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Summary 

Ca. bon-13 and proton magnetw resonance spectra of the compounds 
(C, !-I5 )M(C7Hi 1 (M = TI, Zr. MO, Cr) and of some methyl derwatwes of the Ti 
compound have been studied. In the TI and Zr compounds the C-13 resonance 
of the C,H, ring is observed to higher field than that of the CSHS ring; the 
opposite app!ies to the Cr compound, while for the MO compound the two signals 
lie close together. This is taken to Indicate that the C7H7 ring IS more negatively 
charged than the C,H, ring in the Ti and Zr compounds. while the reverse is true 
for the Cr compound; these results agree with those of metailation experiments. 
Proton magnetic resonance spectra indicate hindered rotation of the rings in she 
C!r and MO compounds, but not in the Ti and Zr compounds. 

Introduction 

In a recent study on the properties of (CsHj)hI(C,H7) (hl = Ti, V and Cr) 
compounds, we reported [I ] that (C, Hs )Ti(C,H-, ) was easily metallated and 
that metallation predominantly took place in the seven-membered ring. Experl- 
ments with (CjHg)V(CTH,) showed that substitution in this compound is more 
ddficult, and occurs only m the five-membered rmg [ 21 . Substitution reactions 
of (C5H,)Cr(C,H,) with n-buf$llithium were unsuccessful 121; only with amyl- 
sodium could substitution of this compound be brought about, probably again 
mainly in the fwe-membered ring [3]. 

We have attempted to explain the different behaviour of (C5HS)M(C7H7) 
(M = Ti, V and Cr) In terms of differences in the charge distribution in these 
compounds [ 11. By qualitative molecular orbital arguments it was shown that 
the charge of the seven-membered ring becomes more negative in the sequence 
h1 = Cr < V < Ti. For the five-membered ring the same sequence was derived. 
but the change in the charge of this ring is expected to be much less pronounced. 
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A valuable technique for obtaining information about the charge on carbon 
atoms is carbon-13 NMR (CMR). This technique is preferred to proton NMR 
(PMR), since local magnetic anisotropies and shieldings which complicate the 
Interpretation of PMR spectra are of less importance in CMR [4]. In the present 
communication we report a study of the CMR spectra of (C, H, )M(GH,) (M = 
TI, Cr, Zr, MO) and of some methyl derivatives of the Ti compound. 

Results and discussion 

Ccrbon-13 chemrcal shifts 

The CMR chemical shifts of cyclic olefins strongly depend on the charge on 
the carbon atoms of the compounds. Comparison of the chemical shifts of C5H6 
and (CSHj)-Na+, for instance, shows an upfield shift for the latter compound of 
about 30 ppm [5] _ A downfield shift of the same order is found when C,Hs 
and C,HfBr- are compared [5]. It is found, therefore, that an increase in the 
negative charge sves rise to ;ln upfield shift (i.e. a decrease in 6) of the 13C 
resonance, indicating an increase in the shielding of the carbon atoms. 

Chemical shifts of carbon atoms in hydrocarbons are mainly determined 
by changes in the paramagnetlc shielding contribution up [6] (eqn. 1). 

(oA9 
e? .f2’ 

p ),- =-2m’_cZ - (* - [W&J, + q&F&J (1) 

The term (p4 A and the factor (rW3) 2p primarily depend on the local electron den- 
sity on the carbon atom. An increase of the electran density on carbon atom A 
causes an expansion of the 20, orbital and, therefore, a decrease of ‘J-~L~, 
leading to an increase of up 2nd a decrease of IX. The terms involving 9AB 
depend on the multiple bone order betbseen the atoms A and B while LIE means 
an average electronic excitation energy. 

The CMR data of the compounds (C, Hj )JI(C7H7) (M = Cr, MO, Ti, Zr) 
are collected m Table 1. In all cases the most Intense signal was assigned to the 
seven-membered ring. The m tensities of the signals are not exactly proportional 
to the number of carbon atoms, due to differe.lces UI relaxation times of the 
two Iigands. To check the assqnment of the signals, the methyl-substituted 
titanium compounds were also studied (Table 1). The signals of the various 

TABLE 1 

CARBON-13 CHEMICAL SHIFTS (IN 6 RELATIVE TO TblS) FOR SOME CYCLOPEhTADIENYL- 
CYCLOHEPTATRIENYLMETAL COhlPOUNDS 

Compound SCllve& fi C(CsH5) 6 C(C7H7) .I& c 6 C(CH3) 
(C7H7-CjHs) 

(Cs Hs lCWZ7H7) cs:, 7’5 a 86.9 11.5 

(C~Hj)~lo(C7H7) C4 D6 83.8 80.0 - 3.8 
(C~H~)TI(C~H~) CS2 96.5 86.1 -10.4 
(Cj HsIWC7R7) C6H6 100.6 80.2 -20.1 

96.8K, ) 

(CsH;)Ti(C!7H6CHJ) CS? 97.2 87.2tCz .7) 
S6.3(C~,tj) 28.6 

107 !3KtI 1 
85.1(C4,5) 

(CH3C5HJrrl(C7R7) CSa 99.OK!?,S) 86.8 15.9 
96.OfC3,q) 
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carbon atoms of the substituted rmgs in these compounds were assigned by 
analogy with results for substituted aromatic rings, such as in toluene [‘il. 

It IS seen that for (CjHj)Ti(CqH7) and (C,H5)Zr(C,H7) the signal at 
highest field IS due to the seven-membered ring. while for (CjHJ)Cr(C7H7) II is 
due to the five-membered ring. This indicates that in the TI and Zr compounds 
the electron density of the carbon atoms of the seven-membered ring is larger 
than that of the fwe-membered ring, while the reverse IS true for the chromium 
compound. This result is in agreement with the findings In metallation reactions 
with the titanium and chromium compounds [l, 31. 

When comparing the compounds given in Table 1 it is seen that the signal 
due to the cyclopentadienyl carbons shift. to higher fields wth Increasing group 
number of the central metal. The same trend IS found in other n-cyclopenta- 
dienyl complexes [S, 91, but as far as we know. no convincing explanation has 
yet been given. Probably, the same trend also affects the shifts of the carbon 
atoms of the seven-membered ring, but It is opposed by the charge on this ring 
which becomes more positive with increasing group number of the central metal 
[l]. It seems to be fortuitous that these two effects nearly cancel, so that the 
shifts of the C,H, carbons in (Cj H j)M(C: H7) are virtually the same for IV = Ti 
and Cr and for IV = Zr and MO. 

Proton resonance spectra and flttxiotzal belzavi xtr 
The data from the PMR spectra of (C5H,)M(C,H,) (M = Cr, MO, TI, Zr) 

and the methyl-substituted tltanjum compounds are collected in Table 2. In 
general, the PMR signals follow the same trends as the ChlR signals (Fig. 1) and 
a roughly linear relation between 6 ‘H and 6 ‘3C holds for the five-membered 
rmgs. Such a relation has also been observed for a-cyclopentadienyl ligands in 

complexes of other metals [8]. 
It is seen from Table 2 that a change of the solvent affects the PMR slgnal 

of the C,H, ring more than that of the C,Hj ring in the case of (C,Hs)Cr(C,H,) 
while the reverse is true for the titanium compound. This agrees with the general 
experience that PMR signals of more positive groups are more affected by a 
change of solvent than those of more negative groups [lo]. 

The PMR spectrum of (C5H5)Cr(C,H,) in various solvents (C!S2 , C,D,. 
C6DSCDJ), recorded at room temperature, shows two rather broad singlets. On 

T4BLE 2 

PhlR CHEMICAL SHIFTS (IN 6 RELATWE TO ThlS) FOR SOME CYCLOPENTADIENYLCYCLO- 

HEPTATRIENYL METAL COhlFOUNDSa 

Compound 

(C5HsKMC7A7) 

(CsHs,hWC7H7) 
(CjHj)‘WC7H7) 

(CsHj)-(C7H7) 
(CSHS)TI(C~H~CH~) 

(CH~CSH~)PI<C~H~) 

a m = mulliplet. 

SOl\?lIl L H(CjHj) 6 H(C7H7) 6 H(CHj) 

z:Dci 3.71 5.48 

C&CD3 
3.15 5.5R 
5.00 1.84 

cb Des 4.97 5.47 
CS? 5.07 5.13 
C6D6 5 31 5.23 
C6D6 4.96 5.13 m 2.52 
C82 5.06 5.36 m 2.58 
C6D6 4.90 m 5 46 1.81 
C!Zz 4 98 m 5 40 1.97 
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.ctg_ 1. ReIationsbip belwec-• carbon (6 ’ h.2) and proton (6 ‘H) chcm1c.4 shifts (m ppm relzl~ve to TRIS) 
of I.& five- (5) and seven-membered (0) rmg of some (C5H;)hl(C7H7) compounds. 

cooling the solution in deuterotoiuene, the width of the lines increases rapidly, 
and below 0” no signals are observed. Upon heating of the solution the line 

broadening decreases and at 100’ two sharp singlets are observed. Similar be- 

haviour was found for the MO compound [ 111. The corresponding ‘I’i and Zr 
compounds do not show hne broadening at room temperature, and no changes 
of the line width were obsaved on heating (up to 100”) or cooling (down to 

-70”) the Ti compound_ 
The difference in beha-Aour between the Cr and Ti compounds in solution 

is also reflected in the solId state. In hrs decerminatlon of the crystal structure of 
(C5H5)Cr(C,H7) Russell [lZ] observed orientational disorder (rotation in the 
ring plane) of the five-membered ring at room temperature. No such disorder 

was found by Zemstra and De Boer [ 131 in theu- study of (C5H5)Ti(C7H7)_ it 
seems reasonable to assume that m solution the mutual orientation of the two 
rings of (C5H5)Cr(C7H7) is fixed at low temperature, that there is hindered 
rotation at room temperature and free rotation at high temperature. From the 
change m line shape of the PMR slgnal with temperature, an activation energ 
of about 5 kcal mol-’ was calculated for the rotation of the rings m (C,H,)- 
WC7H7 1. 

Spin-spin coupling constants 
The 13C-‘H spin-spin coupling constants are given in Table 3. These data 

show that J(CH) is vutually constant for the five-membered ring, whereas for 
the seven-membered ring there is a slight increase in the sequence Cr < MO, 
Ti < Zr. Although such small differences are difficult to interpret, they may 
indicate a small increase in s-character of the C-H bonding in the sequence 
given. Long-range coupling constants could only be determined for the five- 
membered ring. Because so many possibilities for long-range coupling exist for 
the seven-membered ring, disentangling of the two observed multiplets is not 
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TABLE 3 

’ 'C-' H SPIN-SPIN COUPLING CONSTANTS (IN Hz) FOR SOME CYCLOPENTADIEPUYLCYCLO- 
HEPTATRIENYLMETAL CO\lPOUNDS 

Compound CsH; C7HI 

J(CH) J(CCH) JKCCH) J(CCCH 3) J(CH) 

(CSH~VXC~H~) 170 7 159 

(C5H5)hIo(C7H,) 172 7 164 

(CsHj)T’(C7H,) 175 7 16-l 

(CjHj)Zr(C,H,) 172 6 168 

(CSHS)WC~H~CH~) 172 7 9 166 

(CH3C5 Ha )Tl(C,H,) 170 6 8 3 166 

feasable. The large solubility of (CgHj)Ti(C,Hi,CHII) made possible a detailed 
mvestlgation of the coupling constants !n the five-membered rmg. Two long- 
range coupling constants were found, namely 9 and 7 Hz. By analogy with results 
for benzene (where J(CCCH) > J(CCH) [ 14 ] ), these two coupling constants 
were assigned to J(CCCH) and J(CCH), respectively. 

Experimental 

All experiments were carried out under Furlfled r.Itrogen. Solvents were 
purified by conventional methods, and oxygen removed by repeated degassing. 
The compounds (CsHS)Ti(C,H,) [15], (CH3CsH2)T~(C,H,) [16] and 
(CsHs)Ti(C,HgCH,) [ 16) were prepared according to published procedures. The 
synthesis of (C, Hj )Zr(C,H,) will be described in a separate paper, together with 
the improved synthesis of the compounds (C,Hj)i~l(C,H,) (M = Cr, MO). The 
CMR spectra of the titanium and chromium compounds were recorded in CS, 
solution, the spectra of the zirconium and molybdenum compounds In C6D6 ; for 
the PMR spectra both solvents were used. The solvent for the measurements on 
the compounds (CsH5)M(C,H,) (iL1 = Ti, Cr, k10) at variable temperatures was 
C6DSCD3. 

The PAIR spectra were recorded on a Varian X-60 high-resolution instrument 

The CMR spectra were obtained on a Varian XL-loo/15 Fcurier Transform 
spectrometer with proton decoupling at 25.2 MHz. X 12 mm sample tube fitted 
with a coa-vial capillary containing D,O for ‘H field/frequency stabilization was 
used. Spectra with a good signal-to-noise ratio were obtained by collecting the 
Fourier Transform resulting from 1000 to 3640 repetitive R.F. pulses of 80 p!s 
duration at intervals of 1.8 s. Undecoupled spectra were obtained by the gated 
decoupler technique. 

Acknowledgements 

The authors are much indebted to Dr. H.J. de Llefde Meijer for his stimula- 
ting interest. We wish to thank Dr. J. de Wit and Dr. J.H. Wieringa (Department 
of Organic Chemistry of this University) for recording the CMR spectra and for 
valuable discussions. This investigation was supported by the Netherlands Foun- 
dation for Chemical Research (SON), with financial aid from the Netherlands 
Organization for the Advancement of Pure Research (ZWO). 



234 

References 

1 C.J_ Groeaenboom. H.J. de Llefde hleuer and F. JeUinek. J. Organometal. Chem.. 69 (1974) 235. 
2 C.J. Groenenboom. H.J. de Ltefde hleuer and F. Jcflmek. Rec. Tmv. Chnn. Pays-Bas. 93 (1971) 6. 
3 E-0. Fischer and S. Breilschaft. Chem. Ber.. 99 (1966) 2905. 
4 J.M. Sichel and M.A. Wbttehead. Theor. Cbbn. Acta (Berbn). 5 (1966) 35. 
5 H. Spmsecke and W.G. Scbnetder. Tetrahedron Lett.. (1961) 168. 
6 J.A. Pople. Mol. Pbys.. 7 (1963) 301. 
7 J.B. Stotbers. Carbon-13 NhlR Spectroscopy. Academx Press. New York and London, 1972. P. 95. 
8 P.C. .Laulerbur and R.B. Km&J. Amer. Chem. Sot.. 87 (1965) 3266. 
9 L.F. FanelI. E.W. Randall and E. Rosenberg. Chem. Commun.. (19711 1078. 

10 E.D. Becker. Hi& Resolutton NhIR. Academic Press. New York and London. 1969. P. 230. 

11 H.W. Webner. E-0. Fischer and J. Mtiller. Cbem. Ber.. 103 (1970) 2270. 
12 R.D. Russell. pn\atc con~~~~cI0~. 
13 J.D. Zemstrs and J.L. de Boer. J. Orgsnomeml. Cbem.. 54 (1973) 207. 
14 J.B. Stotben. Carbon-13 NMR s.~ectroxopy. Awdemlc Press. New York -d Locdoo. 1972. P. 333. 
15 H.O. van Oven and H.J. de Ltefdn. Meyer. J. Orggsnometsl. Chem.. 23 (1970) 159. 
16 H.T. Verhouw and H 0. %a.n Oveo. J. Organomelaf. Chem.. 59 (1973) 259. 


