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The crystal structure of ($-CSH5)zTr(C0)2 has been determmed from smgle- 
crystal X-ray dlffractron data collected by counter methods Dlcarbonyldlcyclo- 
pentadrenyltrtanmm(I1) crystalhzes m the orthorhomblc space group Azma 
with lattice constants a = 7 837(g), b = 11 475(S), c = 12 232(S) A, and pc = 
1.41 g cmW3 for 2 = 4 Least-squares refinement gave a final conventional R 
value of 0.086 for 648 mdependent observed reflections The molecule, which 
resrdes on a crystdllographlc mn-ror plane that passes through the cycfopenta- 
dlenyl groups, possesses almost exact Czv point symmetry The T1-C(ca.rbonyl) 
bond length IS 2 030(11) A, whfle the average Tl-C($) distance 1s 2.347(13) 
A The C-Tr-C bond angle IS S7 6(6)“, and the nng center--Tr-rmg center 
angle IS 138.6”. 

- - 

Introduction 

The determmatlon of the structure of carbonyl compounds of the transltlon 
metals has been an endurmg problem Numerous mvestlgatrons by both electron 
and X-ray dll’fractlon techniques have followed the lnltlal study 111 of Nl(CO), 

~i’l 1935 The necessity of producing accrrrate bond lengths and angles has often 
requved even more effort than the orlgmal determmatron Thus, although the 
structure of Fe(CO)s was fust obtained [2] m 1939, at least seven papers on the 
subject were reported [3--9] in the 1960’s 

Because of the high current interest m metal carbonyls from the standpomt 
of catalysis, synthesis and umque bondmg features, a wealth of well-determmed 
structural parameters are now available for most transitIon meral carbonyls In 
marked contrast, however, no such structural mformatlon has ever been obtamed 
for carbonyl derxvatlves of the group IVB metals, even though synthetic break- 
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throughs and chemxal studies on this unrque class of organometalhc com- 
pounds are expandmg rapidly at the present time [10-l?]. We have premously 
commumcated the prehmmary results [lS] of the X-ray crystallographic study 
of ($-C5Hs)z~(C0)2, we now present a full d=cusslon of the structure together 
\vlth a comparrson of the metal-carbon bond lengths m fmst-row transltron 
metaG-ca.rbonyl complexes. 

Experunental 

Drcarbonyldxcyclopentadlenyltltan~um(II) was prepared by the literature 
method 112 3 and recrystaillzed from toluene Single crystals of the compound 
were sealed m thm-walled glass caprllarres. Fmal lattice parameters as determined 
from a least-squares refmemenr of the angular settings of 12 reflections (26 > 
20”) accurately centered on an Enraf-Nonms CAD3 drffractometer are grven 
m Table 1. Because of problems wrth crystal decomposltlon it was not possible 
to obtain an accurate expernnental density The space group was determined 
as Puma or R~2~a from systematic absences OH, k + E = 2n + 1 and hk0, h = 
2n - 1 Solution and refmemenr; of the structure showed the correct choxe to 
be the centnc Puma 

Data were collected on the drffractometer \ulth graphite crystal monochromat- 
ed MO-K, radlatlon The diffracted intensities were collected by the w - 28 
scan techmque with a take-off angle of 3 5” The scan rate was varrable and was 
determmed by a fast 20” mm-’ prescan Calculated speeds for the slow scan 
(based on the net mtenslty gathered m theprescan) ranged from 7 to 0 2” mm-’ 
Other diffractometer parameters and the method of estrmatlon of standard 
devlatlons have been previously described [I91 As a check on the stabrhty of 
the mstrument and crystal, three reflectrons were measured after every 30 
reflections, no srgmflcant vaslatron was noted 

One independent octant of data was measured out to 28 = 52”, a slow scan 
was performed on a total of 648 umque reflectlons Since these data were scanned 
at a speed which would yield a net count of 4000, the calculated standard devra- 
tions were all very nearly equal. No reflection w% subJected to a slow scan un- 
less a net count of 15 was obtained m the prescan Based on these conslderatlons, 
the data set of 648 reflectrons (used m the subsequent structure determmatlon 
and Iefmement) was considered observed, and consrsted m the mam of those for 

TABLE1 

cRYsT 4L DATA 

\I01 formula (C5)f;)~Tl(CO)2 
Vol *t 23411 

Linear sbs coeff p 7 82cm-' 
Calc densIt> 14lg~rn-~ 
Sfw crystaldlmensloos 020X030X 054mm 
Snzcezrou~ ortborhomblc Pnma 

v01ecu1es/unltcen 4 

cellconstants= a = 5 83i<9) b = 114'i5(8) C= 12 232(8)x 
Cellvolume 11000 A3 

C310-K~ad~tmn \= 0 71069 4 Amblenttemperatui-e of23 L- lJC 
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which I > 30(I). The mtensltles were corrected for Lorentz and polarlzatlon 
effects, but not for absorption (II = 7 82 cm-‘), since the estimated mn-umum 
and maximum transmlsslon factors are 0.75 and 0 84, respectively. 

The function ur(lF,I - \F,l)* was mmlmlzed 1203 No corrections were made 
for extmctlon. Neutral atom scattenng factors were taken from the compllatlons 
of Cramer and Waber [21] for Tl, 0, and C, those for H were from “Interna- 
tional Tables for X-ray Crystallography” 1223 The scattering by Tl was corrected 
for the real and imaginary components of anomalous dlsperslon using Cromer’s 
table [23]. 

Structure solution and refmement 

The existence of four molecules per unit cell m the space group Pnma de- 
manded that the molecule reside on either a mn-ror plane or a center of mver- 
slon- chermcal mtultlon clearly ruled out the latter posslblhty Interpretation 
of a Patterson map gave the posltlon of the tltamum atom, and a subsequent 
difference Founer afforded the coordinates of the remaining non-hydrogen 
atoms. Least-squares refinement with lsotoplc temperature factors yielded 
R, = C(IF,,I - IF,l)/ZIF,\ = 0 15 Conversion to amsotroplc thermal param- 
eters and further refinement gave R, = 0 090 The placement of the six sym- 
metry-independent hydrogen atoms m calculated posltlons, and more cycles of 
least-squares refinement led to final values of i_R I = 0 086 and R2 = [Cw(lF,I - 

iF,l Y/C IF,1 1 2 II2 = 0.082 The welghtmg scheAe was based on unit weights, and 
unobserved reflections were not Included The largest parameter shifts m the 
final cycle of refinement were less than 0 01 of then estimated standard devla- 
tlon The estimated standard devlatlon of an observation of unit weight was 
0 60. The final values of the posltlonal and thermal parameters are given m 
Table 2 Y 

Dlscusslon 

The molecular structure and atom numbermg scheme of dlcarbonyldlcyclo- 
pentad~enyltrtamum(I1) 1s given as Fig 1, while the important bond distances 
and angles are hsted m Table 3. The molecule, which resides on a crystallo- 
graphic mnror plane that passes through the cyclopentadlenyl groups, possesses 
almost exact CZr, pomt symmetry 

There are two features of the structure of primary importance the metal-- 
carbonyl and the metal-cyclopentadrenyl mteractlons In order to interpret 
the Tl-C(carbonyl) bond length of 2 030(11) A, rt 1s lllustratrve to draw a com- 
parlson across the frost transltlon series However, dlfflcultles arlse lmmedlately 
because there are hundreds of structures of carbonyl compounds from which 
to choose For our purposes It would be best to have bond distance data for 
compounds which are closely related to (T$-C~H~)~T~(CO)~ Since structural 

* The table of structure factors has been deposited as N 4PS Document ho 02976 (7 pages) 
Order from ASKS/NAPS c/o Muxofxhe Pubhcatmns P 0 Box 3513, Grana Central Statmn hew 
York N Y 10017 A copy may be secured b% cltmg the document number. renuttmg 6 5 for 

photocopies or $3 for mlcrofxhe 4dvance payment 1s required Make checks pavable to 
Mxrohche Pubhcatmns 
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Fig 1 Structure of dlc~bon~ldlcyclopentadlen)ltltanlum(II) 1~1th the atoms displayed as then 50% 

probabdity elhpsolds for thermal motion 

data on such analogues do not m general exist, Table 4 contams a reasonable 
alternative. for each metal an average of several metal-carbon(ca_rbonyl) bond 
lengths taken from recent crystal structure determmatlons 1s hsted. In ths 
manner the trend m bond lengths IS clearly shown The metal-carbon separa- 
tlons agree weIl with those predlcted from metallic radn data [24] with only a 
slight bond length mcrease noted m the early transltlon metal complexes Thx 
means that the dearth of d-electrons m (q5-C5H5)2T1(C0)2 does not cause a 
marked elongation of the ‘I+C(carbonyl) bond over that which would be 
suggested by metalhc radn conslderatlons 

TABLE 3 

IXTERATOJIIC DISTANCES (A) A&D ANGLES (“1 FOR ~+Z~HS)~TI(CO)~ 
-___ -__p-- - 

Tt--C<l> 

T_-C<2) 
T1-C(3) 
Tl-c(?) 
Tl-Centl = 

cuPc(2) 
C(2)-C(3) 

C<3W<3) b 
C<‘it--o 

2 328(16> Tl-C<Q) 2 356<16) 
2 368<12) TX--C(~) 2 354(11) 
2 336(11) Tl-c(6) 2 340(10) 
2 030(11) 
2 032 T;-Cent2 2 018 

144f2) C(4)_C(5) 143(l) 
1 32(2) ‘X5)-C(6) 1 39(l) 
I 38(2) C(6)-c(6) 141(l) 
115(l) 

C(7)-TrCenrl 104 1 C(‘I)_Ti-Cent2 105 4 
C(7)-T1-C(7) 87 9(6) Centl-Tl--CentZ 138 6 
T1-C(7)_0 179 4<9) 

c(;?)--ctl)--cc2) 1080) C(5H(4)--c(5) 107(l) 

C<l)-C<2)--c<3> 10X1) Cf4)_c<5)-c(6) 108(l) 

C<2)-C(3)--c(3) 111(l) c(-0-c(6w(6)’ 109(l) 

L2 Cent1 IS the centrold of the cyciopentadiewl nng which contams C(l) C(2) and C(3) Cent2 15 that of 

C(4) C(5) and C(6) b Pruned atoms are related to those sren m Table 2 by (X f - 3 5) 
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T4BLE 4 

SLiIM4RY OF hIETAL-CARBOlr(C4RBONYL) BOSD LENGTHS ACROSS THE FIRST TRAYS!TION 
METAL SERIES 

veta 

WI) 

------_- --___ -- 

M-C(carbonjl) ’ R b S(TI-3%) 

(4) 
M-C R 

Compound Rsf 

T1 2 03 I 47 k+W%)~T~(COh Tlus work 
V 133 I 34 0 10 0 13 I ((C@jW ~~~lW<CO)tJ 45 
Cr I 86 1 28 0 17 0 19 (‘7’-CI3H9)CrfCO)2(xiO) 46 
vn 1 80 1 27 0 23 0 20 (CO)3\fnB9HI2 THF 47 
Fe 1 ii 1 26 0 26 0 31 C(rl’C,Hs)Pe(CO)~lz(SO~) 48 

Co 1 76 1 25 0 27 0 22 C~~(CO)+S$=&IOI-II~ 49 
x 1 1 80 1 24 0 23 0 23 SI~[(CF~:~PSP(CF~)~(CO)~ 50 

CU 1 76 1 28 0 27 0 19 ZHB(C~‘J~H~)JICU(CO) 51 
-- ---__ -- ------- --_---I__- 

a T\e M-C drstance IS the aberage from several recent detennmatlons and the conpound gwen IZ, an 

example of ox 1% hich possesses the ax erage dstance b Ref 24 

The nature of the mteractlon of the cyclopentadienyl group with early tran- 
sition metal atoms has recently been extensively mvestigated. The origmal model 
for the bonding m ($-CSHS)&1L2 complexes was supphed by Ballhausen and 
Gahl [25] m 1961 An alternative ez=zplanation was grven by Alcock [26] m 
1967, and features of both were mcorporated m the modification proposed by 
Green, Green and Prout [27] m 1972 Important experimental substantiation 
came m the form of a large body of structural data 1281 It tvas seen that the 
unportant parameter was the L-M-L bond angle metals with d2 electromc configu 
rations were found to exhrblt 7r alues from 76 + 82O, whereas d’ gave 85 + 88O, and 
do, 9; - 97” Lauher and Hoffmann 1291 have subsequently reported calculated 
values for the L--I&X--L angles of -85” ford’, and 110” for do 

The data given m Table 5 show additional variables supenmposed on this 
general trend_ Thus, the do complexes exhibit angles mamly m the range 86 -+ 
95”. and the d’ moieties, from 76 + 82” However, the diversity of hgand sys- 
tems employed causes noteworthy discrepancies The metallocychc rmg systems 
with First roll elements, esemphfied by ($-C,H,)zTl(blpy) [ 301, [ ($-CSHS)tT1 

DJIC]2[ZnzC1J - C6H6 [31], (Q’-C~H~)~T~(C~H~)$ [32], and ($-C5H5)2T1CgH4- 
(C6F5)* [33], show a narrow range of L-Tr-L angles (76-l-+ 80-3”) due to the 
constramts of the heteroatom nngs 

In assessmg the meaning of the L-TI-L bond angle, another unportant con- 
slderatron 1s the TI-L bond length For ($-CSHS)zT1C12 [ 343, the Tr-Cl distance 
1s 2 364(2) X, while m (r15-CSHs)zTi(CO)2, the T1-C separation IS 2 030(11) A 
This causes a comparatively greater sterm interaction between carbonyl carbon 
atoms, and may be the origin of the large C-Ti-C bond angle, 87 g(6)“. 

The one parameter which seems to be relatively unaffected by the chorce of 
the L group is the distance of the ttianmm atom to the center of the cyclo- 
pentadlenyl rmg For do the average of the erght determmatlons f32-391 grven 
m Table 5 IS 2 068(8) X, while for d' the average of the eight values [31,40- 
4411s 2.045(X1) 4_ Because of crystallographic problems there IS a large uncer- 
tamty assocrated with the 2 11 a dn&mce hsted for (~5-CSH,)zTl(bipy) [30]. 
The most accurate value for the d2 case 1s that grven for (+J’-C~H,)~T~(CO),, 
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TABLE 5 

COMPARlSON OF STRUCTURAL PROPERTIES OF COMPOUNDS OF THE GENERAL FORhfULA 

~+CSH~)~TIL~ 

Compound Ekctromr 

conflgwatlon 
of Wamum 

L-TX-L 

Angle co> 

Distance of Ref 
TI from 
cyclopentadlen,l 

nng centroid 

(A) 

~I~-C~H~)~-WCO)~ d= 87 9(6) 2 025 This wo 

tsS-CsH&Tl(b~Py) = dz 76 l(4) 2 11 30 
<~S6sHs)zT:1CdHa<CHa)23 d’ 

i 
2 030 40 

(+C~H&TNBH4) d1 2 03 42 
~~I~-CSH~)~TI DMEl2CZn2C161 C&H6 b 76 612) 2 04 31 

C<~5-CSHg)2~C!12ZnC12 2C6& 

;: 

82 09(6) 2 04 31 

t<r15-C~h-5)5T1C11~ d’ 78 42(7) 2 05 43 
<~5-CsH~)~T~(+C~Hj) dl 2 05 41 

[<r15-C~H4CH~)~TK11~ d’ 79 26(6) 2 06 43 

C(rlS-CsHs)2T~CI12MnCi~ - PTHF c d’ Sl31<6) 2 06 44 

ts5GsH5)2T:CgH4<C6F~,2 ’ ;: 78 3(4) 2 049 33 
<++.H,>~TI<NCO)~ 94 7(Z) 2 056 35 

<175-C5iW2T1C12 94 53(6) 2 059 34 

(CH2MsS-WW2T~C12 

;: 

93 69(5) 2 061 36 
0-i5-cjHslzT~Ss 94 6 2 064 37 

(+CSHS)Z~C~<C~H+X 

,“: 

80 3(Z) 2 065 32 
<1565Hg)2T1(C1)OCCo3(CO)g do 920 2 07 38 

<+CsH~)zT1<rl’-CgHg)2 do 86 3 2 078 39 
~- 

a Here and elsetrhere ln the manuscnpt blpy fi used as an abbrevlatlon for the bipynd,l llgand b DME 1s 

dnnethoxyethane c THF s tetrahydrofuran d TtCg IS the tltanamdene group 

i 

Fz. 2 Stereoscopic Mew of the umt cell pacInng for ($-C~H&TI(CO)~ 
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2.025 a. Although the- 1s a rather large spread m the values gwen in Table 5, 
the chfferences among the averages are undoubtedly real because of the large 
number of determmatlons mvolved Thus, mth the addltlon of d electrons there 
1s a decrease in the Tl-rmg center distance (or a decrease m the Ti-C($) bond 
length). Therefore, it appears that the d electrons reside m an orbital which is 
at le,ast shghtly bonding with respect to the trtanmm-cyclopentadlenyl mter- 
actlon. 

It 1s interesting to note that the cyclopentadlenyl nngs exist m an echpsed 
configuration (Fig. 1) A consequence of this 1s the abnormally high centrold- 
Tr-centrold angle, 138 6”. In molecules wth the staggered arrangement, the 
value ranges from 130.97” m ($‘-C5H,)2TE12 [34] up to 134 8(3)” m ($-C5Hs)z- 
T1C~(CgH5)1 1321. An echpsed configuration is also found m (CH,),(~5-C,H,),- 
TxCI~, but here apparently the constramt placed by the three-carbon atom bridge 
reduces the centrold-Tl-centrold angle to 132.64” 

The carbonyl group bonds to the tltamum atom m a stnctly linear fashlon- 
the Tr-C-0 angle IS 179.4(g)” The C-O bond length of 1 15(l) A is well wlthm 
accepted vaIues for the hgand [453. 

The umt cell pachng, shown m Fig. 2. IS typlcal of a molecular compound of 
this type 

Xcknowledgements 

The authors are grateful to the National Science Foundation for a grant to 
&I D R. m support of this research program, to the Research Grants Committee 
of the Umverslty of Alabama for a grant to 2 L A., and to the Deutsche Akade- 
mlscher Austauschdlenst, Bonn/Bad Godesberg, Germany, for a fellowship for 
H A. 

References 

1 L 0 Brockma, and P C Cross, J Chem Pnys 3 (1935) 828 
2 R Y G E\\ens and \I ‘V Llster Trans Farada> Sot 35 (1939) 681 
3 4-N Hanson Acta Cnstslogr 15 (1962) 930 
.I J Donahue ano I\ Caron Acra Cnstallogr li (196+.3 663 

5 Si I Da%ls and H P Hanson, J Phls Chem ,69 (1965) 3-105 
6 J Dononue and A Caron, J Phys Chem ,70 (1966) 603 

7 %I I Da%- and HP Hanson. 3 Phys Chem , il (1967) 775 
8 J Donohue md A Caron. J Phvs Chem i1<1967) 777 
9 B BeagIey, D \% J Cruckshnnk P JI Pmder A G Roblette and G 31 Sheldnck Acta Crystallogr B 

25 (1969) 73i 
10 J G \Iurrav .l Zrrer Chem Sot 81 (1559) 752 83 (1961) 128i 
11 G Fach.nettz and C Flonam J Chem Sot Chem Cowmun (1972) 634 

12 H %t and \f D Rausch, J Amer Chom Sot 96 (1974;) 5936 

13 P C Warres R S P Coutts and H \\eelgoid Organometalhc Chermsrry of Titanium, Zucon~um and 

Hafruum Academic Press hew York 1974 p 239ff 

14 K Sonogashua and N Hatiara Bull Chem. Sot Jap 39 (1966) 1178 
15 E 0 Fscherard R 4mtmann J 0rgzinometa.I Chem , 9 (196i) PlS. 
16 C .onzru,?c G Fachmettx J Chen Sot Chem Commun (lSi2) 750 
17 G FacLnettl ad C Ronaru J Chem Sot Chem Cornmu?, (19i4) 66 
18 J L Atnood K E Stone H-G Wt. D C Hmcz and \I D Rausch. J Organometal Chem 96 (1976) 

C4 
19 JL %tx%ooodnd K D Smith J Xmer Chem Sot .95 (1973) 1488 

20 Crvstallographx programs used on a UNIVAC 1110 lxxluae ORFLS (structure factor calculation and 



375 

least-squares refmement. by W R Busmg K 0 hfartrn and H A Levy), ORFFE (drstances and angles 

wth rsd’s. by W R. Busmg K 0 Marhn and HA Levy) ORTEP (thermal elhpsold drawmgs by C K 
Johnson), FOURIER (D J Hodgson’s \ersron of DeIIaca and Rohmson’s program) and BPL (least- 

squares planes. by W E Hunter) 
21 D T. Cramer and J T Waber. Acta CrystaBogr 18 (1965) 104 

22 “IntematrowI Tables for X-ray Crystallography.” Yol III, Kynoch Press, Bnmmgham England 
1962 p 202 

23 D T. Cramer end D Liierman, .I Chem PhJs 53 (1970) 1891 
24 L Pauhng The Nature of the Chemical Bond. Cornell Unwerstt~ Press Ithaca N Y 1960 p 403 
25 C BaIlhawn and J P. Dahl Acta Chem Stand 15 (1961) 1333 

26 Iv W AIcock, J Chem Sot A. (1967) 2001 
27 J C Green. %I L H Green and C K Prout Chem Commun (1972) 421 
28 K h-out T S Cameron R A Forder. S R Cntchles B Denton and G V Rees Acta Cnstahogr B 

30 (1974) 2290 
29 J W Lauher and R Hoffmann. personal commx.rncatmn 

30 A M McPherson and G D Stuck>, personal commumcatron 
31 D G Sekutonsh and G D Stucky personal commumcatmn 
32 .I L Atuood WE Hunter H 41t and M D Rausch J Amer Chew Sot 98 (1976) 2454 
33 J L Atwood, %I B HumphreJ and bl D Rausch unpubhshed results 

34 A Clearfreld D K Warner C II SPdarnaga-Molma R RopaI and I Bernal Can J Chem 53 (1975) 
1622 

35 S J Anderson D S Broxrn and A H Norbury J Chem Sot Chem Commun (1974) 996 
36 B R Dabrs and I Bernal J Organometal Cbem 30 (1971) 75 E F Epstem and I Bernal lnorg 

Chrm Acta 7 (1973) 211 
37 E F Epstemand I BernaI J Chem Sot Chem Commur (1970) 410 
38 G Schmrd V Batzcl and B Stutte J Organometal Chem 113 (1976) 67 
39 J L CaIderon F A Cotton, B G DeBoer and J Takats J 4mer Chem Sot 93 (1971) 3592 

40 G .I Oitbof and F \an Bolhurs J Organometal Chem 122 (1976) 47 
41 C R Lucas, M Green R 4 Forder and K Prout J Chem Sot Chem Commun (1973) 97 
42 K &I Helmed, D Coucou~ananls and S J Lrppard. Inorg Chem , 12 (1973) 232 

43 D G Sekutowskr R Jungst J Davis and G D Stucti personal commumcatron 
44 D G Sekutox%skr R Jungst and G D Stuck, personal commumcatron 
45 R D Wllsonand R Bau J Amer Chem Sot 96 (1974) 7601 
46 .I L Atuood and M Herberhold unpubhshed results 

47 J W Loth and D F Games Inorg Chem 13 (1974) 2261 
48 SI R Churchffl B G DeBoer and K L Kalra Inorg Chem 12 (1973) 1646 
49 F W B Emstem and R D G Jones Inorg Chem 11 (1972) 395 
50 H Emspabr and J Donahue. Inorg Chem 13 (1974) 1839 

51 \I R Churchill B G DeBoer F J Rotella 0 U 2 Salah and xl I Bruce inorg Chem 14 (1975) 
2051 


