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Abstract: The origin of the unusually 
large carbonyl 13C shifts and of unusual 
periodic trends in four-legged piano-stool 
complexes [M(qS-C,H,)(CO),]- (M = Ti, 
Zr, Hf) and in related species has been 
investigated by using a combination of ab 
initio effective-core potentials (ECPs) and 
density-functional theory (DFT). The 
ECP/SOS-DFPT(IGL0) calculations in- 
dicate a considerable reduction in the an- 
isotropy of the 13C(CO) chemical shift 
tensors compared to terminal carbonyl 
ligands in “normal” complexes. This is 
due to large paramagnetic contributions 
from metal d A 0  type (dZ2, dXy) orbitals to 
the parallel component, c3, ,  of the shield- 
ing tensors of the carbonyl carbon atoms. 
The neutral d4 Group 5 and 6 complexes 

[M(q5-C,H,)(CO),] (M = V, Nb, Ta) and 
[M(q5-C,H5)(CO),CH,] (M = Cr, Mo, 
W) exhibit successively smaller but still 
significant paramagnetic d-orbital contri- 
butions to c3,, consistent with the ob- 
served less dramatic deshielding. The 
three-legged d6 piano-stool complexes 
[M(r5-C,H,)(CO),] (M = Mn, Tc, Re) do 
not exhibit these reductions of the shield- 
ing anisotropy, but have carbonyl 13C 

shift tensors comparable to regular octa- 
hedral carbonyl complexes. The special 
situation for the four-legged complexes is 
related to the presence of high-lying occu- 
pied metal d orbitals, and particularly to 
the favorable spatial arrangement of these 
d orbitals with respect to the carbonyl lig- 
ands. Bent-sandwich d2 complexes like 
[Zr(q5-C,H,),(CO),] exhibit comparable 
deshielding contributions from an occu- 
pied metal d orbital. For similar reasons, 
the ”0 resonances for these piano-stool 
and bent-sandwich complexes are also 
predicted to be at unusually high frequen- 
cies, with low shift anisotropy. NMR 
shifts for the (q5-C,H,)-ligand atoms and 
the structures of the complexes are also 

Introduction 

Complementary to the 3(CO) vibrational frequencies, the I3C 
NMR chemical shifts are the most important experimental 
probes for the molecular and electronic structures in transition- 
metal carbonyl complexes. The 13C chemical shifts of terminal 
carbonyl groups in transition-metal complexes typically range 
from approximately 6 = 170 to 240 (vs. TMS).[1-41 However, 
during the last decade, several groups have prepared and char- 
acterized carbonyl complexes of the early transition metals 
with terminal carbonyl 13C resonances in the range of 6 = 260 
to 320 (cf. Table 1),[5-11] that is, with chemical shifts that are 
more characteristic for bridging rather than for terminal CO 
ligands. 

Most of these compounds are four-legged piano-stool d415 - 71 

or bent-sandwich d2 complexes[8.91 of the Group 4 metals Ti, 
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discussed. 

Zr, and Hf (Table 1). These complexes have very electron-rich 
metal centers and a high degree of M + CEO backbonding, as 
indicated by their relatively low carbonyl IR f req~encies .~~ - lo] 

Therefore, the large 6 3C(CO) has been related to backbond- 
ing.[5e,f3 71 However, there are several indications[5e,fl that this 

Table 1. Examples of unusually large 6(”CO terminal) in transition-metal carbonyl complex- 
es [a]. 

6(I3CO) Ref. 6(”CO) Ref. 

[TiCp(CO),I ~ 289 [5a,b,e,fl [Zr(qS-C,R,)(CO),(dmpe)CI] 279 
[ z rc~(co ) , l -  292 [5 a,b,e] [Hf(qS-C,R,)(CO),(drnpe)Cl] 283 
[H~CP(CO),I- 291 [ 5  d,e] [{HB(Pz),}Ti(CO),] ~ 286 
[T~(T’-C,M~,)(CO),]- 293 [5a,b,e,fl [Ti(trmpe)(CO),] 278 
[Zr(qS-C,Me,)(CO),]- 296 [5a,b,e] [Zr(trmpe)(CO),] 284 
[Hf(q5-C,Me,)(CO),]- 296 [5 d,e] [Hf(trmpe)(CO),] 282 
[Ti(Ind)(CO),]- 289 [5 g] [Ti(trimpsi)(CO),] 277 
[Ti($-C,R,)(CO),PR,]- 299-308 [5 f l  [ZrCp,(CO),] 265 
[Ti($-C,R,)(CO),(dmpe)]- 311 -320 [5Q [MCp,(CO)L] [b] 260- 

311 
[Ti(q5-C,R,)(CO),PR,H] 267-273 [ S f l  [V(CO),]’- 290 
[Ti(q’-C,R,)(CO),(dmpe)H] 267 [5c] [Ta(C0),l3- 293 
[Ti(q5-C,R,)(CO),(dmpe)I] 267,254 [5e] 

_ _ _ _ _ ~  ~ 

[a] In ppm vs. TMS. R = H, CH,; dmpe = 1,2-bis(dimethylphosphino)ethane; Ind = 

indenyl; Pz = pyrazolyl; trimpsi = tBuSi(CH,PMe,),; trmpe = 1,1,1-tris(dimethy1phosphi- 
nomethy1)ethane; Cp = qs-C,H,. [b] M =Ti,  Zr, Hf; L = PMe,, P(OMe),, CNR, ‘1,- 
Me,SiNtBu. 
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does not sufficiently explain the exceptionally large carbonyl 
13C NMR shifts: 

The trends in I3C(CO) chemical shifts are not always related 
to those of the IR frequencies. Thus, for example, the car- 
bony1 13C shifts in the half-sandwich carbonyl anions 
[FeCp(CO),]-, [CrCp(CO),]-, and [TiCp(CO),]- (Cp = q5-  
C,H,) span a very large range, while the IR-active S(C0) 
values for these three species are similar (cf. Table 2).[5f1 
There are a number of complexes closely related to those 
with the unusually high 13C shifts, such as [Hf(1,3,5- 
IBU,C,H,),(CO)][’~~ or the highly reduced carbonyl anions 
[M(CO),]2- (M = Ti, Zr, Hf),[I3l which exhibit much lower 
613C(CO) values (6x240-250). Note that the latter dian- 
ions have very low values for O(C0) (ca. 1750 cm-I), consis- 
tent with appreciable backbonding (Table 2). 

Table 2. Lack of correlation between shifts and IR frequencies 

compound 

[a] Y. Wielstra, S .  Gambarotta, J. B. Roedelof, M. Y Chiang, OrganometaNics 1988, 
7 ,  2177. [b] J. E. Ellis, E. A. Flom, J. Organornet. Chem. 1975, 99, 263. [c] G. M. 
Bodner, L. J. Todd, Inorg. Chem. 1974,13,1335. [d] P. Hackett, P. S .  ONeill, A. R. 
Manning, 1 Chem. SOC. Dalton Trans. 1974, 1625. [el Ref. [se]. [fl Ref. [13]. 

3) Normally, I3C shifts for terminal CO ligands decrease upon 
descending a given triad, for example, 6 = 212,204, and 192 
for Cr(CO),, Mo(CO), , and W(CO),, respectively.[’] How- 
ever, in cases where all Group 4 piano-stool complexes for a 
given set of ligands have been studied, namely, for [MCp- 
(CO)41-,[51 [M{C,(CH3)5}(CO),I-,[5’ and [M(trmpe)(CO),I 
(M = Ti, Zr, Hf),I6I 6 13C(CO) for the titanium complex is 
very similar to and even slightly smaller than that for the 
corresponding Zr and Hf analogues (cf. Table 1). 

These pecularities suggest that there is something special 
about the mechanisms determining 6 13C(CO) in the Group 4 
piano-stool d4 and bent-sandwich d2 carbonyl complexes. To 
increase our understanding of the unusual NMR features and 
the bonding in these compounds, as well as of the rules govern- 
ing NMR shifts in transition-metal carbonyl complexes in gen- 
eral, we have carried out ab initio calculations of the NMR 
chemical shift tensors for the ligands in [MCp(CO),]- (M = Ti, 
Zr, Hf), and in many related species. 

We have used quasirelativistic ab initio effective-core poten- 
tials (ECPs)[l4] for the metals together with sum-over-states 
density functional perturbation theory (SOS-DFPT) .[’ 51 This 
combination of methods has recently been shown to be the first 
approach that yields accurate isotropic shieldings and shielding 
tensors for ligand atoms in transition-metal complexes.[’ 6 -  I8I 

The calculated shielding tensors may then be analyzed in terms 
of contributions from localized molecular orbitals (LMOs), or 
be broken down into contributions from individual electronic 
excitations to the sum-over-states expression. We find that para- 
magnetic contributions from nonbonding metal d orbitals are 
responsible for the unusual deshielding in the four-legged com- 
plexes. This leads to a number of generalizations that should 
help in the prediction of shifts. 

Half-sandwich carbonyl complexes of the piano-stool type 
are important organometallic reagents. The bonding in this 
class of compounds has been studied extensively, usually at 
semiempirical levels of This previous work will be 
referred to in detail in our bonding interpretations (Section 5 ) .  

Computational Methods 

For consistency (experimental structures were not available for all species), all 
structures of the piano-stool complexes were fully optimized at the gradient-correct- 
ed density-functional theory (DFT) level, using the Becke-Perdew exchange-correla- 
tion functional combination [22] (experimental structures were only used for [Zr- 
Cp,(CO),] and for [M(CO),]2- (M = Ti, Zr, Hf); cf. Sections 7 and 8, respectively). 
The optimizations were carried out without any symmetry restrictions. Quasirela- 
tivistic energy-adjusted metal ECPs and (8s7p 6d)/[6s 5p3d] GTO valence basis sets 
[14] were used. For comparison, in the cases of [HfCp(CO),]- and [ReCp(CO),], 
nonrelativistic metal-ECP [I4 b] calculations were also carried out. In the optimiza- 
tions, ECPs were also used for C and 0, with (4s4p ld)/[2s 2p Id] valence bases [23] 
A (4s)/[2s] basis[24’ was employed for hydrogen. The ECPs have been transformed 
to nonlocal form [25] for technical reasons [26]. The transferability of this type of 
ab initio ECPs into DFT applications has been studied in detail and was found to 
be excellent [16-18,26,27]. Auxiliary basis sets [28] for the tit of the exchange-cor- 
relation potential and of the charge density were of the sizes 3,4 for the metals, 3,3 
for carbon and oxygen, and 4.0 for hydrogen (n,m stands for n s functions and m 
spd shells). A “FINE” integration grid [lS,28] was used throughout this study. 
For the chemical-shift calculations, the sum-over-states density-functional pertur- 
bation theory (SOS-DFPT) approach was used in its LOC 1 approximation [I51 
with individual gauges for localized orbitals (IGLO) [29]. The exchange-correlation 
functional of Perdew and Wang (1991) [30] was employed. The same metal ECPs 
and valence basis sets were used as for the structure optimizations (cf. above), but 
all electrons on the ligand atoms were included explicitly using IGLO-I1 basis sets 
[29]. We employed auxiliary bases of sizes 5,2 (0, C) and 5 , l  (H). 
The I3C and ‘H shifts are given with respect to TMS, and ”0  shifts with respect 
to H,OVaP. The structures of the reference molecules were optimized at the same 
computational levels as those of the complexes. The computed absolute shieldings 
of TMS are 187.5 (C) and 31.0 (H) ppm. The oxygen shielding of H,O is calculated 
to be 307.3 ppm. 
Most calculations were carried out with a modified version of the LCGTO-MCP- 
DFT program deMon [28]. NBO population analyses [31] were performed with the 
built-in NBO routines of the Gaussian92/DFT program [32]. These latter calcula- 
tions involve no fitting of charge density and exchange-correlation potential. They 
were based on the structures obtained with deMon. 

Results 

1. Structure Optimizations: A high accuracy of the optimized 
molecular structures is important for the chemical-shift calcula- 
tions, as shielding tensors are very sensitive to the structural 
parameters.r291 Apart from these considerations, the structures 
are interesting in their own right (not all of them are known 
experimentally) and will be discussed briefly before turning to 
the NMR results in the following section. 

Calculated and, where available, experimental bond lengths 
for the Group 4 [MCp(CO),]-, the Group 5 [MCp(CO),], and 
the Group7 [MCp(CO),] complexes are summarized in Ta- 
bles 3,4, and 5, respectively (the structures for Group 6 [MCp- 
(CO),CH,] species will be discussed in Section 6; see Fig. 1 for 
the atom labeling). Where experimental data are available (for 
the Ti,[’”] V,[33a1 Nb,[33b1 Mn,[33c1 and Re[33d1 complexes), the 
calculated distances from the metal to the cyclopentadienyl lig- 
ands are found to be slightly too long (by ca. 0.02-0.05 8, for 
the M . . . ring centroid separations). If we extrapolate the devi- 
ations from experiment to those complexes where no experimen- 
tal data are available, and keep in mind that the Group 4 species 
bear one negative charge (and the calculations on the free anions 
should thus exhibit an additional systematic error due to the 
neglect of solvation and counterion effects), we can expect that 
the calculated M-Cp separations for the Zr and Hf complexes 
are overestimated by approximately 0.06 A. 
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<C(O)-MC(O)U, 

' C(0) .... C ( 0 h  

<C(O)-M 

Fig. 1. Definition of internal coordinates and atom labels for piano-stool complex- 
es. Top: [MCp(CO),]; bottom: [MCp(CO),]. 

For all other bond lengths, the agreement with experiment is 
better than about 0.02A (one very short C - 0  bond length 
measured for the Nb complext33b1 is probably unreliable). The 
variation of the C-C distances within the Cp ligands is calculat- 
ed to be somewhat smaller than found in the experimental data. 
C - 0  bond lengths are very similar for all complexes (slightly 
greater in the Group 4 anions), as are the C-H bond lengths. 
Note that for the four-legged complexes the C-H bond that 
bisects a C(C0)-M-C(C0) angle (C,  -H, cf. Fig. 1 ,  top) is some- 
what longer than the other four C-H bonds and slightly bent 

Table 4. Calculated (experimental values in parentheses) bond lengths (A) and bond angles 
(") for [MCp(CO),] (M = V, Nb, Ta) [a]. 

M-Cp 1.932 (1.913) 2.137 (2.084) 

M-C,(Cp) 2.320 2.500 
M-C(C0) [c] 1.914 (1.940) 2.082 (2.096) 
c-0 [c] 1.162 (1.145) 1.161 (1.112 [d],1.145) 
C-H [b] 1.094 1.095 
C,-H 1.106 1.105 
C-C [el 1.422-1.428 (1.397- 1.432) 1.425-1.432 (1.390- 1.427) 

M-C(Cp) [b] 2.247-2.287 (2.226-2.321) 2.438-2.461 (2.377-2.408) 

C(C0)'. K(C0)  
cis [fl 2.360 2.523 
trans [g] 3.336 3.577 

C(C0)-M-C(C0) 
cis [fl 76.1 74.6 
trans [g] 121.2 117.8 

2.149 
2.438-2.470 
2.517 
2.098 
1.163 
1.095 
1.106 
1.423-1.433 

2.554 
3.615 

75.0 
118.9 

[a] Fully optimized structures, see computational details section. See Figure 1 (top) for 
internal coordinates and atom labeling. Experimental data from refs. [33a,b]. Cp = 11,- 
C,H,. [b] Range for carbon atoms 6-9. [c] Average for all carbonyl groups. [d] Value 
probably wrong, see text. [el Range for all C-C bonds. [fl Average for cis CO ligands. 
[g] Average for trunx CO ligands. 

Table 5. Calculated (experimental values in parentheses) bond lengths (A) and bond angles 
(") for three-legged piano-stool carbonyl complexes [a]. 

M-Cp 1.799 1.981 2.013 2.079 

M-C(Cp) [b] 2.170 2.324 2.355 2.408 

M-C(C0) [c] 1.786 1.917 1.932 1.976 

c-0 [c] 1.163 1.164 1.165 1.162 

C-H [b] 1.094 1.094 1.094 1.094 
C-C [d] 1.426-1.436 1.427-1.441 1.427- 1.441 1.427-1.436 

C(CO)...C(CO) [el 2.596 2.739 2.781 2.806 
C(C0)-M-C(C0) [el 93.3 91.4 92.1 90.5 

(1.775) (1.980) 

(2.149) (2.307) 

(1.808) (1.905) 

(1.148) (1.168) 

(1.424) (1.387- 1.443) 

Table 3. Calculated (experimental values in parentheses) bond lengths (A) and bond angles 
(") for [MCp(CO),]- (M = Ti, Zr, Hf) [a]. 

[a] Fully optimized structures, see computational details section; Cp = $-C,H,. See Fig- 
ure 1 (bottom) for internal coordinates and atom labeling. Experimental data from 
refs. [33c,d]. [b] Average for all Cp carbon atoms. [c] Average for all carbonyl groups. 
[d] Range for all C-C bonds. [el Average for all CO ligands. 

M-Cp 

M-Cs(Cp) 
M-C(CP) [dl 

M-C(C0) [el 
C - 0  [el 
C-H[d] 
C,-H 
c-c [fl 
c ( c o ) " ' c ( c o )  

cis kl 
Irans [h] 

cis [gl 
C(C0)-M-C(C0) 

trans [h] 

2.096 (2.049) 2.265 
2.403-2.422 (2.356) 2.536-2.582 
2.448 2.591 
1.994 (1.996) 2.184 
1.180 1.178 
1.095 1.095 
1.107 1.108 
1.417-1.427 1.419-1.430 

2.361 2.645 
3.339 3.374 

72.6 74.5 
113.7 117.8 

2.262 2.297 
2.530-2.585 2.563-2.616 
2.583 2.611 
2.182 2.214 
1.178 1.177 
1.096 1.096 
1.108 1.109 
1.419- 1.431 1.420- 1.430 

2.644 2.690 
3.738 3.804 

74.6 74.8 
117.8 118.4 

[a] Fully optimized structures; see computational details section. See Figure 1 (top) for 
internal coordinates and atom labeling. Experimental data for [TiCp(CO),] ~ from ref. [sa]. 
Cp = q5-C5H,. [b] Quasirelativistic Hf ECP. [c] Nonrelativistic Hf ECP. [d] Range for 
carbon atoms 6-9. [el Average for all carbonyl groups. [fl Range for all C-C bonds. 
[g] Average for cis CO ligands. [h] Average for trans CO ligands. 

(by ca. 4") towards the metal. This suggests agostic interactions 
which are, however, probably not very strong in view of the 
experimentally observed low barrier to rotation of the Cp ring 
relative to the M(CO), fragment (as indicated by averaged 
NMR signals and by disorder in the solid-state struc- 
t u r e ~ ' ~ ~  33a* bl). Average bond angles agree with experiment to an 
accuracy of better than about 3 "(only the calculated C(C0)-M- 
C(C0) angles are given in Tables 3-5). 

Metal-to-ligand bond lengths for the Zr and Hf complexes 
exhibit the expected similarities, as do those for the Nb and Ta 
species. The most significant structural feature that distinguish- 
es the four-legged from the three-legged piano-stool complexes 
are the small C-M-C angles for cis CO ligands (ca. 72-76' vs. ca. 
90-93" in the three-legged species). These small angles will be 
important in the interpretation of the chemical-shift tensors (see 
below). 

Comparison of quasirelativistic and nonrelativistic ECP re- 
sults for [ReCp(CO),] indicates that scalar relativistic effects 
contract the M-C(Cp) and M-C(C0) distances by approxi- 
mately 0.055 and 0.044 A, respectively. This is consistent with 
Re-L distances in other complexes.t34a1 As the relativistic con- 
traction for the Tc compounds is expected to be much smaller, 
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relativity accounts partially for the very similar Tc- L and Re- L 
distances (this also holds true for other 4d/5 d comparisons, to 
a varying degree[34b]). The corresponding relativistic contrac- 
tions of the metal-ligand distances for [HfCp(CO),]- are some- 
what smaller (ca. 0.03 A, see Table 3) than for the rhenium com- 
plex. 

2. Isotropic Chemical Shifts: Calculated isotropic carbon, oxy- 
gen, and hydrogen chemical shifts are summarized in Table 6. 
Where available, experimental data are given as well. The over- 
all agreement between calculated and experimental shifts is rea- 

Table 6. Calculated and experimental I3C, "0, and 'H isotropic chemical shifts (6) [a] for 
piano-stool carbonyl complexes 

6C(CO) 6 W P )  6 0  6H 
exp. calcd [b] exp. calcd [b] exp. calcd [b] exp. calcd [b] 

[TiCp(CO),]- [c] 289 275.3 93 96.5 474 5.05 5.4 

[HfCp(CO)J [c] 291 301.0 97 96.7 546 5.51 5.1 
[VCp(CO),] [d] 256.6 242.0 92.5 95.7 435 5.08 5.4 

[ZrCp(CO),]- [c] 292 298.8 98 95.2 541 5.55 5.7 

[NbCp(CO),] [el 251.0 250.3 94.7 97.9 469 5.9 
[TaCp(CO),I 253.6 91.2 416 5.9 
[MnCp(CO),] [fl 220-225 224.4 83.1 91.4 410 384 4.75 5.5 
[TCCP(C0)31 212.0 91.4 364 6.1 
[ReCp(CO),] [g] 195.0 208.0 84.5- 89.9 346 350 5.37 6.2 

85.9 

[a] Shifts referenced to TMS for carbon and hydrogen, and to H , W P  for oxygen, with 
positive sign-more deshielded convention. Experimental "0 data have been converted by 
adding the experimental gaslliquid shift (6 = 36) of water (R. E. Wasylishen, S. Mooibroek, 
J. B. Macdonald. J.  Chem. Phys. 1984,81. 1057). Cp = $-C,H,. [b] Average values for all 
C(C0). C(Cp), O(C0). and H(Cp) atoms. [c] Experimental data from ref. [5e]. 
[d] Experimental data from: D. Rehder, Inorg. Chim. Actu 1986, ill, L13 and A. N. Nes- 
meyanov, E. I .  Fedin, L. A. Fedorov, P. V. Petrovski, J.  Struct. Chem. 1972, 6 ,  964. 
[el Experimental data from D. Rehder, Chimiu 1986, 40, 186. [fl Experimental data from 
ref. [l]. [g] Experimental data from I. R. Lyatifov, G. I .  Gulieva, V. N. Babin, R. B. Ma- 
terikova, P. V. Petrovski, E. I. Fedin, J.  Orgunornet. Chem. 1987, 326, 93. 

sonable, and most of the periodic trends are reproduced faith- 
fully. In particular, the extreme deshielding in the 6 13C(CO) of 
the four-legged Group 4 piano-stool anions is reproduced by the 
calculations, as are the lower but still deshielded (ca. 6 = 250) 
values for the Group 5 analogues and the "normal" (ca. 
6 = 190-220) 13C(CO) shifts for the three-legged Group 7 com- 
plexes (see Fig. 2). It is gratifying to see that the calculations do 
describe these trends correctly. This permits the detailed analy- 
sis of factors which lead to the large deshielding (see below). 

270 :-1 
x 

I90 

MnCp(C0h ReCp(C0)J NbCp(CO), TiCp(C0); HfCp(C0h- 
TcCp(C0h VCp(CO), TsCp(CO), ZrCp(C0h- 

Fig. 2. Comparison of calculated (squares connected by lines) and experimental 
(crosses) isotropic "C(CO) NMR shifts in piano-stool carbonyl complexes (cf. 
Table 6). 

Some of the more subtle periodic trends observed within a 
given triad are not matched exactly by the calculations. This is 
only partly due to specific errors (electron correlation, neglect of 
spin-orbit coupling, and errors in the computed structures; see 
below) in the molecular calculations. A comparison with exper- 
imental solution data is also complicated by solvent and counte- 
rion effects, which are not taken into account in the present 
calculations on isolated molecules or anions. Additionally, the 
observed thermal averaging for similar atoms (for all carbonyl 
groups and for all carbon or hydrogen atoms in the cyclopenta- 
dienyl ligands) was simulated by simply taking the average of 
the calculated values for these groups of atoms. This is also a 
potential source of error, as is the neglect of rovibrational cor- 
rections. 

The calculations underestimate the I3C(CO) shifts for [TiCp- 
(C0)J and for [VCp(CO),] by approximately 12- 14 ppm, 
whereas those for the Hf and Re species are somewhat too large. 
This is consistent with our previous experience.[I6, la] Extension 
of the ligand basis sets from IGLO-I1 to IGLO-111 is expected 
to increase the 13C(CO) shifts by around 5-10ppm['63'81 and 
thus to bring the data for the Ti and V species into good agree- 
ment with experiment (the shifts for the Mn complex would thus 
come out somewhat too large). Basis-set extension would, how- 
ever, increase the errors for the 5d  complexes by a similar 
amount. We suspect that the overestimation of 6 13C(CO) for 
the 5 d carbonyl complexes is partly due to the neglect of spin- 
orbit coupling in the ''] The relatively large 
computed M-C(Cp) distances for the Zr and Hf complexes (cf. 
above) may also affect the shifts for these two species. Note that 
the influence of counterions is also nonnegligible for the 
Group 4 anions.'5'- 351 The difference between the calculated 
shift for the Ti anion and those of its Zr and Hf congeners is thus 
too large (the same holds for the difference between [VCp(CO),] 
and [NbCp(CO),J), and the shift for the Re complex is some- 
what too close to that calculated for its Mn analogue. Interest- 
ingly, theory and experiment agree, at least qualitatively, that 
the shifts decrease down the Group 7 triad (the typical "triad" 
effect". '9 ''I) but not down Group 4. 

The calculations predict that the "0 resonances for the 
Group 4 anions are also at unusually high frequencies, at 
around 6 = 500-550 (vs. H,OVaP). This is a range more typical 
for shifts of bridging than of terminal carbonyl  oxygen^.[^^] 
Resonances for the latter are expected[361 at around 6 = 
350-400, as calculated and observed for the three-legged 
Group 7 complexes (see Table 6). The four-legged Group 5 spe- 
cies are in an intermediate range of 6 = 430-480. Thus, the 
trends in the 13C(CO) shifts parallel those in the oxygen shifts. 
This is significant since substituents, which alter the degree of 
backbonding in transition-metal carbonyl complexes, usually 
influence the carbon and oxygen shifts in opposite ways.[36] 
Experimental oxygen shifts are available only for [MCp(CO),] 
(M = Mn, Re). For these two species, the calculated shifts agree 
well with experiment (Table 6). Calculations for M(CO), 
(M = Cr, Mo, W) at the same basis-set level give very similar 
accuracy." 'I 

The isotropic I3C shifts for the five cyclopentadienyl carbon 
atoms were averaged to allow comparison with the thermally 
averaged experimental data. As for the carbonyl carbon shifts, 
the calculations reproduce the general trends, but deviate from 
experiment in the more subtle details. Thus, the lower frequen- 
cies in the three-legged Group 7 species compared to the four- 
legged Group 4 and 5 species are predicted correctly by the 
calculations, whereas some of the smaller fluctuations in the 
experimental data within a given triad are not reproduced 
(Table 6). The calculated shifts for the five nonequivalent car- 
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bon atoms vary by approximately 2-7 ppm for the four-legged 
and by approximately 11 - 14 ppm for the three-legged complex- 
es. This is mainly due to the chemical inequivalence of the nuclei 
in the “clamped’ molecular structures employed for the calcula- 
tions, and to a smaller extent also to numerical (grid) reasons. 
Thus, we cannot expect better agreement of the averaged shifts 
with experiment. Low-temperature experiments might resolve 
the shifts for different carbon sites, provided that the rotation of 
the cyclopentadienyl ligands can be frozen out. 

The calculated ‘H shifts show differences of between 0.5 
(M = V) and 1.5 ppm (M = Mn) for nonequivalent atoms. 
Thus, there is some uncertainty connected with the averaged 
values. Moreover, the ‘H shifts are known to be very solvent 
dependent.r371 Thus, we should not expect the agreement be- 
tween theory and experiment to be very good. Where experi- 
mental data for Group 4 and 5 species is available, the calculat- 
ed ‘H shifts are found to be systematically overestimated by 
approximately 0.25-0.35 ppm. The deviations are larger (ca. 
0.75-0.8 ppm) for the Group 7 complexes. 

3. 13C(CO) Shielding Tensors: More information about the 
origin of the unusually large carbonyl 13C shifts, particularly for 
the Group 4 complexes, is provided by a detailed examination of 
the computed shielding tensors (cf. Table 7). The shielding an- 
isotropy [(gll + 0 ~ ~ ) / 2  - C T ~ ~ ]  is particularly striking: While the 
three-legged Group 7 complexes exhibit anisotropy values in the 
400-450 pprn range typical for terminal carbonyl ligands, the 
anisotropy for the four-legged Group 5 complexes is only 
around 320-370 ppm, and that for the Group 4 anions is only 
around 220-300 ppm. The latter results are close to values ob- 
served for bridging carbonyl groups.[381 Both with the Group 4 
anions and with the Group 5 molecules, the anisotropy for the 
4d and 5d species is calculated to be much smaller than that for 
the corresponding 3 d complex. Scalar relativistic effects reduce 
the shielding anisotropy for [HfCp(CO),]- and [ReCp(CO),] 
slightly (Table 7) but will be neglected in the following discus- 
sion. 

Table 7. Calculated absolute I3C(CO) shielding tensors (ppm) 

- 198.5 
-195.5 

-191.3 
- 196.0 
- 196.3 
- 183.0 
- 179.7 
- 177.5 
- 183.6 
-166.1 

~ 156.5 
-164.8 
-168.6 

-171.1 
- 179.5 

-176.5 
- 180.9 
- 182.0 
-171.1 
-167.0 
-165.1 
- 182.4 
-163.7 

- 155.7 
-164.5 
-165.5 

106.4 
41.0 

27.5 
46.8 
37.8 

192.5 
163.9 
148.0 
252.4 
256.4 

254.8 
257.1 
258.5 

-87.6 
-111.3 

-113.5 
-110.1 
-113.5 
-53.9 
-60.9 
- 64.9 
-37.9 
-24.5 

-19.1 
-24.1 
-25.2 

-291.2 
-228.5 

-211.4 
-235.3 
-227.0 
-369.6 
-337.3 
-319.9 
-435.4 
-421.3 

-410.9 
-421.8 
-425.6 

[a] Quasirelativistic ECP both in shift calculation and in structure optmization. 
[b] Nonrekdtivistic ECP in shift calculation at quasirelativistically optimized struc- 
ture. [c] Nonrelativistic ECP both in shift calculation and in structure optmization. 

The above results indicate remarkable deviations in the elec- 
tronic structure of the carbonyl moieties in the four-legged com- 
plexes from that typical for terminal carbonyl ligands. Inspec- 
tion of the individual shielding tensor elements (Table 7) 
indicates that the tensors still have approximately axial symme- 
try, with relatively unremarkable perpendicular components 

(02> is slightly less negative than oil). However, cr33r which is 
oriented roughly parallel to the M-C-0 direction, is consider- 
ably reduced compared to those for the three-legged Group 7 
complexes or for normal octahedrally coordinated spe- 
cies.[”, 391 For free CO (which for symmetry reasons has no 
paramagnetic contributions to a,,[401), C T ~ ~  is 274 ppm at this 
computational level.[’’1 This may be taken roughly as the “dia- 
magnetic limit”. Thus, there are appreciable paramagnetic con- 
tributions to the parallel tensor element in the four-legged car- 
bony1 complexes, particularly for the Group 4 species. 

Further information may be obtained by breaking the tensor 
elements down into contributions from the individual localized 
molecular orbitals (LMOs) employed in the IGLO proce- 
d~re.[~’] Results for two four-legged complexes (M = Ti, Zr), 
and for comparison for two three-legged complexes (M = Mn, 
Tc), are shown in Table 8. Contributions from predominantly 
ligand-centered orbitals (the carbon 1 s AO, the C(C0)-M 
o-bonding LMO, the oxygen lone-pair, and the three C - 0  
bonding LMOs) are listed separately from those with mainly 
metal (n - 1)p and (n - 1)d character. Among the first set of 
LMOs, the contributions from the C - 0  triple-bonding orbitals 
to c33 are somewhat larger (i.e., more diamagnetic) in the four- 
legged species than in the three-legged (or other “normal”) sys- 
tems.“’] The contributions from the oxygen lone pair and from 
the C-M bond do not differ very much in the four complexes 
(except for the slight metal-dependent variations in the o-C-M 
LMO contributions“’]). Strikingly large paramagnetic contri- 
butions to (r33 in the four-legged Group 4 anions come from the 
two LMOs resembling metal d orbitals (dz2 and dxy[191). With- 
out these contributions, the 3C(CO) shielding tensors for 
[TiCp(CO),]- and [ZrCp(CO),]- would look very much like 
those for “normal” terminal carbonyl groups, with an an- 
isotropy of approximately 450 ppm and C T ~ ~  elements close to 
the above-mentioned “diamagnetic limit” of around 270- 
280 ppm (cf. rows “C excluding p,d(M)” in Table 8). These 
metal-centered LMOs contribute a smaller yet significant share 
to cIl and C T ~ ~  elements. The slightly larger d,, LMO contribu- 
tion to 6, I compared to the d,, LMO contribution to G~~ partly 
accounts for the deviation of the shielding tensors from axial 
symmetry. Overall, the metal d-orbital contributions account 
for a dramatic decrease of the isotropic I3C shielding by ca. 125 
and ca. 90 ppm for the Zr and Ti complexes, respectively (there 
are also smaller, nonnegligible contributions from metal semi- 
core (n - 1)p orbitals, see Table 8). 

The contributions from LMOs resembling metal d orbitals 
(ca. - 20 to - 30 pprn for gav) are much smaller in the three- 
legged Group 7 complexes. They are similar for all three tensor 
components and thus do not affect the shift anisotropy very 
much (Table 8). The analysis for [MnCp(CO),] and [TcCp- 
(CO),] therefore gives very similar results to those found for the 
Group 6 hexacarbonyl compounds,[”] albeit with slightly larger 
contributions from metal-centered orbitals. We have not given 
detailed analyses for the Hf and Re systems, as the results are 
very similar to those for the Zr and Tc species, respectively. The 
Group 5 compounds show similar contributions from metal d 
orbitals to the Group 4 anions, but on a smaller scale (ca. -60 
to -95 ppm for L T ~ ~ ;  ca. - 30 to - 50 ppm for oaJ. 

A similar decomposition into contributions from canonical 
Kohn-Sham (KS) orbitals instead of localized MOs can also be 
achieved by performing calculations with a common gauge ori- 
gin (e.g., at the nucleus of interest”’]). We will not give the results 
for this type of analysis (which depends on whether the shifts 
obtained with common gauge origin exhibit the correct trends) 
in detail, but would like to point out that the two highest occu- 
pied canonical MOs in the four-legged complexes are related to 
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Table 8. LMO decomposition of carbon shielding tensors [a] 

LMO [TiCP(CO),l [ z r c ~ ( c o ) J  

MC, )  200.0 200.0 200.0 200.0 200.0 200.0 200.0 200.0 
Bd( M -Cl) - 209.0 - 180.4 23.0 -122.1 -198.5 - 179.8 22.6 -118.5 
L W , )  - 53.0 -55.3 3.2 -35.0 -54.3 - 55.9 3.2 -35.7 

4 1 1  4 2 2  4 3 3  ua“ 4 1  I 4 2 2  4 3 3  

3 x Bd(C,=O,) -83.6 -96.6 80.6 -33.2 -87.4 -96.6 90.8 -31.1 

excluding p,d(M) [b] - 143.1 -129.8 309.3 12.2 - 137.7 - 129.8 319.2 17.2 

d,,(M) [cl -54.1 2.5 - 121.0 -57.5 - 56.4 0.9 - 148.2 -61.9 
dAM) [cl 2.6 -30.5 -71.7 -33.2 2.9 -39.1 - 110.0 -48.7 

- 5.4 -6.1 0.1 - 3.8 - 5.9 -8.0 - 10.1 -8.0 X n  - 1 ) ~  [dl 

X [el -200.0 -163.9 116.7 -82.3 -197.1 - 176.0 50.9 - 107.4 
total [fj -199.8 -173.0 110.2 -87.5 - 197.9 - 182.6 42.8 -112.6 

- ~- ~ ~~ - 

-~ -~ ~~~~ ~~~ 

~ ~. 

LMO 

W d  200.0 200.0 200.0 200.0 200.0 200.0 200.0 200.0 
Bd(M -Cl) -201.6 -204.8 23.1 -127.8 - 192.1 - 189.3 22.8 -119.1 
L W l )  - 55.2 -52.4 3.3 -34.8 -49.6 - 52.8 3.4 -33.0 
3 x Bd(C,=O,) -88.0 - 86.5 49.2 -41.8 -83.1 -88.3 50.2 -40.4 

1 excluding p,d(M) [b] -144.8 - 143.7 275.6 -4.4 - 125.4 - 130.4 276.4 6.9 

X(a - l)d(M) [cl -33.6 - 34.0 -21.2 -31.5 - 33.7 -23.1 -14.8 -23.8 
Z n  - l)p(M) [dl - 4.0 -9.1 -0.5 -4.8 -9.7 - 10.4 - 7.0 -8.7 

.. ____ . .~ ~~ ~ ~ ~~~~ ~ ~. 

X [el 
total [fl 

-182.4 -187.3 247.8 -40.7 - 167.8 - 163.9 254.6 -25.6 
-183.6 - 182.4 252.4 - 37.9 -166.1 -163.7 256.4 -24.5 

[a] Absolute shieldings in ppm. Only LMOs with at least one individual contribution > 3 ppm have been included. [b] All contributions except LMOs resembling metal 
(n- l)p and d AOs. [c] Contributions from LMOs resembling metal d AOs. [d] Sum of contributions from LMOs resembling (n - 1)p AOs. [el Sum of all listed contributions. 
[fj Sum of all contributions. 

the metal dXy- and d,,-like LMOs discussed above. Their contri- 
butions to the shielding tensors behave very similar to those of 
the corresponding LMOs. Further decomposition into individu- 
al electronic “excitations” (i.e., occupied-virtual KS orbital 
combinations)[’*] shows that many different transitions con- 
tribute. The overall trend in the energy separation of these 
two highest occupied MOs from the virtual MO manifold is 
[HfCp(CO),]- x [ZrCp(CO),] - > [TiCp(CO),] - & [TaCp(CO),] 
z [NbCp(CO),] > WCp(CO),], consistent with the shielding 
trends. 

4. “0 Shielding Tensors: In view of the unusually large 
isotropic oxygen shifts found in the calculations for the four- 
legged carbonyl complexes (Section 2, Table 6), it is interesting 
to have a closer look at the oxygen shielding tensors as well 
(Table 9). In a similar manner as discussed above for the 
13C(CO) tensors, the shielding anisotropy gives the clearest indi- 
cation for unusual ”0 shielding tensors in the four-legged spe- 
cies, particularly for the Group 4 anions. Thus, while the 
three-legged Group 7 carbonyls exhibit “normal”[’8. 36, 391 an- 

Table 9. Calculated absolute oxygen shielding tensors (ppm). 

-268 -264 t 3 1  
-296 -289 -123 
-285 -275 -154 
-304 -291 +189 
-311 -295 t 9 2  

-330 -280 +360 
-291 -244 +345 

-302 -280 f49  

-261 -216 +329 

- 167 
- 236 
- 238 
- 135 
-171 
-177 
- 83 
- 63 
- 50 

- 297 
-169 
- 126 
-486 
- 394 
- 340 
- 665 
-613 
- 507 

isotropy values for terminal carbonyl ligands of around - 500 
to - 600 ppm, those for [MCp(CO),] (M = Nb, Ta) are around 
- 350 to -400 ppm, and those for [MCp(CO),]- (M = Zr, Hf) 
are only around - 125 to - 170 ppm. This means, the reduction 
in the anisotropy of the oxygen shielding tensors is even more 
dramatic than for the carbon shielding tensors (cf. above). The 
Ti and V complexes have a more negative anisotropy than their 
heavier congeners, but still much less so than the “normal” 
Group 7 complexes. No carbonyl oxygen shift tensors for bridg- 
ing ligands have been determined experimentally yet. Our own 
preliminary computational results indicate that a similar reduc- 
tion in the shielding anisotropy as found here for the Group 4 
piano-stool carbonyl complexes also takes place for bridging as 
compared to “normal” terminal carbonyl o~ygen.[~’’ 

As for the carbon shielding tensors (see above), the low c33 
elements (Table 9) account for the small anisotropy of the oxy- 
gen shielding tensors, and for the unusually large isotropic shifts 
(cf. Table 6), whereas the ell and c22 elements are comparable 
for the three-legged d6 and four-legged d4 systems (the “diamag- 
netic limit” 033 value for free CO is ca. 41 5 ppm at this level[’81). 
An LMO decomposition of the shielding tensors for the Ti, Zr, 
Mn, and Tc species (Table 10) reveals a similar but not identical 
situation as for the ”C(CO) tensors. In addition to large contri- 
butions from the metal d type LMOs for the former two sys- 
tems, considerable paramagnetic parts of 033 are also due to the 
CEO bonds. This suggests a significant distortion of the C - 0  
bond compared to “normal” bonding situations (see below). 
A similar situation with respect to LMO contributions from the 
C - 0 bonds holds in bridging carbonyl ligands, that is, more 
positive contributions to c33 of the carbon shielding tensors 
(as in Table 8) but significant negative contributions to the oxy- 
gen 033 (Table The decomposition into LMO contribu- 
tions may have reached the limit of its usefulness in this 
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Table 10. LMO decomposition of oxygen shielding tensors [a]. 

LMO 

270.1 270.1 270.1 270.1 

-150.1 -129.6 27.5 -84.1 
-116.3 - 120.7 1.9 - 78.4 

-232.3 -235.3 -69.0 -164.8 

270.1 270.1 270.1 270.1 
-119.6 - 120.8 -1.2 -80.5 
-161.8 - 132.2 23.0 -90.3 
-237.5 -238.8 - 109.0 - 195.2 

x excluding p,d(M) [b] -228.6 -215.5 230.3 -71.4 -248.8 -221.7 183.0 -95.9 

-8.2 -39.1 - 119.3 -55.6 
- 18.2 -4.5 -69.6 - 30.7 

-6.0 -3.0 -3.7 -4.2 

-2.3 -53.3 -174.1 -76.5 
-32.0 -11.5 -119.2 -54.2 
-5.7 -5.0 -13.4 - 8.0 

-261.0 -262.1 36.7 -161.9 -288.8 -291.5 -123.8 -234.6 
-268.2 - 264.0 31.3 - 167.0 - 296.4 -289.1 - 123.1 -236.2 

LMO [MnCp(W31 [TCCP(C0)31 
0 1 1  0 2 2  0 3 3  a&" 0 I I  0 2 2  0 3 3  Fa" 

ls(0,) 270.1 270.1 270.1 270.1 270.1 270.1 270.1 270.1 

L W , )  -170.7 - 152.0 34.7 -96.0 -158.7 - 137.5 34.6 -87.2 
3 x Bd(C,=O,) -268.0 -246.3 74.0 -146.8 -254.5 - 236.9 61.6 -141.3 

Bd(M -C,) -118.1 -118.4 2.9 -77.8 -112.2 -111.4 2.9 -73.5 

x excluding p,d(M) [b] - 286.7 - 246.6 381.8 -50.5 -255.3 -215.7 375.2 -31.9 

X(n-l)d(M) [cl -33.7 -29.1 -20.5 -27.6 -22.8 -24.6 -22.1 -23.1 
D- ~)P(M) [dl -6.1 -5.4 - 2.4 -4.6 - 10.4 -6.4 - 8.9 -8.6 

X [el -328.0 -281.1 359.5 -82.7 -288.5 -246.7 344.2 -63.6 
total [fj - 330.0 -279.9 359.6 -83.4 -291.2 -244.1 345.0 -63.4 

[a] Absolute shieldings in ppm. Only LMOs with at least one individual contribution > 5 ppm have been included. [b] All contributions except LMOs resembling metal 
(n-1)p and d AOs. [c] LMOs resembling metal d AOs. [d] LMOs resembling metal (n- l)p AOs. [el Sum of all listed contributions. [fl Sum of all contributions. 

context, as the metal d orbitals and the M-C and C - 0  anti- 
bonding orbitals mix extensively (i.e., the corresponding LMOs 
have significant tails at other centers; see below). 

5. Bonding Analyses: The results obtained above from LMO 
decomposition of the carbonyl shielding tensors fit nicely with 
previous qualitative MO pictures (based on extended Huckel 
calculations) for four-legged piano-stool carbonyl complex- 
es.[19-21] The work of Kubaeek, Hoffmann, and Havlas["] is 
fundamental in this respect. In particular, the dxy- and d,,-like 
orbitals, which are so important for the unusually large 
NMR shifts of the carbonyl ligands, also feature as the two 
highest occupied MOs in extended Huckel calculations (cf. 
Fig. 3).  Delocalization of these orbitals through backbonding 
into the carbonyl n-antibonding MOs has been discussed in 
detail." 91 

As a further illustration, natural bond orbital (NBO)[311 
analyses have been carried out, based on the Kohn-Sham calcu- 

Fig. 3. Schematic picture of occupied metal d orbitals in d4 [MCp(CO),]. a) (s)d,,: 
b) d,, (cf. refs. [19,20]). 

Table 11. Results of NBO analyses for four-legged piano-stool complexes [MCp- 
(CO),]- (M = Ti, Zr, Hf) and [MCp(CO),] (M = V, Nb, Ta) [a]. 

Nb Ta Ti Zr Hf V 

-0.697 
0.365 
0.017 
4.364 

+0.007 
+0.518 
-0.511 
-0.667 
-0.333 

-0.157 
0.357 
0.018 
3.836 

-0.100 
+ 0.404 
-0.504 
-0.552 
-0.448 

+0.151 
0.391 
0.014 
3.464 

-0.160 
+0.345 
-0.505 
-0.486 
-0.514 

-0.909 
0.381 
0.015 
5.555 

+0.210 
+ 0.636 
-0.426 
-0.068 
+0.068 

-0.398 
0.370 
0.015 
5.065 

+0.121 
+0.540 
-0.419 
+0.088 
-0.088 

-0.103 
0.422 
0.012 
4.693 

f0.061 
+0.478 
-0.417 
+0.143 
-0.143 

NBO [sdz4M)1 [cl 
% S  29 18 14 45 29 22 
Yo d 71 82 86 55 71 78 

NLMO Idr,.(M)l [dl 
% M 48.9 48.0 43.8 64.5 61.6 56.9 
% C [b] 9.4 9.4 10.1 6.3 6.7 7.5 
% O  3.0 3.1 3.3 2.1 2.3 2.7 
NLMO [sd,,(M)] [d] 
Yo M 47.2 46.8 42.9 60.2 57.7 53.8 
% C [b] 9.8 9.9 10.6 7.0 7.8 8.5 
% 0 3.0 3.2 3.5 2.2 2.4 2.8 
NLMO [d] (Bd M-CO [el) 
Yo M 28.4 22.7 21.2 35.1 30.0 28.6 
% C [b] 67.9 75.6 71.1 61.3 67.9 69.4 

[a] Based on KS calculations (Becke-Perdew functionals) with quasirelativistic ECPs 
and basis sets as employed for the structure optimizations (see computational details 
section). Q(X) = partial charge; s,p,d(X) = metal valence populations. [b] Carbonyl 
carbon. [c] Metal contributions to natural bond orbital. [d] Composition of natural 
localized MO. [el M-C o bond. 
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lations. Table 11 summarizes partial charges, metal valence 
populations, and compositions of natural localized orbitals 
(NLMOs) and NBOs for the four-legged piano-stool complexes 
considered. The NPA on the carbonyl ligands, 
Q(CO), are very instructive. They vary from appreciably 
negative to appreciably positive along the series [HfCp- 
(CO),]- < [ZrCp(CO),]- < [TiCp(CO),]- < [TaCp(CO),] < 
[NbCp(CO),] < [VCp(CO),]; this is consistent with the expected 
decrease in the backbonding properties of the metal centers. The 
metal d population increases considerably along the same series. 
These changes within the M(CO), fragment obviously influence 
the charges on the cyclopentadienyl ligands as well. The change 
in total charge from the Group 4 anions to the Group 5 neutral 
systems has to be kept in mind, however. 

The strictly localized natural bond orbital (NBO) with pre- 
dominantly metal d,, character (see Fig. 3 a) has some s contri- 
butions as well (Table 11). These decrease down a given triad 
and are larger for the Group 5 than for the Group 4 complexes. 
NLMOs may be constructed from this NBO and from the one 
corresponding to the metal d,, orbital (Fig. 3 b) by allowing 
delocalization tails on other centers to be formed. The coeffi- 
cients of these NLMOs on the carbonyl carbon and oxygen 
atoms are appreciable and decrease along the series [HfCp- 
(CO),]- > [ZrCp(CO),]- > [TiCp(CO),]- > [TaCp(CO),] > 
[NbCp(CO),] > [vCp(CO),] (Table 11). This further corrobo- 
rates the backbonding trends discussed above. 

6. The Complexes (MCp(CO),CH,] (M = Cr, Mo, W): 
Mann14’] found that WCp(CO),CH,] does not follow the cor- 
relation (6 13C is much too high) between I3C(CO) shifts and 
CO stretching force constants that holds for a series of 
[W(CO),L,-,] d6 complexes. The carbonyl shifts for this four- 
legged piano-stool d4 complex (see Fig. 4) are not as dramatical- 

Fig. 4. Definition of internal coordinates and atom labels for 
(M = Cr, Mo, W). 

ly large as for some complexes discussed above. Never- 
theless, Mann’s findingst421 suggest that metal d-orbital contri- 
butions may also strongly influence the shielding tensors in 
Group 6 d4 species. To verify this hypothesis, ECP/SOS-DF- 
PT(IGL0) calculations were carried out on [MCp(CO),CH,] 
(M = Cr, Mo, W). The presence of a methyl group instead of 
one CO “leg” in the piano stool gives rise to two different CO 
environments, with two CO groups “cis” and the third “diago- 
nal” to the methyl group (see Fig. 4). It is interesting to see how 
the calculations reproduce the differences in shielding between 
the different ligand nuclei. 

Results of the structure optimizations are given in Table 12. 
No experimental structures are known for these species, but the 
calculations are in good agreement with the structural parame- 
ters found for related, substituted complexes.120* 431 In particu- 

Table 12. Calculated bond lengths (A) and bond angles (“) for [MCp(CO),CH,] 
(M = Cr, Mo, W) [a]. 

~ 

M = Cr M = M o  M = W  

M-Cp 1.861 2.045 2.061 
M-C(CP) [bl 2.194-2.258 
M-C(C0) 

2.369-2.424 2.355-2.406 

cis [c] 1.827 1.978 2.003 
diag. [d] 1.823 1.982 2.013 

M-C(CHJ 2.250 2.339 2.345 
c-0 

cis [c] 1.162 1.162 1.164 
diag. [d] 1.163 1.162 1.163 

C(CH,)-M-Cp 112.0 109.3 107.4 
C(C0)-M-Cp 

cis [c] 124.7 126.5 125.7 
diag. [d] 118.6 114.7 114.7 

[a] Fully optimized structures, see computational details section. See Figure 4 for a 
definition of the internal coordinates. Cp = ~I’-C,H,. [b] Range for all C(Cp). 
[c] Average value for carbonyl ligands cis to the methyl group. [d] Carbonyl ligand 
“diagonal” to the methyl group. 

lar, the angles between the methyl group or the “diagonal” CO 
ligand and the Cp ring midpoint (Fig. 4) are smaller than those 
for the “cis” CO ligands, in agreement with experience and with 
arguments based on 0- and x-bonding contributions.[201 This 
leads to angles between cis and “diagonal” CO ligands of rough- 
ly 80°, and between cis CO ligands and the CH, group of around 
12”. 

Table 13 gives the 13C0 shielding tensors and compares ex- 
perimental and calculated chemical shifts for the Mo and W 
complexes. Agreement with experiment is good, comparable to 
our results for Mo(CO), and W(CO)6r’81 (the shifts for the 

Table 13. Calculated absolute I3CO shielding tensors (ppm) in [MCp(CO),CH,] 
(M = Cr, Mo, W) and comparison of calculated and experimental isotropic shifts. 

Cr cis[b] -186.2 -168.8 239.0 -38.7 -416.5 226.2 
diag. -179.0 -170.9 216.4 -44.5 -391.4 232.0 

Mo cis [b] -176.9 -161.0 230.2 -35.9 -399.2 223.4 226.1 [c] 
diag. -172.1 -170.6 197.2 -48.5 -368.6 236.0 239.2 [c] 

W cis[b] -173.2 -155.4 216.1 -37.5 -380.4 225.0 215.5[c] 
diag. -168.4 -169.2 184.1 -49.2 -349.9 236.7 228.6 [c] 

[a] Versus TMS. [b] Average value for both cis CO ligands. [c] L. J. Todd. J. R. 
Wilkinson, J. Organomer. Chem. 1978, 154, 151. 

tungsten complex are ca. 8-l0ppm too large). The larger 
deshielding found for the “diagonal” CO ligand is also repro- 
duced faithfully by the calculations. The absolute shielding an- 
isotropy for these more deshielded “diagonal” CO carbon nu- 
clei is consistently smaller than for the less deshielded “cis” 
ligands. For the Mo and W complexes, the anisotropy values are 
considerably reduced compared to the typical value of around 
400 ppm for terminal carbonyl complexes, but not to the same 
extent as for the Group 4 anions (cf. Table 7). As expected from 
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the previous discussion, the reduced anisotropy is due to low 03, 
values (Table 13). Similar trends are again found for the oxygen 
shielding tensors: the “diagonal” CO ligands exhibit lower CJ~~, 
and thus larger isotropic shifts and a lower absolute anisotropy 
(Table 14). 

Table 14. Calculated absolute oxygen shielding tensors (pprn) in [MCp(CO),CH,] 
(M = Cr, Mo, W). 

Cr cis [a] -291.8 -248.0 287.5 -84.1 - 557.4 
diag. -305.3 -268.5 271.8 -100.6 -558.7 

Mo cis [a] -268.2 -254.1 253.4 -89.6 -514.6 
diag. -326.6 -243.9 197.7 -124.3 -483.0 

W cis [a] -251.1 -242.8 219.1 -91.6 -466.1 
diag. -319.0 -220.1 162.9 -125.4 -432.5 

[a] Average value for both cis CO ligands. 

LMO decomposition of the shielding tensors shows very sim- 
ilar trends in deshielding d-orbital contributions (mainly to 033) 

as discussed above for the Group 4 and Group 5 species, but on 
a much smaller scale. There are nonnegligible (n - 1)p-orbital 
contributions suggesting that these semi-core orbitals are also 
polarized. Both (n - 1)d- and (n - 1)p-orbital contributions are 
larger for the “diagonal” than for the ‘‘cis” ligands. As a result 
of less deshielded u1 and ozz but more deshielded 033 compared 
to [MCp(CO),] (M = Mn, Tc, Re), the isotropic shifts for the 
Group 6 d4 species are only slightly larger than for the Group 7 
d6 ones (cf. Tables 6 and 13). Only the shielding tensor elements 
and the small anisotropy in this case reveal the peculiar electron- 
ic structure of the four-legged piano-stool complexes. 

The methyl groups exhibit decreasing 13C shifts down the 
group (6g?cd = + 5.5, -2.5, and -4.2 for [CrCp(CO),CH,], 
[MoCp(CO),CH,], and [WCp(CO),CH,], respectively). The 
calculated values are larger than the measured ones, which are 
-22.1 and -34.6 for M = Mo, W, respectively.[44] 

7. Bent-Sandwich Complex [ZrCp,(CO),] : Since some bent- 
sandwich d2 carbonyl complexes of Ti, Zr, and Hf also exhibit 
unusually large terminal 13C(CO) shifts (see Table l ) ,  one of the 
simplest of these, [ZrCp,(CO),], was also included in our inves- 
tigation. In this case, the structural parameters obtained from 
X-ray diffraction were used.[45] 

The carbonyl carbon and oxygen shielding tensors, and the 
corresponding contributions from the single metal d orbital type 
LMO (see Fig. 5 )  are given in Table 15. The calculated isotropic 
13C(CO) shift of 6 = 263 agrees well with the experimental val- 
uel8] of 265. The absolute values for the anisotropy of both 
carbon and oxygen shielding tensors are very low. The low 033 

of around 120 ppm for the carbon shielding is similar to the 

Table 15. Calculated absolute carbonyl carbon and oxygen shielding tensors (ppm) 
in [ZrCp,(CO),]. 

011  a 2 2  0 3 3  ( 0 1 1  f 0,,)/2-0,3 

I T  total -196.5 -151.4 120.6 -75.8 -294.6 
“dYi” [a] -53.8 -2.0 -172.0 -75.9 

”0  total -341.1 -260.0 39.1 -187.3 -339.6 
“d,,” [a] -7.3 -43.2 - 184.4 -78.3 

- ~ 

[a] Contribution from the LMO resembling the metal d A 0  (cf Fig 5) 

Fig. 5. Schematic picture of occupied metal d orbital in d‘ [MCp,(CO),] (cf. 
ref. [46]). 

results for [TiCp(CO)J or for [TaCp(CO),] (cf. Table 7), that 
is, much lower than the “diamagnetic limit” of around 270- 
280 ppm expected for a terminal carbonyl groupt18,38,391 (see 
above). The low 033 for the oxygen shielding also compares well 
to those for the above two complexes (cf. Table 9). 

One occupied d orbital has to be considered for this d2 com- 
plex. It may be identified with the orbital shown schematically 
in Figure 5 ,  in agreement with the results of previous MO stud- 
i e ~ . [ ~ ~ ]  In the axis system shown, it is best described as a d,,, 
orbital.[46] The overlap with the C - 0  antibonding orbitals and 
the small angles to the M-C-0 axes are apparent in Figure 5,  in 
a similar manner to that discussed for the d orbitals in the 
four-legged piano-stool complexes (see above and Fig. 3). There 
is only one instead of two occupied d orbitals as in the piano- 
stool d4 examples described above. However, the paramagnetic 
contributions from this orbital to the carbon and oxygen shield- 
ings (particularly to 033) are very large (Table 1 9 ,  placing the 
shielding tensors for this sandwich complex between those of the 
Group 4 and Group 5 piano-stool complexes (cf. Tables 7 and 
14). Substitution of one CO ligand by a stronger donor but 
weaker acceptor ligand like P(OMe)319a] or PMe,[””] obviously 
expands and polarizes this d orbital and thereby increases its 
influence even more (Table 1). 

8. The Anions [M(CO),lz- (M = Ti, Zr, Hf): The octahedral 
anions [M(C0),l2- (M = Ti, Zr, Hf) have even more reduced 
metal centers than the monoanions [MCP(CO)~]-. Neverthe- 
less, Ellis et al. found their 13C resonances to be rather unre- 
markable, in the 6 = 240-250 range.[131 Table 16 shows the 
computational results for the carbon and oxygen shielding ten- 
sors in the isolated dianions (using the experimental struc- 
ture~[’~]).  The calculated isotropic carbon shifts (6 = 227, 219, 
and 210 for M = Ti, Zr, Hf, respectively) are even lower than 
the experimental values, increasingly so for the heavier metals. 
The calculations suggest the presence of the typical “triad ef- 
fect”, that is, a decrease of the 13C shift from Ti to Hf; this shift 
is absent in the experimental data.[131 Possibly, solvent or coun- 
terion effects for these highly charged anions account for the 
discrepancies between calculation and experiment. In any case, 
the calculations confirm that these species have shifts in a “nor- 
mal” range, in contrast to the four-legged Group 4 piano-stool 
anions. 

Moreover, the 033 values and the anisotropy of the shielding 
tensors are close to “typical” values for terminal CO ligands 
(Table 16). The anions feature a very high-lying t2e set of occu- 
pied d orbitals with a small gap to the lowest-lying virtual or- 
bitals. This is consistent with the observed deep red or violet 

which are similar to those of the piano-stoolGroup 4 
~pecies.r~~] LMO decomposition of the shielding tensors indi- 
cates contributions from metal (n - l)p and d orbitals that are 
roughly twice as large as those for the neutral, isoelectronic 
complexes M(CO), (M = Cr, Mo, W).[’*] Thus, for example, 
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Table 16. Calculated chemical shielding tensors and isotropic shifts [a] for 
[M(CO),J2 (M = Ti, Zr, Hf) (ppm). 

~~ 

13C Ti -161 215 -40 -382 221 246 
Zr -155 215 -31 -310 219 245 
Hf -150 219 -21 -369 214 244 

I7O Ti -213 281 -41 -494 354 
Zr -203 281 -42 -484 349 
Hf -211 211 -52 -494 359 

[a] ‘’C shifts vs. TMS, ”0 shifts vs. H,O”P. [b] Ref. 1131. 

the sum of the metal d-orbital contributions to the isotropic 
carbon shielding in [Hf(CO),]’- is ca. - 25 ppm compared to 
ca. - 13 ppm for W(CO), .1181 However, compared to the d-or- 
bital influences discussed above for the four-legged piano-stool 
complexes or for [ZrCp,(CO),] (Tables 8, 15), these contribu- 
tions are small, and the anisotropy of the shielding tensors is not 
affected much by them. 

Discussion 

From the above results two conditions may be derived for the 
occurence of unusually large 13C and I’O shifts and of small 
shielding anisotropy values in terminal carbonyl ligands : 1) the 
presence of energetically high-lying and spatially extended occu- 
pied metal d orbitals; 2) a favorable spatial arrangement of these 
d orbitals with respect to the M-C-0 axis is needed to allow large 
contributions to 03,. 

The fact that 1) is a necessary condition may be seen easily by 
comparing the shifts for the Group4, 5, and 6 examples of 
four-legged piano-stool complexes (cf. Tables 7, 9, 13, 14). In 
going from Group 4 to Group 5 to Group 6, the metal d shells 
of these d4 complexes become stabilized and contracted (of 
course one also has to consider the negative charge for the 
Group 4 species), and the paramagnetic d-orbital contributions 
to the carbon and oxygen shifts (and thus the total shifts them- 
selves) decrease. Obviously, the donor capability of the ligands 
also influences the size, shape, and energy of the nonbonding d 
orbitals. This is apparent, for example, from the differences 
between “cis” and “diagonal” CO ligands in [MCp(CO),CH,] 
(M = Cr, Mo, W; see Tables 13, 14). 

However, condition 2) must also apply. The best example 
for this is given by the dianions [M(CO),12- (M = Ti, Zr, Hf). 
In spite of their high-lying, spatially extended set of d orbitals, 
these species exhibit comparably low shifts and a large shielding 
anisotropy (Table 16). The high symmetry in these complexes 
appears to prohibit larger paramagnetic contributions from the 
metal d orbitals to the ligand shielding tensors (particularly to 
(r3,). The present study thus suggests that shielding tensors for 
terminal carbonyl ligands may exhibit a very low anisotropy, 
and isotropic shifts are large, when the ligand substitution pat- 
tern leads to low symmetry in metal coordination and in d-or- 
bital occupation. Regular octahedral structures dominate for d6 
complexes (electronically, this situation holds for three-legged 
piano-stool complexes as well, if the polyhapto-bound n ligand 
is considered to occupy three coordination sitesr4’]). Lower sym- 
metry is preferred by d4 and d2 complexes owing to their prefer- 
ences for effective seven- and eight-coordination, respectively. 
These d-electron counts therefore often lead to lower symmetry 
for structures and d orbitals, that is, to conditions that 
favor large paramagnetic d-orbital contributions to the car- 
bony1 shielding tensors and thus large chemical shifts. Even 

in six-coordinate 16-electron complexes, d4 metal centers may 
feature distorted coordination (e.g., in [Mo(CO),{S,CN- 
z€’r2}2]148a1 or in [M0(0tBu),(CO),(py)~][~~~~). No carbonyl 
chemical shifts have been determined yet for these species, but 
one might expect unusual effects arising from polarized metal d 
orbitals. Rather spectacular deshielded carbonyl I3C shifts of 
6 = 453.6 and 456.7 have recently been reported by Spencer and 
Girolami for an intermediate in solution which they character- 
ized as a 16-electron d2 species [TiC12(CO),(dmpe)(~’-dm- 
pe)].[491 Whether this is a consequence of an extremely polarized 
d shell and low-lying virtual orbitals, or whether the species is 
paramagnetic, remains to be seen. 

As the 3d shell is of relatively small radial extent, the d-orbital 
contributions to the carbonyl shielding tensors are somewhat 
less pronounced for the Ti and V complexes than for their heav- 
ier congeners (see above). This explains at least partially the 
deviations from the usual “triad behavior” (i.e., increasing 
shielding of the ligand nuclei down a given triad) for many of 
these species (see Table 1). The calculations exaggerate the effect 
to some extent (probably in part due to the neglect of spin-orbit 
coupling; see Section 2), but the differences between four-legged 
and three-legged piano-stool complexes clearly support this ra- 
tionale. We have shown recently that in more “typical” carbonyl 
complexes like M(CO), (M = Cr, Mo, W) the normal “triad 
effect” is largely due to reduced paramagnetic contributions to 

from C-M o-bonding orbitals.1i81 In these examples, the 
contributions from occupied metal d orbitals were moderate 
and almost independent of the metal. This is not quite true for 
the three-legged d6 complexes [MCp(CO),] (the calculated d-or- 
bital contributions for M = Mn are ca. 10 ppm larger than for 
M = Tc, Re), and certainly not for the four-legged d4 complexes 
(Table 8). We thus should find deviations from the usual “triad 
behavior” when there are large, metal-dependent contributions 
from d orbitals. This may be expected to coincide with reduced 
shielding anisotropy, and to apply also to bridging CO ligands. 

Of course, we might expect that the above conditions not only 
apply to carbonyl ligand shifts, but also to similar ligands, such 
as isonitriles, thiocarbonyl, etc. Indeed, the bent-sandwich 
isonitrile complexes [MCp,(CO)(CN-C6H,Me2)] exhibit very 
large nitrile I3C shifts (6 = 220 and 237 for M = Ti, Zr, 
respectively; note the deviation from normal “triad” behav- 
ior). 1’ Obl 

We should comment on the relation between the NMR shifts 
and d(M)+n*(C = 0) backbonding. Obviously, the presence of 
suitable, energetically high-lying and spatially extended occu- 
pied metal d orbitals is important both for the unusually large 
CO ligand NMR shifts and for effective backbonding. Howev- 
er, the symmetry conditions involved differ somewhat: while 
backbonding simply requires good overlap (and energetic 
match) between metal d orbitals and x*-C = 0 orbitals, large 
paramagnetic contributions to the carbon and oxygen shielding 
tensors require the prior action of the magnetic vector potential 
on the occupied Within a sum-over-states ansatz 
this means that only rotationally allowed electronic transitions 
contribute to the paramagnetic shielding expression. Thus, 
while the frequencies of the C(C0) stretching vibrations are a 
somewhat more direct measure of backbonding (however, note 
ref. [SO]), the mechanism of I3C and ”0  shifts is more compli- 
cated (which is also due to the fact that shielding is a tensorial 
property). This explains the lack of correlation between these 
different quantities when the molecular structures involved are 
not similar (see, e.g., Table 2 and refs. [42,51]). 

Much smaller I3C and ”0  shielding anisotropy and larger 
isotropic shifts than in typical terminal carbonyl groups are also 
found for bridging carbonyl ligands in multinuclear clus- 
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ters.136.3S,411 Preliminary computational indicate that, 
depending on the bonding situation, this is due to paramagnetic 
contributions from either C-M bonding or from nonbonding 
or cluster-bonding metal d-orbitals. The latter two cases exhibit 
obvious analogies to the present work. 
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