) 
C(12~(7)C18) 
C(i 2)C(7)C(4) 
C18)C(7)C(4) 

78.04(13) 
121).3(3) 
i 21.7(4) 
124.4(4) 
1138(4) 
116.8(4) 
126.1(3) 
I 16.9(4) 
121.3(4) 
110.1(3) 
128.4(3) 
118.0(4) 
il9.6(4) 
122.4(4) 

C(7)C(8X~(9) 
C(10~(9)?(8) 
C(9)C( 10)C( I I ) 
C( 12K!(I I )C(10) 
C( 7)C( ! 2)C( I I ) 
C(14)C(13~(18) 
C(14)C(13~(5) 
C( 18)(7(13)(7(5) 
C(13)C(14)C(15) 
C( 16)C( 15K?(14) 
C(15)C(10~(17) 
C( 16)C( 17)C( ! 8) 
C( 13K~( 18)(?(17) 

120.1(5) 
! 2O.5(5) 
120.1'5) 
119.(X5) 
122.2(5) 
I 17.7(4) 
120.4(4) 
121.9(4) 
121.3(5) 
119.{~(5) 
119.9(4) 
119.8(5) 
121.7(4) 
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~ n f l y  cau~d by the proximity of carbonyi group: 
the Ti-O ( 1.830 ,l~)and O-C ( 1.434 ~,) bonds in IX are 
shorter and longer, respectively, than in V, VII and 
VIII by ~ 0.1 A. A marked difference between the 
molecules of V, VII and VIII, on the one hand, and the 
molecule of IX, on the other hand, is also observed in 
the val~ of Ti(I)O(2)C(3) bond angle (120.3(3), 120.1, 
I 17.1 and 126.3 ° in V, VII, Vill and IX, respectively). 
At the same time the Ti(I)-C(5) bond lengths and the 
¢ndocyclic Ti(I)C(5)C(4) and C(3)C(4)C(5) bond an- 
gles arc very close for all four molecules ( T i ( I ) - C ( 5 )  
2,201(4), 2,201, 2,181 and 2.190 /~; Ti(I)C(5)C(4) 
110.1(3). 109.9. 107.6 and I10.1°; C(3)C(4)C(5) 
116 ,8 (4 ) .  115.5 ,  119 .9  and 118.9' in V. VII. VIII and 
IX, respectively) even though the C(4)=C(5) double 
bonds in V, Vlll and IX (1.340(5), i.336 and 1.332 A) 
are clearly shorter than the corresponding aromatic bond 
in VII (I.38 A). 

The bent Cp2Ti sandwich in V has the usual geome- 
try: Ti-C(Cp) distances range from 2.346 to 2.389 A, 

dihedral angle between the planes of the Cp ligands 
is 133.2 °. Unlike complexes VII-IX, wherein the Cp 
ligands are in nearly perfectly eclipsed conformation, 
the conformation of Cp flags in V is intermediate: for 
example, the C(19)Cp(I)CIg2)C(24) torsion angle is 
equal to 20.9 ° (Cp(i), Cp(2) are the centroids of the 
C(19~23) and C(24~28) Cp flags, reslJectively). 

According to cuncnt concepts, repeatedly confirmed 
by Xoray diffraction studies [19,2G], the X~Ti~X: 
bond angle between ~uatorial aoboads in the bisector 
plane of acyclic derivatives of the bent sandwiches 
containing metal in d°ocofiguration lies generally in the 
range of 94~97 °, However, as noted in Ref. [15], this 
rule is violated on ¢brmation of small metallacycles. 
i n d . ,  in all four molecules V, VII, VIII and IX the 
~2)TI(1~5)  angles ~ neatly the same and equal to 
78.~i), 78.6, 79.6 and 78.71 °, res~tively. 

A comparison of complexes IV and V shows ( ~  
Table I) ¢~at the ~ddition of Cp2Ti moiety to the OCO 
unit of tit,,-afur~one ring primarily affects the geomet- 
ric parame~ of ~;arhoxylate part of the metallacycle: a 
significant lengthening of the Ti(l)~O(2) bond, an ino 
crea~ in the O(2)~3~(4) bond angle as well as a 
decrease in the Ti(I)O(2~(3) and O(2)C(3)O(6) bond 
angles take place. At the same time, the conformation of 
the five-membered metailacycle as a whole v~es  in- 
significantly as a result of coordination of the Cp:Ti 
group, 

3. Es~rtmen~l  detait~ 

Experi~n~ were conducted under At with careful 
exclusion of air and moisture. Solvents were purified by 
conventional methods and distilled before use over 
sodium and calcium hydride (n-hexane, n-pentane and 

Table 6 
Crystal data and data collection parameters for IV and V 

Complex C2o H ~sO 2 Si :Ti 2" C 25 H zoO2Ti - 
(Iv) (v) 

Moi. wt. 570.55 400.3 ! 
Space group Pbca P~ 

a, A 10.336(2) 8.833(2) 

b, A 18.336(2) 9.794(2) 

c, ,~, 3 !.656(4) ! 2.804(2) 
a ,  (°) - 78.08(!) 
~, (°) - 70.32(I) 
y. (°) - 63,85(I ) 
Cell vol., A~ 5999.5 934.0 
Z 8 2 
d (talc.), gem-  '~ !.263 1,423 
/.t (calc.). cm °~ ~ 6.35 4,76 
Radiation MoK a MoK a 
Temperature 20°C 20°C 
Diffractometet STOE-IPDS STOE-IPDS 
2 0ma ~ 48.6 48.6 
Scan method laser scanned 

imaging plate 

Total no. of unique left. 3549 
No. of observed refl. i 896 
RI (on F for observed refl.) 0.05 ! 7 
wR2 (on F: tbr all refl.) 0.1328 

laser scanned 
imaging plate 
2820 
1539 
0.0492 
0. i 038 

benzene) or over P,O~ (dichlormethane) under At. Car- 
hen dioxide was recondensed in vacuum and passed 
through a column packed with P~O~ prior to its inta~ 
duction into reaction, The IR spectra were measured on 
Nicolet Magaa 5~0 and Nicole! 7199 FI'olR spectm|ue,~ 
lets in fluo~dube. Nujol or KBr pellets. The NMR 
s ~ t r a  were recorded on Bruker WPo2~)oSY spectromo 
eter. Magnetic susceptibility was measured by the Farao 
day method in the temperature range of 77-300 K, The 
mass spectra were recorded on MS°30 instrument at 70 
eV. 

3, i, X-my diffraction studies ~ complexes IV and V 

The crystal data and experimental details for IV and 
V are presented in Table 6, All H atoms in IV and V 
were placed in the geometrically calculated positions 
and refined in the riding mt~Jel approximation, All 
calculations were carried out on DEC 3000 AXP 400, 
DEC 3000 AXP 30t) and IBM E using SHELXS-86 
[21 ]~ SHELXL-93 [22] and SHELXTL PLUS 5 (gamma 
ve~ioa) prog~ms, Atomic coordinates in the structures 
of IV and V are listed in Tables 7 and 8, respectively. 

3,2, Symhesis ¢~f compleo~ IH 

0,516 g (I,45 retool) of I was dissolved in 80 ml of 
n-hexane under Ar, and the resulting solution was ill- 
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tered. Argon was then carefully removed in vacuum, 
and the flask with solution of | was filled with pure 
CO,. Within I -2  rain grey powder or fine black crys- 
tals of Ill  appeared on the bottom and walls of the 
flask. After 3 h the solution was decanted, and Ill  was 
washed with n-hexane and dried in vacuum. The yield 
of II1 is 0.32 g (76%); m.p. 261-263°C (dec.) under Ar. 
Analysis: Found: C, 72.60; H, 5.26; Ti, 16.50%; moi. 
wt. 527 (cryoscopically in C6H6). C3sH3oTi20 ., re- 
quires: C~ 7Z68; H, 5.23; Ti, 16.56%; mol.wt. 578. 

3.3. Synthesis of complex IV 

1.04 g (4.02 mmol) of 11 was dissolved in 15-20 ml 
of n-pentane under Ar, the solution was filtered and 
(after removal of Ar in vacuum) was exposed to carbon 
dioxide. Within few minutes the reaction mixture turned 
green, and dark green crystals of IV appeared on the 
bottom and walls of the vessel. After 3 h the solution 
was decanted. 3ubsequent washing of the dark green 

T a b l e  7 

A t o m i c  c o o r d i n a t e s  ( x  104) and  e q u i v a l e n t  i s o t m p i c  d i s p l a c e m e n t  

p a n u n e t e r s  ( x I 0  ~) for I V  

A t o m  x y z U(eq). ~ :  

T i ( I )  -397011)  ~ 104011) = 153211) 4311) 
Ti(2) -592011)  !035( I )  - 172411) 4311) 
Si( 1 ) ~ 7624(2) - 496( I ) = 552( I ) 66( ! ) 
Si(2) .... 5290(2) - 21X)9( I ) - 6631 ! ) 62( I ) 
0 ( 2 )  -, 5 1 8 ~ 3 )  -,- 71X2) ,-,, 152111) 31XI) 
(7(3) - tX)21(5) = 4 9 ( 3 )  ..... 12111(2) 3711) 
C14) - 6212(41 ~.~ 6 8 5 0 )  - 925(2) 42(2) 
C(5)  5 3 4 ~ 5 )  ....... 123813) ~,~ 99112) ,1312) 
~ 6 )  ..... 6 6 3 9 ( 3 )  54,4(2) -° 117511 ) 45(  I ) 

C(7) =9074{6) -~ 152(5) .... 852(3) ! 35(4) 

C(8)  ~ 719417)  243 (5 )  = 185(3)  13014) 

C(9)  = 8 3 1 7 1 1 1 )  ~ 127315)  ~ 26714)  224(8) 
C ( I 0 )  - S02{K9) =- 189714) -- 87(2) I 15(3) 
C( I I) = 6 7 4 ~ 7 )  = 2678(3) = 742(3) 10413) 

C(I  2) - 3954(7) = 2 7 3 ~ 4 )  ~ 801(3) 120(3) 
C(I  3)  - 2 4 8 3 ( 5 )  = 101914 )  = 946(2) 59(2) 
C(14)  - 186615) - 1391_1(4) - 1276(3) 64(2) 

C(15) = 1688(5) - 8 8 0 ( 4 )  = 16011(2) 70(2) 
C(16)  = 221315) - 206(4) - 1480(3) 61(2) 
(?117) - 2704(5) - 305(4) = 1073(3) 58(2) 
C(18) =~ 5574(6) - 1387(4) - 2040(3) 70(2) 
C(19)  ~ 531)3(7) - 201)6(4) - 1814(2) 70(2) 
C(20)  -401818)  - 2192(4) - 189613) 76(2) 
C(21) - 3536(7) - 1692(5) - 2172(3) 75(2) 
C(22)  - 4482(8) - 1177(4) = 2259(2) 71112) 
C(23) - 6512(7) 116215) ~ 2447(2) 78(2) 
C(24)  °- 6633(9) 422(5) - 2348(3) 86(3) 

C(25) - 7621(8) 365(4) - 21142(3) 76(2) 
C(26) -o 81011(6) 106115) =o 196913) 75(2) 
C(27) - 7415(7) 154614) = 220~X3) 73(2) 

C128) ~ 41!1(6)  145513) = 1345(3) 61(2) 
C(29)  oo 3883(6) 1585(4) - 171¢X3) 74(2) 
C(30) - 4773(8) 2104(4) - 191113) 8 '~2)  

(7.(31 ) - 5549(6) 2285(3) - 156613) 69(2) 
C(32)  -513216)  189413) - 1216(2) 56(2) 

T a b l e  8 

A t o m i c  c o o r d i n a t e s  ( ×  !04)  and  e q u i v a l e n t  i so trop ic  d i s p l ~ e m e n t  
p a r a m e t e r s  ( ×  10 ~) for V 

A t o m  x y z U(eq), .~.-" 

T i ( I )  - 7770( ! ) - 7993(I ) - 2287(1) 27(I ) 
0 ( 2 )  - 9563(4) - 8786(3) - 2046(2) 35( 1 ) 
C ( 3 )  - I 1192(6) - 7 8 3 8 ( 4 )  - 2 0 5 4 ( 4 )  3611) 
(=(4) - 11427(5) - 6 2 2 1 ( 4 )  - 2 3 6 ? ( 4 )  2711) 
(2 (5)  - 9 9 8 8 ( 5 )  - 5 9 3 2 ( 4 )  - 2636(3) 2611 ) 
0 ( 6 )  - ! 2 3 6 0 ( 4 )  - 8 2 9 2 ( 3 )  - ! 845(3) 64(1) 
C(7) - 13279(5) - 505 i(4) - 2266(4) 29(1 ) 
C ( 8 )  - 1 4 1 2 9 ( 6 )  - 4 7 9 6 ( 5 )  - 3068(4) 42(1) 
(2(9)  - 1585  i ( 6 )  - 3 6 9 2 ( 5 )  - 2936(5) 52(2) 
C(10) - 16716(6) - 2 8 7 5 ( 5 )  -201415)  50(2) 
C(I  !)  - 15900(6) - 313715) - ! 19615) 52(2) 
C(12) - 14198(6) - 4 2 2 4 ( 5 )  - 1335(4) 40( ! )  
C(13) = 10059(5) - 4 3 5 6 ( 4 )  - 3013(4) 2611) 
C(14) - 9420(6) - 3976(5) - 4124(4) 36( ! ) 
C ( 1 5 )  - 9 4 6 6 ( 6 )  - 2 5 0 9 ( 5 )  - 4493(4) 44( I ) 

C ( 1 6 )  - 1 0 1 4 8 ( 6 )  = 1 4 3 0 ( 5 )  - 3739(5) 44(I ) 

C(17) - 10814(6) - 178214) - 2 6 2 8 ( 4 )  42( i )  
C(18) - 10763(6) - 3235(4) - 2275(4) 3611) 
C(19) - 9210(7) - 7195(7) - 447(4) 53(2) 
C120) = 8143(8) - 6409(5) - 964(4) 48(2) 
C(21) - 6 4 4 4 ( 7 )  - 7 4 2 2 ( 8 )  - i l92(4)  63(2) 
C(22) - 6406(9) = 8864(7) - 849(5) 78(2) 
C123) - 8100(i I) - 8712(7) - 356(4) 74(2) 
C(24) = 698 i(6) = 797 !(5) - 4255(4) 44( ! ) 
C(25) = 5936(6) - 7417(5) = 3992(4) 43( 1 ) 
C126) = 4827(6) - 8 ~ 5 )  = 3442(4) 45(I ) 
C(27) - 5234(6) - 9858(5) - 3323(4) 47(2) 
C128) = 6542(7) - 9474(5) = 3844(4) 47( 1 ) 

crystals wi:h pentane and drying in vacuum gave 0.94 g 
(82%) of complex iV, m.p. 214-216°C (dec.) under At. 
Analysis: Found: C, 59.6t); H, 6.70; Ti, 16.71; Si, 
10.01%. C~,,H:~,Si=~Ti~O~ requires: C, 61.05; H, 6.71; 
Ti. 16.78; Si, 9.85%. Mass spectrum (m/e, 70 eV): 570 
(M) '~. 

3.4. Reactiott of ¢omph, x Ill with HCI 

0.32 g (0.55 retool) of I|1 was dissolved in 5 ml of 
benzene under At, and 3 ml of 1.7 N solution of HCI in 
ethanol was added to the resulting solution under stir- 
ring. The solution rapidly became crimson. The reaction 
mixture was exposed to the air for I h, a red precipitate 
of Cp:TiCI 2 formed was filtered off, washed with a 
small amount of benzene and dried, The yield of 
Cp2TiCI2 is 0. ! 25 g (9 i %). The benzene filtrate, after 
separation from Cp2TiCi 2, was evaporated to dryness, 
and the residue was treated with 10 ml of aqueous 
solution of 0.25 N NaOH. The obtained solution was 
filtered, HCI was added into the filtrate up to the acidic 
reaction, and the aqueous acidic solution was evapo° 
rated in vacuum to dryness. A solid residue was ex° 
tracted with ether and the ether extract was evaporated 
to dryness again to give 0.1 ! g (89%) of tra, s-a-pheno 
ylcinnamic acid with m.p. 173= 174°C (lit. m.p. is 172- 
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174~C [23]), Analysis: Found: C, 80.27; H 5.59%. 
C~sH~,O, ~uires: C, 80.34; H, 5.39%. Mass spectrum 
(m/e,  70 eV): 224 (M) +. 

~ L Reaction of complexes !!! and IV  with air oxygen 

0.244 g (0.422 retool) of HI was dissolved in 10 ml 
of benzene under At, and the solution after filtration 
was e x ~  to dry air. Within 24 h, a mixture of red 
fine-cry~fine complex V and a yellow powder of 
Cp~Ti oxidation products was formed, The solution was 
stirred and, along with the powder product,% decanted 
from V. Complex V w ~  then dissolved in a mixture of 
50 ml of dichloromethane and 10 ml of benzene. The 
~ u ¢ n t  slow evaporation of the filtered solution to 
~ 5 ml under Ar produced red crystals of complex V 
which were washed with benzene and dried in vacuum. 
The yield of V is 0.114 g (67%). m.p. 261-262-~C (dec.) 
under At. Analysis: Found: C, 74.53; H, 5,13; Ti, 
il.80%. C2~H:0TiO 2 requires: C, 75.01; H, 5.04; Ti. 
11.96%. |H NMR spectrum (CD2CI 2) ~: 6.51 (s, 10H, 
Cp); 6.28~7.14 (m, 10H, Ph) ppm. 

The oxidation of IV with air oxygen was performed 
in a similar way. 
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