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A series of caicdations, checked by refcrence to photoelectron spectral (PES) data, is used to interpret the dectroilic :;~~UGILITC; 

and elucidate the principal bonding interactions in a series of cyclic pentadienylmanganese tricarborlyl cc;mp!exes. A liiicar 
correlation is obtained between the calculated eigenvalues and the observed ionization potentials. This correlation suggests 
that deviations from Koopman's theorem are reasonably constant in these complexes and that the PES data c m  bc adequately 
assigned by the results of the cdculations. Two important conclusions result from this study. ( i )  The principal banding 
interaction between the orgaiiic ligand and the metal is due to the interaction OC the a'(ei") level of the pentadier!yl moiety 
with the metal dxZ orbital; this interaction is, considerably more important than the a"(ei")--d;, interaction. (2) Calculations 
indicate a low-lying virtual level in C7H7Mn(C0)3, resulting from the interaction of the T* level with a"(e2") which may 
play an important role in the fluxional degenerate rearrangement of this molecule. 

Because of our interest in molecules kncwn as "ring 
whizzers,"' we have undertaken a detailed invsstigalion of the 
bonding in 74-diene and 7s-dienyl complexes, with the eventual 
aim of understanding the stereoelectronic nature of the 
fluxional process. Since our prior contribution to this area had 
been the synthesis and characterization of the fluxional be- 
havior of $-cycloheptatrienylmanganese tricarbonyl ( 4 , 3  we 
initiated our program with the investigation of this molecule 
and of the related 75 manganese species 2 and 3. 

Mn(C0)3 M n (c Qs 
B 2 3 4 

The study of this series of molecules was aided by several 
circumstances. First, other groups in these laboratories have 
developed a reasonably economical method for carrying out 
approximate molecular orbital calculations on transition metal 
compounds of this complexity. Second, the molecules in 
question are stable and well characterized, to the extent that 
high-quality crystal structures are available. Third, the 
volatility of these species is such that photoelectron spectra 
are readily obtainable, thus offering a. direct experimental probe 
of their electronic structure which may serve as a check on 
the quality of the results of the calculations, Finally, cy- 
clopentadienylmanganese tricarbonyl (I), which represents a 
convenient starting point for the investigation of this series, 
has recently been the subject. of a detailed analysis by Fenske 
and Lichtenberger.4 

photoelectron Spectra. Cyclohexadienyl- (2).5 cycloheptadienyl- 
(3),6 and cycloheptatrienylmanganese tricarbonyl (4)3 were prepared 
and isolated by reported methods. Photoelectron spectra were obtained 
on a Varian IEE-i5 instrument operating in the uv configuration. 
All of the species 2-4 are solids and were introduced directly int.0 the 
sample chamber. with mild heating ( < S O o )  when necessary. Argon 
served as an internal standard and resolution check. The width at  
half-height of the argon peaks was better than 0.025 e%'. The reported 
ionization potentials represent vertical transitions. The peak maxima 
for single ionizations were determined with an uncertainty of ca. .&0.05 
e\'. In instances where several ionizations are nearly degenerate. the 
maximum of the resulting band envelope is reported. In these instances 
the energies of the individual ionizations are less certain. 

Calcdations. Descriptions of the particular approximate molecular 
orbital method used here have appeared in the literature.7.8 'The only 
information required by this inethod is the geometry of the molecule 
and the atomic basis functions. The bond distances of thc Mn(CO)3 
moiety were taken from the structurc of CsMsMn(C0)39 and idealized 

to C3" symmctry. 'The geometry of ihe Mn(C0) j  fragment is found 
to vary insignificantly from compound to compound and therefore 
was left the same for each calculation. This geomelrical invariance 
allows the comparison of results through the series to be aiade more 
readily. The geornetry for the 9.6147 ligand was taken direcily from 
the crystal structure of 2 as determined by Churchill and Scholer.10 
The structure of (azulene)l\ifnz(C0)611 was assurned to be a good 
model for the seven-membered ring in ccjrnpounds 3 and 4, afier 
suitable minor bond length adjustments. Minor geonietIy changcs 
do not significantly alter the conclusions of this study. The coordinates 
for these calculations are listed in Table I. 

The calculations use a full  atomic valence basis sei, including the 
1s function for hydrogen, the 2s and 2p functions for carbon and 
oxygen, and the 3d, 4s, and lep functions for manganese. An exponent 
of 1.2 was used for the hydrogen Is function. Basis furictions for the 
carbon, oxygen, and manganese atoms are consistent mith those used 
previously.12 For the compounds included in this study there are 
between 58 and 70 calculated molccuiar orbitals, approximately half 
of which are occripied. 

Appropriate basis set traiisforniati.ons '*~erc carried out in order 
to trace more clearly the principal interactions between the Mn(C0)3'J 
portion and the 75 ligand. It was found that only the highest few 
occupied levels and the lowest few virtual levels have energies in thc 
complex appreciably different from this calculated for the separated 
fragments. When the 30 and 6cr levels of the carbonyl groups and 
the first three filled o levels and all the virtual r levels of the ligands 
were deleted from diagonalization of the Fock matrix, it was possible 
to save considerable time in the solution of the SCF equation with 
only negligible alteration of calculated eigei~ralues and charge dis- 
tributions. 

The photoelectron spectra of 
ed in Figure 1 The broad intense 
h ionization potentia!s >12 eV 

represent transitions From the carbonyi 5ci m d  l i r  or!,itals as 
well as from certain of the riag cr orbital 
spectra in this region are too complex 10 
and no detailed. anaiysis will be attempted, 'The ~riell~-resolvr,d 
ionizations occurring betwccn 7 and 12, eV,  howevcr, represent 
transitions from discrete ocaipied metal orbitals arid from 
certain of the 'K orbitals of the ring. 'k changes ia these levcls 
reflect changes in the electronic nature ol the $ rings and in 
their interactions with the metal trica,rbanyi po r t ion  A ixore 
detailed assignment and interpretation of' these ionizations is 
a principal aim of this paper. 

~~~~~~~~~~~~, In order to tmcx c;iearly the b o d i n g  inter- 
actions in these complexes, i.t is convenient to pc;lform a. detailed 
preliminary analysis of the electronic s l ~ w t n r e  of organic 
ligands irndependent of lhe perturbalkms inttod-uced by the 
metal. This analysis, coupled with a, calculation 011 t h c  
Mn(CO)3 fragment,l4 a.llows changes in the bonding between 
metal and ligand through the series t G  be uildgrslood ir! ternis 
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Table I. Atomic Coordinates (A) 
X Y Z 

Mn 
C 
0 
C 
0 
C 
0 

c 1  
c 2  
c 3  
c 4  
c 5  
C6 
H1 
H2 
H3 
H4 
H5 
H6 
H7 

c 1  
c 2  
c 3  
c 4  
c5 
H1 
H2 
H3 
H4 
H5 
C6 
c 7  
H6X 
H6N 
H7X 
H7 N 

c 1  
c 2  
c 3  
c 4  
c 5  
C6 
c 7  
H1 
H2 
H3 
H4 
H5 
H6 
H7 

Mn(CO), 
0.0000 0.0000 
1.4951 0.0000 
2.4503 0.0000 

-0.7476 1.2948 
-1.2252 2.1221 
-0.7476 -1.2948 
-1.2252 -2.1221 

0.9265 1.1920 
-0.4578 1.2167 

1.1783 0.0000 
-0.4578 --1.2167 

0.9265 - 1.1920 
1.6531 0.0000 
1.2928 2.1757 

-0.9569 2.1849 
-2.2753 0.0000 
-0.9569 -2.1849 

1.2928 -2.1757 
2.6552 0.0000 
1.6555 0.0000 

1.0284 1.5100 
-0.3372 1.2670 
-0.9529 0.0000 
-0.3372 -1.2670 

1.0284 -1.5100 

C6 H7 

C7H9 

1.4159 2.4340 
-0.9708 2.1492 
-2.0069 0.0000 
-0.9708 -2.1492 

1.4159 -2.4340 
2.2094 -0.7400 

2.4000 -1.1030 
2.9891 -1.1030 

2.2094 0.7400 

2.4000 1.1030 
2.9891 1.1030 

1.0284 1.4700 
-0.3372 1.2670 
-0.9529 0.0000 
-0.3372 -1.2670 

1.0284 -1.4700 
2.1418 -0.6820 

C7H7 

2.1418 0.6820 
1.4159 2.3940 

-0.9708 2.1492 
-2.0069 0.0000 
-0.9703 -2.1492 

1.4159 -2.3940 
2.9901 -1.3592 
2.9901 1.3592 

of the interactions between the fragments 

0.0000 
-1.0023 
- 1.6427 
-1.0023 
-1.6427 
- 1.0023 
-1.6427 

1.6231 
1.7244 
1.7772 
1.7244 
1.6231 
2.2067 
1.5963 
1.7610 
1.8575 
1.7610 
1.5963 
1.8931 
2.9667 

1.4366 
1.7204 
1.8970 
1.7204 
1.4366 
1.0074 
1.8113 
2.1747 
1.8113 
1.0074 
1.8508 
1.8508 
2.8607 
1.1811 
2.8607 
1.1811 

1.4366 
1.7204 
1.8970 
1.7204 
1.4366 
2.0120 
2.0120 
1.0074 
1.8113 
2.1747 
1.8113 
1.0074 
2.1112 
2.1112 

Thus, our study 
begins with calculations on each of the ligands,14 the results 
of which are shown in Table 11. Our attention will focus on 
the n orbitals of the ligand. 

Qualitatively, the results in Table I1 may be understood if 
we first consider the symmetry orbitals of the C5H5- ring and 
then proceed in stages to the other ligands in the series. Under 
the D5h symmetry of the C5H5- ring, the carbon pn orbitals 
combine to form the a2", el", and ez" representations. In 
proceeding from C5H5 to C6H7, the reduction in symmetry 
produced by increasing the distance between two of the trigonal 
carbon atoms of the ligand causes a splitting of the el" and 
e2" levels (Scheme I). The resulting ligands possess only 
mirror symmetry, and the resulting orbitals transform as a '  
and a". For clarity in the following discussion, the symmetry 
labels of these orbitals will be followed in parentheses by the 
C5H5- orbitals from which they derive. The a" levels so 

_I"- - L A - L  ... I A - 
IP bv) 

Figure 1. Photoelectron spectra of 2, 3, and 4. 

Table 11. Calculated MO Energies (eV) for n Levels of Ligandsa 

a," -9.01 a'(a,") -8.76 a'ia,") -8.83 a'&") -9.72 
a ' (n i  -1.99 -, I 

el" -3.41 a"(e,") -5.59 a"(e,") -5.74 a"(e,") -6.54 
a'(e,") -0.86 a'(e,") -0.97 a'(e,") +OS2 

Virtual 
e," +13.73 a"(e,") +7.39 a"(e,") 1-6.35 a"(e,") +2.78 

a"(n'.) +13.04 
a'(e,") +16.02 a'(e,") +14.81 a'(e2") +14.56 

The MO's are identified by symmetry labels. The labels in paren- 
theses identify the C,H,- orbitals from which the particular MO's 
derive. For C7H7- there are, in addition, the ?T and n* orbitals of the 
double bond. 

produced are antisymmetric with respect to reflection in the 
mirror plane bisecting the bond being broken. Therefore 
reduction of the 1,5 interaction stabilizes these levels. The 
opposite is true of the a '  levels (a'(ei") and a'(e2''); these levels 
are bonding across positions 1 and 5, and reduction of this 
interaction destabilizes them with respect to the el" and e2" 
levels by a somewhat larger amount. 

The introduction of the additional x and n* type orbitals 
in C7H7 results in a rather dramatic change in certain of the 
x levels (Scheme 11). The x orbital is expected to be similar 
in energy to the alt(ei'l) orbital. The strong interaction between 
the bonding combination (n) of the double bond and a t (e i t t )  
leads to two new levels of a '  symmetry. Here the orbitals in 
C7H7 are labeled according to the C5H5- orbital from which 
they were originally derived or with the label n or n*, de- 
pending on which fragment orbital makes the major con- 
tribution to the ligand orbital. The distinction is in this case 
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Scheme I 

Whitesides, Lichtenberger, and Budnik 

e," 

antibonding 

a'(e2") 

a"(e,") 

bonding 

a" (e, " ) 

rather artificial, as all of these orbitals are highly delocalized 
over all seven carbon atoms. The x* orbital is expected to be 
close in energy to the al'(e2l') orbital. The bonding and 
antibonding combinations of n-* with a"(e2ll) similarly give 
rise to a"(n-*) and a"(e2"). The symmetry-allowed interaction 
between n-* and a"(eill) is small because of the large energy 
separation between these two orbitals. The noteworthy aspects 
of the resulting energy levels are (a) the destabilization of the 
highest occupied MO a'(eill> and (b) the introduction of a new 
virtual level a11(e211) at a very low energy. This low-lying vacant 
MQ may be of crucial importance in determining the fluxional 
character of C7H7Mn(CO)3 (vide infra). Note that in the 
limit of regular geometry ( D 7 d )  for the C7W7 group al(eil') 
and al'(e2") become degenerate. These results are summarized 
in Figure 2. 

Basis set transformations were carried out in terms of the 
eigenfunctions of the Mn(CQ)3+ fragment as well as those 
of the ligand. The M(C0)3 unit is extremely common in 
Scheme ILI 

Figure 2. Correlation o f  calculated ligand eigenvalues for C,H,-. 
C,H,-, C,H,-, and C,H,-. Levels through a'(e,") are filled. 

transition metal organometallic chemistry and has been the 
subject of other discussions.l3 The nature of the metal to 
carbonyl bond has also received much attention.12 Because 
our primary interest is in the metalkolefin interaction, we will 
focus our attention on how the carbonyl groups affect the metal 
orbitals available for bonding to the ring. We have found the 
coordinate system in Table T most convenient for this purpose. 
In this coordinate system, the metal is placed at the origin and 
the carbonyl groups are symmetrically positioned about the 
3 axis. The ring is approximately centered about the positive 
3 axis in a plane roughly parallel to the xy plane. 

a" (e,") 

. .  . 

a'(el ") 

a"(e,") 

."(a") 
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unoccupied molecular orbitals, or LUMO's, are the metal dxz 
and dyz orbitals. These results are summarized in Figure 3. 

Metal-Ligand Bonding. Having described the structure of 
the 75 ligands and of the Mn(C0)s group, we now consider 
the interactions between these fragments. Qualitative features 
of the pentadienyl ligand to metal bond have been discussed 
previously.15 The results of the calculations in terms of the 
eigenvalues and principal contributions to the orbitals are 
illustrated for 3 and 4 in the molecular orbital diagram of 
Figure 4. 

First, after correcting the energies of the fragment orbitals 
for charge effects, most of the orbitals transfer from the 
fragment to the molecule with little change in character or 
eigenvalue, thus confirming the interpretive value of considering 
the metal and ligand separately. For reasons of overlap, the 
principal interaction between the ring and the metal may be 
expected to arise from those orbitals on the ring which are of 
the correct symmetry to interact with the metal drz and dyz 
orbitals. As the MO diagrams indicate, this interaction is also 
favored energetically. Thus for C7H9, the interaction of the 
dxz orbital with al(eill) stabilizes this ligand level below the 
occupied metal levels. The interaction of al'(ei!l) with dyz is 
also favored by overlap, but because of the greater energy 
separation, the interaction is relatively less important. The 
al(eill) and all(eill) orbitals are the HOMO's of the ring, and 
the dxz and dyz orbitals are the LUMO's of the metal. 
Therefore, interaction between these orbitals results in electron 
donation from the ring to the metal. 

Back-donation from the metal to the ring is found to be 
relatively less important. For C7H9, the overlap of the 
Mn(C0)3 (dx?Ly2, dxy) orbitals with a"(e2") and al(e29 is small 
and the separation of orbital energies is relatively great. Also, 
the overlap of the metal dzz orbital with the symmetric ring 
T orbital al(a2I1) is small because the lower lobes of the T 

orbitals lie on or near the nodal cone of dZ2. Therefore, these 
metal orbitals are expected to be altered to a lesser extent by 
interaction with the ?r ligand. These comments for the orbitals 
of C7H9Mn(C0)3 apply equally to the corresponding orbitals 
in CsH7Mn(C0)3 and C7H7Mn(C0)3. 

The interactions in C7H7Mn(CO)3 require further con- 
sideration. As mentioned earlier in the discussion of the free 

- 2 7  (d,,dy z) _-- 3d-F,,:----~ jc,d$g-ytdxy). (n,) , 
\ 

\ , 
, '\ 

'&, .; ' \ , $>- 5 4 )  
- 

a,' 

- 

Consider first the interaction of the carbonyl 5a with the 
metal d orbitals. In this coordinate system the 5u orbitals 
interact primarily with the metal (dxz, dyz) orbitals. The 
bonding combinations represent u donation from the carbonyl 
groups to the metal. The antibonding combination is primarily 
(dxz, dyz) in character. This level is virtual and is of the correct 
symmetry to act as a R acceptor from the 75 ring. 

The T* orbitals of the carbonyls are available for back- 
donation from the metal. In this coordinate system the 
carbonyl T* orbitals interact primarily with the metal dz2 and 
(dXz-p, d,) orbitals, which under C3" symmetry correspond 
to the occupied a and e combinations, respectively. These levels 
are split only slightly. 

In the following discussion, the Mn(C0)3 orbitals will be 
referred to according to their primary metal character. Thus 
the highest occupied molecular orbitals, or HOMO's, are the 
metal (dX2-p, dxy) and dz2 orbitals (nm) and the lowest 

A 

+ I  0 

0 

- 
&! 

? !$ - I C  
z 
'4 

- 2c 

B 

*10 

0 

Figure 4. Molecular orbital interaction diagrams for (A) C,H,Mn(CO), and (B) C,H,Mn(CO),. Fragment levels are shown corrected for the 
effects of charge transfer. 
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Table 111. Observed IP's and Calculated MO Energies 

Whitesides, Lichtenberger, and Budnik 

15. 

ODs. 
I P (ev) 

10- 

8.0-8.5 -9.35 n, 8.06 -9.05 n, 7.86 -8.83 n, 7.66 -8.72 n, 
-9.35 n, -9.19 n, 8.10 -9.19 n, 7.86 -9.31 n,, 
-9.48 n, -9.68 n, -9.69 n, 8.33 -10.06 11, 

-10.20 75; 
10 -13.53 b -8.59 -11.68 7r1b -8.67 -11.21 b 

-13.57 x 1  n l b  -10.25 -14.94 n i b  -9.97 --14.43 ::?J 10.33 -15.01 
- - 1 5 . 1  i f ,  

a Observed ionization potential. Calculated eigenvalue. Type of ionization: n,, nonbonding metal orbital; r 1  , metal-ligand bonding 
orbital; n , ,  T i  ligand orbital. 

ligand, the a orbital (of a '  symmetry) is similar in energy to 
the al'(ei'l) orbital but interacts strongly only with al(eil'j, 
resulting in two new levels delocalized over the C7H7 ring. The 
a orbital overlaps poorly with the metal orbitals and therefore 
does not have an appreciable influence on the metal-ligand 
bond directly. The effect of this orbital should therefore be 
indirect, by way of its interaction with the bonding levels of 
the CsH5 portion of the ring. 

In fact, the destabilization of the a'(eilt) orbital results in 
a more favorable interaction with the dxz Mn(CQ)3 orbital. 
Correspondingly, the low-lying virtual level a" (e"2) produced 
by the interaction of a* with a"(e2ll) of the CsHs unit is closer 
to the occupied metal levels and therefore is a better charge 
acceptor. Overall, the total charge is calculated to be equally 
well compensated in 2, 3, and 4, but the total interaction is 
stronger in 4 relative to its nonconjugated analogs 2 and 3. 

The existence of the low-lying a'!(ez'') orbital is perhaps 
significant in another context as well. Pearson16 has stated 
that the presence of a low-lying orbital of the correct symmetry 
may produce low-energy pathways for geometrical distortion. 
It seems likely that this LUMQ is important in determining 
pathways by which C7H7Mn(CO)3 may undergo its degenerate 
rearrangement. This possibility is being further explored in 
connection with other ring whizzers, and a detailed discussion 
will be published separately. 

Assignment of Photoelectron Spectra. The calculated ei- 
genvalues for 2-4 and CpMn(C0)3 are correlated in Figure 
5. The trends in these eigenvalues allow the following as- 
signment of the observed PIE spectra. For C6H9Mn(CO)3, the 
overlapping ionizations around 8.06 eV are associated with 
levels primarily metal in character. The ionization occurring 
at 8.59 eV is associated with the orbital resulting from the 
bonding interaction between the ring a'(eill) and the metal 
dxz orbital. The ionization at 10.27 eV represents the ring 
all(eill). Higher ionization potentials represent the deeper a 
and a orbitals. The ionizations of C7HgMn(C0)3 are similar. 
Ionizations associated with metal levels occur between 7.86 
and 8.10 eV. The at(ei") and a"(eill) ionizations occur at 8.67 
and 9.97 eV, respectively. 

For C7H7Mn(CQ)3, ionizations associated with the metal 
levels occur around 7.78 eV. The ionizations of the metal levels 
for all three compounds are at nearly the same energy, as was 
predicted from the theoretical analysis. The a'(ei") ioniLation 
is at 8.33 eV for this molecule, which represents a significant 
destabilization of this ionization over that in molecules 3 and 
4, as predicted. The stabilized P level of the ring and the 
a"(ei'l) level are both assigned to the peak a t  10.33 eV. The 
ionization potentials for these two levels are expected to be 
similar, and the observed near degeneracy is consistent with 
the increased relative amplitude and half-width of this band 
as compared to the all(ei'') bands of C6HiMn(c0)3 and 

Table 111 shows the observed IP's together with the cal- 
culated energy of the MQ with.which the ionization is as- 
sociated. The eigenvalues of a ground-state Hartree-Fock 
calculation are not expected to coincide exactly with exper- 

C7kl9h'fll(C0)3. 

-201 
--= I 

0 Q Q  Q 
I 

M M M v 
Figure 5.  Correlation of calculated eigenvalues for CpMn(CO),, 2, 3, 
and 4. Levels through nm are filled. 

r------------- 

5 L"--L 
5 10 15 20 

CALC. MO ENERGY (ev) 

Figure 6. Plot of the observed ionization potentials of CpMn(CO),, 
2, 3, and 4 vs. the assigned calculated MQ energy. 

imental ionization potentials because the calculation neglects 
electron correlation and electron relaxation in the excited ion.17 
Our eigenvalues, which are the results of approximate methods? 
are uniformly too large in magnitude, as has also often been 
observed for ab initio calculations. 

Recently there has been some question concerning the 
validity of using Koopman's theorem for the coin parison of 
both metal and ligand eigenvalues with Ionization potentials.18 
We note here, however, that a consistent assignment of the 
ionization potentials is accomplished without reversing the 
ordering of any of the calculated levels. A plot of observed 
I P S  against calculated MO energies its shown in Figure 6. The 
observed IP's are seen to be related to the calculated MQ 
eigenvalues quite accurately by a linear relationship (correlation 
coefficient 0.99) 

predicted IP = -0.4393B,,, + 3.88 1 

Note that both the metal and the ring levels are well repre- 
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Table 1V. Correlation of Calculated MO Energies with Observed 
Ionization Potentials for C,H,Mn(CO), 

Calcd MO 
energy, eV Predicted IP, eV Obsd IP, eV Type 

-8.72 -7.71 -7.7 M 

-9.31 -7.97 -7.9 M 
M -10.06 -8.30 

-10.20 -8.36 n -8.3 

-10.3 -15.01 -10.47 n 
-15.67 -10.76 n 

iT 

co --11.8 -17.47 -11.45 
-17.58 -11.60 
-17.70 -11.65 U 

sented by the same line for these molecules. The agreement 
between calculated and observed values for C7H7Mn(C0)3 
is shown in Table IV. The agreement is considered quite 
satisfactory, since the experimental values are estimated to 
be uncertain by about 0.1 eV. Thus we feel that violations 
of Koopman’s theorem are sufficiently close to constant in the 
series to allow PES to be useful as a probe of electronic 
structure. The consistent explanation of the spectra allowed 
by our calculations indicates that they adequately account for 
the principal interactions and thus allow a more detailed 
understanding of the bonding in these molecules. 
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The synthesis of tris(dithio1ene) complexes of the type [ R ~ E ] x M ( S ~ C ~ H ~ Y ) ~  (where R4E is a tetraphenylarsonium or 
tetraalkylammonium ion; M is Ti, Zr, or Hf and x = 2 or M is Ta or N b  and x = 1; and Y is H or CH3) has been accomplished 
by reaction of the appropriate metal amide with a mixture of the dithiol and its sodium salt in THF.  The results of ir, 
visible, and uv spectra, conductivity, IH and limited 13C nmr studies are presented. The electronic spectra are dominated 
by ligand-to-metal charge-transfer bands. The band positions change in the expected order Ti < Zr - Hf, N b  < Ta,  N b  
< Zr, and Ta < Hf.  The variety of coordination geometries within the reported complexes is noted and the importance 
of matching ligand and metal d orbital energies for the stabilization of trigonal prismatic geometry is discussed. 

The chemistry of 1,2-dithiolene complexes of the transition 
metals has been the subject of considerable study over the past 
decade.*-7 It is noteworthy, however, that during this period 
of great activity, few complexes of the early transition 
metals*-10 have been reported aside from those of vanadium. 
The inability to synthesize these complexes can be traced to 
the lack of a suitable preparative method. Indeed, attempts 
to obtain dithiolene complexes of the early transition metals 
by known synthetic procedures, e.g., the reaction of anhydrous 
metal chlorides with dithiols or their sodium salts, have in- 
variably led to failures except in the cases noted above, both 
in our laboratories and elsewhere.9 It seemed to us that the 
difficulties presented by the known methods could be overcome 
by using starting materials with more readily displaceable 
ligands. In this context, the extensive investigations of 
Bradley,lI312 Thomas,l3 and Lappert14 into the reactivity of 
transition metal amido derivatives, M(NR2)x, seemed par- 

ticularly relevant. Indeed, these authors have amply dem- 
onstrated the usefulness of these complexes both in insertion 
reactions and in reactions with protic ligands. However, the 
reaction of these metal amides with 1,2-dithiols seems to have 
been overlooked. 

In this article, we report the detailed synthesis of 
benzene- 1,2-dithiol and toluene-3,4-dithiol complexes of Ti, 
Zr, Hf, Nb, and Ta utilizing the corresponding metal amides 
as starting materials. Further, we discuss the results of physical 
studies carried out on these complexes. Comparison of our 
results with previous investigations has clarified several trends 
and greatly assisted our understanding of the behavior of 
dithiolene complexes. 

Experimental Section 
All operations were performed in Schlenk type apparatus under 

an atmosphere of nitrogen dried by passing through a column of 


