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A. INTRODUCTION 

Transition-metal complexes with metal-ligand multiple bonds are of consider- 
able interest in inorganic chemistry [1,2]. In addition to their fundamental impor- 
tance, metal-ligand multiple bonds appear to be involved in a variety of catalytic 
cycles in metalloenzymes [3]. Most complexes in this class can be formulated as 
MT,L,, where T is a potentially triple-bonding ligand, such as 0x0, sufido, nitrido, 
imido, and alkylidyne, and L is a single o-bonding ligand. Following several years 
of significant development in the structural studies, Nugent and Mayer recently 
compiled these results in a comprehensive review [l]. In an M-T unit, the potentially 
triple-bonding ligand provides one cr and two 7c orbitals to interact with metal 
orbitals. However, it is not always easy to determine the formal M-T bond order 
since it is influenced by several factors, e.g. total geometry, coordination number and 
other T ligands. In a statistical study, it was found that metal-ox0 bond lengths 
depend primarily on the formal M-O bond order derived from a simple ligand field 
theory for octahedral complexes [2]. 

In this paper, a group theoretical approach will be used to determine the formal 
bond order and maximum number of d electrons for a large number of MT,L, 
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complexes with different types of geometry. Several similar individual analyses have 
been done on specific geometries or complexes [4-71, particularly for octahedral 
complexes. The analyses of the maximum number of d electrons and the formal bond 
order is particularly useful for rationalizing the close-shell electronic configuration 
for a variety of metal-ligand multiple bond complexes and explaining the statistical 
trend of metal-ligand bond lengths [2]. Rather than develop the general aspects of 
our approach, which are well-known [S], we will develop specific examples and 
summarize our results at the conclusion. 

B. TRIGONAL-PLANAR COMPLEXES, MT3_.L,(n=0-2) 

Recently, Schrock and his co-workers [7] reported the synthesis and structure 
of a 20-electron trigonal-planar osmium imido complex, Os(NR),, where R is 2,6- 
CsH3(Pri)2 and the OS-N-C angles are very close to 180.0”. It can be easily classified 
as an MT3 system with a d2 configuration (formally NR2- ligand). Figure 1 shows 
a qualitative molecular orbital interaction diagram for an MT3 complex. In the 
figure, the s, p and d orbitals of the central metal atom correspond to 2a; + 2e’ + e” + 

I anti-bonding 
orbitals I 

a 

S 

d 

a,‘+e’+e” 

Fig. I. Orbital interaction diagram for a trigonal-planar MT, complex. 
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ai irreducible representations. The linear combinations of ligand orbitals (one D and 
two II for each T) transform as a; + 2e’ + e” + 24 + a; in D,, symmetry. The inter- 
action between these two sets from M and T results in a pattern of three 0, five II, 
and two non-bonding molecular orbitals, one delocalized in the three T ligands and 
the other localized in the central metal atom, which accommodates two d electrons 
(see Fig. 1). The a; combination from ligand K orbitals cannot find a symmetry- 
adapted atomic orbital in the central metal atom. Therefore, the central metal atom 
still conforms an 18-electron configuration since the two extra electrons are localized 
in the ligands. SCF-Xa-SW calculation on Os(NH), gave a similar result [7]. Since 
there are only five A molecular orbitals in the MT3 complex, we can calculate a 
formal M-T bond order of 2.67 [= (3a + 57r)/3]. 

The above analysis is based on an assumption that metal-p to ligand-p n 
bonding is comparable with metal-d to ligand-p 7~ bonding, where the metal p orbital 
(p,) is perpendicular to the MT, plane. In most cases, metal p orbitals participate 
primarily in the metal-ligand d bonding. In trigonal-planar and square-planar com- 
plexes, one p orbital (p,) involves only x bonding with ligands. Except for trigonal- 
planar MT,, square-planar MT4 and trans-MT,L, complexes, where the metal pn 
and d, have different symmetry, the metal pz usually mixes with the metal d, orbital. 
Overall interaction is a three-orbital interaction as shown in A where two metal 
orbitals (p, and d,) and one ligand’s pn orbital interact. Although the ligand’s pn 

Metal M-T 
R-interaction T Ligand 

(A) 
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orbital interacts primarily with the metal d, orbital, the metal d,-ligand’s pz anti- 
bonding orbital is signticantly stabilized by mixing with the metal p. orbital. Particu- 
larly when a strong 71 accepting ligand is trans to the T ligand, the occupation of 
this partially antibonding d, is very likely. Although the metal-p, to ligand-p, 
interactions for early transition metals are generally weaker than the metal-d, to 
lignad-p, interactions, we prefer the view that the former are sufficiently important 
that they cannot be neglected. Therefore, the bond order and d-electron counts 
throughout this paper are based on the above assumption. If one were to take the 
opposite view, neglect of all metal-p, to ligand-p, bonding, the bond order in some 
cases would decrease. 

The analysis of MTs, above, can also be applied to the orbital interaction of 
MTzL (2) and MTL, (3). The results are listed in Table 1. Both complexes have a 
formal bond order of 3.00. The maximum number of d electrons is 4 and 8 for MTzL 
and MTL,, respectively. Early report on the synthesis of ds compounds, 
(Ph,PMe)*M(NR) (R = CF,CHFCF,; M = Pd or Pt) [9(b)], might provide examples 
for MTL2 complexes. However, so far no PtENR (or PdENR) complex has been 
characterized. In Table 1, the irreducible representations with bold text are non- 
bonding orbitals since either they are free because they do not have a symmetry- 
adapted orbital partner to interact with, or they are extra since they are left over 
after completing the metal and ligand interaction. For example, in MT3 (1) the a; 

TABLE 1 

The irreducible representations of the orbitals of the metal and ligand in a trigonal-planar 
geometry, MT3 -“L, (n =0, 1 and 2) 

Irreducible representations 
max. 

of ligand’s 
Geometry 

a-orbitals n-orbitals 

OS(NA~)~ (d’) 

a,” +e” + e’ a,‘+e’+a2” e’+e” 
(Ar: 2~5-C,H,Vr3~) 

2.67 2 +8 , 
2 +a,’ [71 

; 

T 
AT 2al+b2 a,+a?+b, 2a,+b,+b al+bz+az 3.00 4 not found 

CL” 2 
+b:! +a,+b, 

1 Zr(N~W’HW2 

+I_ 
2a1+b bl+bz 2a,+b,+b, q+ 3.00 8 (R: SiBu:) l (d@) 

52” 3 
2a,+b, Pal 
+a, 

*Proposed intermediate. 
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from ligands cannot find an orbital of the same symmetry on the central metal atom 
and the a; from the central metal atom is an extra one. There are two extra (a1 + b,) 
metal orbitals for the MTzL (2) complex since the linear combination of the ligand’s 
orbital transform as 3a, +2b, + b, +a, while the metal orbitals correspond to 
4a,+2b2+2b,+a2 irreducible representations. Four extra metal orbitals 
(2a, + b1 + a2) are found for MTL2 (see Table 1). 

C. FOUR-COORDINATE COMPLEXES, MT,_.L. (n=O-3) 

Metal tetraoxides (or sulfides) are typical examples of MT4 with tetrahedral 
structures (4). The linear combinations of the ligand’s cr and rr orbitals transform as 
a, +e+2t2 + tr and the central metal orbitals as a, +e +2t2. The ti combinations 
from ligands are pure non-bonding since the central metal orbitals do not have t, 
symmetry-adapted representations. The formal M-T bond order is 2.25 (= 
(417 + 5x)/4). The maximum number of d electrons corresponds to a do configuration. 
In addition to numerous examples of do tetraoxides (or sulfides), recent reports on 
the characterizations of Os(NBu’),, Cr(NBu’)~-, 0s(NR)03, and 0s(NR),02 com- 
plexes provide a variety of MT4 complexes [ 1 l] with a do configuration. Several d’ 
and d2 complexes, e.g. MnO:-, MnOz- and RuO;, are known [12(a)]. The extra 
d electron(s) occupy M-T n antibonding orbital, and therefore, these complexes are 
usually very reactive and stable only in strongly basic solutions. 

Table 2 lists the results of all other tetrahedral complexes with 3, 2, and 1 
potentially triple-bonding ligands. MTJL (5) has one combination of the ligands’ A 
orbitals free, and a formal bond order of 2.67. MT,L, (6) has no free ligands’ a 
orbital(s) but has an extra metal d orbital (al) which can accommodate two d 
electrons. OsO,R, (d2) and Re02R2 (d’) complexes [14] provide examples of filled 
and half-filled configurations of the a, orbital, respectively. MTL3 (7) has three extra 
metal orbitals (a, + e), and therefore, a maximum d-electron count of 6. A diamagnetic 
d4 example, ReO(MeCCMe),Py+ [15] (see Table 2), suggests that the orbital energy- 
level ordering for these three non-bonding orbitals is eta,. Os(arene)(NBu’) and. 
IrCp*(NBu*) complexes Cl63 provide excellent examples of full occupation of all 
three non-bonding orbitals (a, +e, see Table 2) 

Another typical four-coordinate geometry is square-planar. An example of 
square-planar MT2L2 (10) has been reported as the Os(NAr),(PMe,Ph), complex 
[7] which has d4 configuration and a total of 20 valence electrons. The two extra 
electrons are delocalized in the ligands’ rc orbital (b,,). Four d electrons occupy the 
two non-bonding orbitals (a, + bi,) (see Table 3). Table 3 gives the results of orbital 
symmetry analyses of this complex together with other complexes which have 
different numbers of T ligands. Through Tables 2 and 3, one can explain why both 
isomers 6 and 10 have the same MT2L2 formula but do not have same number of 
metal d electrons (d2 for 6 and d4 for 10). A d4 closed-shell configuration is also 
predicted from Table 3 for a cis-MT,L, (11). 
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TABLE 2 

The irreducible representations of the orbitals of the metal and ligand in a tetrahedral geometry, 
MT.+,L, (n=O-3) 

Irreducible representations max. 
M-T 

of ligandk of metalk bond Tf$* no* 
Geometry order electrons ExamP1es 

a-orbitals x-orbitals o$&s oJtals 'f:j tiy' [Refemces1 

T T 
I? 

Y”‘T al+t;? 

Td 4 

1 T 
\P 

2a,+b, 
+L +b 

2 

%v 6 

; 

‘i OMNL 2a,+e 

%” 7 

e+t2 

+t1 

al+t2 e+t2 

a,+2e 2a,+e a,+2e 
+a2 

al+bl+b 2a,+b,+b, a,+b,+ 
+a2 

bz+a2 

+at 

e 2a,+e e+ 
al+e 

MOO.,- (do) ClOal 

2.25 0 

2.67 0 

Re04- (do) [lob] 

ReS,- (do) [lOc] 

w4 kI? Wbl 

Mn$F th [I21 
ReOjR (d? [I31 

(R: 2,4,6-C&Mey) 
Re(NBu’)CI (do) 

WI 

3.00 2 

3.00 6 

RdJ2R2 d) [I41 
(R: mesityl 

d, -X2 (d U2bl 
(X: halides) 

VW13 Cd? Wl 
RcO(MeCCMe)zPy+ 
(d4) [15) 
IrCp*(NBu’) (d6) 

Os(arene)(NBui)$? 

From Tables 2 and 3, one can see that the maximum number of d electrons 
can be 6 for mono-T complexes with either tetrahedral or square-planar geometry. 
Therefore, the early reported d6 complexes, [9(b)], (PPh,),M(NR)Cl (R = 
CF2CHFCFJ; M=Ir or Rh), appear to be the only examples and bear further 
investigation. 

D. FIVE-COORDINATE COMPLEXES, MT5 _,L, (n = o-4) 

Similar analyses are employed for both trigonal-bipyramidal and square- 
pyramidal geometries, and the results are listed in Tables 4 and 5, respectively. Here, 
we use MT,L, complexes to illustrate our analyses. For a trigonal-bipyramidal 
complex, ML,, there are four orbitals (e’ and e”) available for .K interaction with 
ligands. The e’ orbitals maximize their amplitudes in the equatorial plane while the 
e” (pure d) orbitals have maximum amplitude above and below the equatorial plane. 
For isomer 19 with two axial T ligands, one might have a question on the effective 
overlap between the ligands’ e’ and metal’s e’ orbitals since the metal’s e’ orbitals 



Z. Lin and M.B. Hall/Coord. Chem. Rev. 123 (1993) 149-167 155 

TABLE 3 

The irreducible representations of the orbitals of the metal and ligand in a square-planar 
geometry, MT,_,L, (a=O-3) 

Irreducible representations max. 

of ligand?S 
Geometry 

EXamplCS 

o_o&i~.x-orbitdS [References] 

T 

T-A-T 
azu*g 

! 
alg+eu 

+b2S+ 
alg+eu 

e,+b, 
2.00 2 

D4h 8 
+b,, 

ajg+eu 
+azu +% 

+bu +alg 

T 

T-+-T a2 

&J h+b +2b,+b 2al+bl+bz “:l,:t+ 2.33 2 

+a1++b2 +a,* 

: 
L-y-L 2a,+b,, %“ze + u+ 5 as+blU :;: 2.50 4 

T +bzu 

4-h 10 
+b2, +bdb3u +a,+bl, 

T 

T-&--L 
L 2a1+2b al+b+a, 2a,+b+b, a~+%+b2 2.50 4 

%” 11 
+b, 

+al+b, 

T 

L-L-L 
: 3a,+b bl+b 2a,+b+b, al+bz 3.00 6 

% 12 
+a,+bl 
+a2 

not found 

not found 

not found 

(~,hM(NR)Q 

(d6, M=lr or Rh) 

19bl 

*Proposed structure. 

have 6 character with respect to the two T ligands. However, the metal’s e’ orbitals 
are not pure dd orbitals. In fact, through d-p mixing, they can overlap weakly with 
the ligands’ e’ (z) combinations. The occupation of these two high-energy (e’) orbitals 
is very unlikely in an MTzL3 (19) complex. Therefore, we give a formal M-T bond 
order of 3.00 with a do configuration for 19 (see also Table 4). For isomers 20 and 
21 with two cis T ligands, the four metal orbitals (e’ and e”) can overlap effectively 
with the ligands’ 7c orbitals. Therefore, both isomers have a formal M-T bond order 
of 3.00 and a do configuration. Because of the weak K interaction in 19, examples 
found for MT,L, complexes adopt isomers 20 and 21 rather than 19 (see Table 4). 
Those complexes listed as examples for a trigonal-bipyramidal MT,LJ (20) have a 
T-M-T angle smaller than 120” (ca. 110’). This result can be explained in the 
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following manner. Since the two metal d orbitals (e”) which are available for n 
interaction with ligands are perpendicular to each other, for isomer 20, the best M-T 
7~ overlaps occur when the T-M-T angle is 90”. The R interaction between the 
metal’s e’ and the ligands’ orbitals remains roughly unchanged when the T-M-T 
angle decreases from 120” because the d-p mixing allows a reorganization in the 
metal’s e’ orbitals so that they can maximize their 71 overlap with the ligands’ n: 
orbitals. Therefore, the observed small T-M-T angles for those complexes with 

TABLE 4 

The irreducible representations of the orbitals of the metal and ligand in a trigonal-bypyramidal 
geometry, MT5 _.L, (n = O-4) 

Irreducible representations max. 
M-T max. no. 

of ligand’s of metal’s bond Ofd 

Geometry 
order electrons 

for max. 
Examples 

a-otiitals x-orbitals ,,.$&, or&Is ‘FFj b*o. 
[References] 

1,. : "M-T e’+e” 
T’I 2a,‘+a,” a2*f+aZ1 a,‘+e’ 

DjhT 13 +e’ 
+et+eql +a*” 

TI, : "M-T 
t-1 

ST14 

3a,+e 2e+ 2a,+e 
a,+az+e 

Tt... : a,+b 

T 1 
vMmL 3a,+b, +a,+b,+ 2a,+b, 

kT15 
+b2 a,+b2+ +b2 

a2+bl 

L. : 

T I vYmT 2a,‘+a2” e’+e” a, ‘+e’ 
L +e’ a2”+a2’ +a2” 

?3h 16 

I.#, : b+a2 

L* I “-’ 3a,+b, +b,+ 2a,+bl 

CL”:7 
+b2 al+ 

b,+bl 
+b2 

T 
Tr, 1 

‘W-L 
T’l 4a’+a” b’+2a” 3a’+a” 

L a’+a” 

cs 18 

a,‘+e’ 1.80 0 
+e” 

a,+2e 2.00 0 

2a,+bz 2.00 0 
+a2+b, 

a,‘+e’ 
2.33 0 

+e” 

%,+b 2.33 0 
+a*+b, 

3a’+2a” 2:33 0 

not found 

OsO,Cl- (do) [17a] 

OsO,WC7%) (do) 

(17bl 

not found 

OsO& (d? WI 

RuO,(OH),‘- [32] 

not found 

ReO,PyOX (do) 

(X: ReO$y,) 

II’,1 
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TABLE 4 (continued) 

Irreducible representations max. 
M-T max. no. 

of ligandk of metal’s bond Ofd 
Geometry 

order electrons 
for max. 

Examples 

a-orbitals X-orbitals o$&s or&als b.o.1 
crnax. b.o. [Referwces 1 

T 
LI.. ’ M-L 
L* I 2al’+az” e”+e’ 

4h’ 19 +e’ 

a,‘+e’ 
+a;’ 

Tl,,. : 

1.1 ‘-’ 3a,+b, al+b+a2 2a,+b, 

CZvL 20 
+b2 +b, 

LI, : 
I-@ I 

‘M--T 4a’+a” a’+2a”+a’ 3a’+a” 

GT21 

L 
LI’./+-T 

L@ I 4a’+a” a’+a” 3a’+a” 

qL22 

La : 
L@ I 

‘M-L 4a’+a” a’+a” 3a’+a” 

qT23 

al’+e” 3.00 0 
+e’ 

h+b2 
ta2+b, 

3.00 0 

&‘+2a” j.00 0 

2a’+a” 3.00 4 
+a’+a” 

2a’+a” 3.00 4 
+a’+a” 

not found 

Re(NBu’)&l~ (d? 
PO1 

;‘WM9)l(d1) 

WWCOQ(P~3h 
(d’, k Tol) (241 
Os(CTeMe)(CO&’ 
(d4, L: PPh3) [ul 

conformation 20 result from a balance between steric or a-bonding effects and 
maximizing the M-T rt interaction. 

In Table 5, we summarize our analysis for square-pyramidal geometries. For 
30, 33 and 34, after taking into account all of the orbital interaction between metal 
and ligands, one of the extra orbitals (a’ or a,) results from s-p-d mixing and has 
a maximum amplitude in the vacant position (see (B)). This high-energy orbital is 
unlikely to be occupied with d electrons and is marked by bold type and *. 

00 
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For MT,L, (31), the two bz with bold and superscript * cannot interact with 
each other since the overlap between them is zero (see (C)). The Os(NAr)J,(PMezPh) 
complex [7] with a dZ configuration provides an example of MT,L, (31) although 
the N-OS-N angle (151.2”) is less than 180.0”. Since our analysis of a trigonal- 
bipyramidal structure for MTzLJ (20) gives a do configuration, we classify the OS 
complex as a square-pyramidal structure. The small N-OS-N angle is probably a 
result of steric effects. 

TABLE 5 

The irreducible representations of the orbitals of the metal and ligand in a square-pyramidal 
geometry, MT5 -.L,, (n = O-4) 

Irreducible representations max. 
M-T max. no. 

of ligand’s of metal’s 
bond Of d 

Geometry 
order electrons 

for max. 
EXamplCS 

cwxbitals X-orbitals or$$s 
trnax. b.o. 

oAds b.o.1 
[Refexences] 

11 
I ..a 

T-M-T 2a,+b, 
a,+e+b2 

4 
+a,+b, 2a,+e 

%4, 24 
+e +2e 

2a,+e 

I ..a’ 
~iM-L 4a’+a” 2a’+2a”t 3a,+a,, 

28’+28” 

11 
L--?-CL 3a,+b, al+a2+ 

T’ +h b,+bz+ 
2a,+b,+ 

b,+bz 
9 

cl” 27 

T L I ..a 3a’+a”+ 3a,+a,, 
tJ+’ 3a’+2a” 2a,, 

L ,\T I T-&L 

*’ 

2a’+2a”+ 3a,+a,, 
4a’+a” ag+a,t 

a+ 1.80 0 

+b,+‘% 

a,+e 2.00 0 
+bl+b, 

3a’+2a” 2.00 0 

2a1+a2+ 2.33 0 
bl+b2 

3a’+2a” 2.33 0 

3a’+2a” 2.33 0 

not found 

not f0llnd 

not found 

not found 

not found 

not found 

c, 29 
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TABLE 5 (continued) 

Irreducible representations max. 

Geometry 
o-orbitals x-orbit& oz&s 

d 
Bxamples 
[References] 

L 

T&L 
T* 

3a’+w W+a” 3a’+a” 2a’+W 
+a” +a’ + 2.50 0 

c, 30 

L 

r-i&T 3a,+br %+b, 
ai+%+bi Zai+bi+bz +a,+ 

4: 31 “‘I +bz* 
2.50 2 

+b, * 

1 

*-gL 4a’+a” t.’ 2a’+2a” 3a’+a” 3a’+2a” 3.00 0 

c, 32 

1 
I .J- 

iTMvL 2ai+e+b, e 

c4v 33 

%+e e+b, 3.00 2 
+a,*+b, 

L 
1 rL 

T-M-L &‘+a” d'+a" 
L’ 

c, 34 

3a’+a” %+a” 3.00 2 
+a’++a” 

not found 

Os(NAr&PMe#tt 
(d’. 
Ar: 2.6-c&r&j 
[71 

not found 

Mo(N)CI,- (do) [27] 
Tc(N)Br,- (d’) [28] 
ReOCl,- (d2) [29] 
O@JWR, &WI 

not found 

Combining estimates of n-overlaps, steric effects, and the trans influence, we 
predict the most stable structure for MT5 _,L, (n=2-4) complexes as follows: 

Close-shell d 
configuration 

Most stable 
structure(s) 

MT&2 
MTzLs 

MTL4 

16 and 18 
20 
31 
22 
33 

The d2 ReO,I(PPh,), complex [31] appears to have an intermediate structure 
between a trigonal-bipyramidal (20) and a square-pyramidal (31) with an 0-Re-0 
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angle of 138.7”. When one considers it as a trigonal-bipyramidal structure (20), the 
two d electrons should occupy a metal-ligand x antibonding orbital (see Table 4). 
When one views it as a square-pyramidal structure (31), the two d electrons occupy 
in a non-bonding d orbital (see Table 5). The above discussion indicated that most 
complexes with conformation 20 have a small T-M-T angle, ca. llO”, while the 
representative of conformation 31 has a T-M-T angle of 15 1.2”. From these results, 
we can see that the geometry of the Re complex is close to conformation 31 but 
retains some characteristics of conformation 20. Therefore, the two d electrons must 
occupy an orbital with weak Re-0 x antibonding character. Occupying this orbital 
results in an Re-0 bond distance (1.742 A) that is longer than that in the ReO; 
complex (1.719 A) [lo] with a bond order of only 2.25, but shorter than the mean 
Re-0 distance (1.761 A) in trans-ReOzLd complexes, which have a dZ configuration 
and a bond order of 2.00. The latter is unique since almost all complexes with the 
M-T rc antibonding orbital(s) occupied have the longest M-T bond distance (see 
discussion later). 

The dZ complex RuO,(OH)$- [32] with structure 16 was reported to have 
long Ru-0 bonds (1.75-1.76 A). As we can see from Table 4, an MT,L2 complex 
with structure 16 prefers a do close-shell configuration and formal bond order of 
2.33. The long Ru-0 bond distance, compared with the Ru-0 bond distances of 
1.705 A in RuO, (bond order 2.25) and of 1.705-1.726 A in trans-RuOzLd (bond 
order 2.00) [33], must result from the two d electrons occupying M-T rz antibonding 
orbital(s). 

From Tables 4 and 5, the maximum number of d electrons for five-coordinate 
complexes, MTL4, is 4. Therefore, an early report on the existence of d6 complexes 
[9(b)], e.g. (PPh,),Ir(CO)Cl(NR) and (PPh,),M(CO),(NR) (R= CFzCHFCFJ; M = 
Ru or OS), are unlikely to be true. 

E. OCTAHEDRAL COMPLEXES, MT,_,L, (n=O-5) 

The results of our analyses on octahedral complexes are given in Table 6. In 
an octahedral complex, there are three metal d orbitals of II symmetry (t2g set). 
Complexes with metal-ligand multiple bonds usually adopt structures such as 40 
for fat-MT,L,, 41 for trans-MT,L,, 42 for cis-MT2L4, and 43 for MTL,. Simple 
bonding descriptions can be found in the literature for these four common structures 
[3-71. In a fat-MT,L, complex, the three d orbitals interact with the pn combinations 
of T ligands and M-T bond is formally a double bond. In a cis-MT,L, complex, 
the formal M-T bond order is 2.5 since three d orbitals are shared among two T 
ligands. In a trans-MTzL4 complex, one d orbital is purely non-bonding because it 
does not overlap with the ligands’ it orbitals, giving an M-T formal bond order of 
2.00. This formal bond order cannot be used to relate the M-T bond distance 
because the trans influence significantly lengthens some M-T bond distances. Thus, 
the M-T bond in the trans-MT,L, complexes is one of the longest bonds among 
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complexes containing the same M and T ligand(s), which conform to the d configura- 
tions listed in Tables l-6. In an MTL, (43) complex, two of the tzg orbitals interact 
with the two p:. orbitals, giving a formal bond order of three and a dZ configuration. 
Most complexes with one potential triple-bonding ligand adopt this structure (43). 
These arguments have been used to explain the statistical observation on the general 
trend of metal-oxo bond lengths, monooxo (3.0) < cis-dioxo (2.5) < fat-trioxo 
(2.0) < trans-dioxo (2.0) (number in parentheses is the formal bond order) [Z]. 

From Table 6, we can see that the maximum number of d electrons in octahedral 

TABLE 6 

The irreducible representations of the orbitals of the metal and ligand in an octahedral 
geometry, MT, _.L, (n = O-5) 

Irreducible representations max. 
M-T max. no. .._ _ 

of ligandk of metal’s bond ofd 

Geometry 
order electrons 

for max. 
Examples 

o-orbit& x-orbitals or&s or&aIs !rrj h.“* [References] 

;r r-r&&r 
r* ’ 

t2g+ 

T . 
%!+es+ tlm+tlll alg+tl” e,+t2, 1.50 0 not found 

4 35 %I +fzu 

T i.JT 
T*l- 3a,+b, 

e+b2 

L 
+as+bl 2a~* a,+e 1.60 0 

+e 
c4v 36 

+a,+2e +b,+h 

L 

T &A’, 
+- b2*+% 

L 2a~~*u+ +aj,,+a2galg+eu+82u ee+bze 1.75 0 

D4h 37 
%u+bt, +b2,+% +blB+ale 

L i.JT 
,,I - 

al+bl+b 

9: 38 

3a~+2bl +a,+2b, 2a,+bt+b2 2a,+a2 1.75 o 

+bT +a2+b2 +b,+bz 

T i*LT - LT 4a,+b, al+bl+b2 
+a,+b, 

2a,+b,+b 2al+a2 2.00 0 
L 

+b2 
cz” 39 +b, 

+h+h 

IL 
T-&L 
T* ’ 

a’+2a”+ 
L Sa’+a” ti,+a,, 3a’+a” 3a’+2a” 2.00 0 

Cs -10 

not found 

not found 

not.found 

MoQ(dW (d4 
1351 

Re0,Cl,2- (do) [36] 

RaCp (do) 1371 
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Irreducible representations max. 

Example8 

[References] 

1 

L-&&L MoO,(CN),’ - (d’) [38] 

L’! %p, eS+ 

+btg+% +e, 

alg+eu+R2u 
%+% 
+b,,+ . 2.00 2 OsO,Cl,*- (d’) [39] 

D4h 41 
+b,, 

1 
I I 

17)+L 3a,+b, al+a2+ 2a,+b,+& 2aI+a2 

C& 42 +2bz 
+bl+bz +bt+b 

2.50 0 MoO,F,‘- (do) [40] 

1 Ta NPh)C13(THF)PEt3 

I3 

y’ 
d, (d Wal Wbl 

3a,+e+b, e 2a,+e .a++b, 3.00 2 MooC~~(P~,, cd’) 

C4” 43 
+b2 RIZ(N)CI,~- (d’) [42] 

complexes with M-T bond(s) is 2. In d4 complexes, such as some iron- and rutheni- 
urn-oxo complexes [33], two electrons occupy metal-oxygen n antibonding orbitals. 
This results in substantially longer M-O bonds. For example, the Ru-0 bond 
distance in RuOLS (43) complexes with d4 configurations ranges from 1.765 A to 
1.826 A, while it is 1.705-1.726 A in d2 trans-Ru02L4 complexes and I .705 A in 
RuO, [33]. 

F. COMPLEXES WITH HIGHER COORDINATION NUMBERS 

Since the number of available metal orbitals is 9, complexes with formula of 
MT, -,,L. (0 < n < 8) are unlikely to exist. An 8-coordinate complex with only one T 
ligand, MTL,, is possible since the formal M-T bond order can reach 2.00. A recent 
report qn the structures of Cp2*Ta(H)(0), Cp,*Ta(H)(N&HJ, Cp,*Zr(py)(S), and 
Cp2Zr(THF)(NBu’) complexes [43] provides, examples of 8-coordinate complexes 
with a potentially triple bonding ligand. All these complexes have the general formula, 
Cp,MTL, with formal M-T bond order of 2.00. For a V-shape Cp,M fragment with 
a pseudo-C2, symmetry, where each Cp ligand acts like a three-electron pair G- 
donor, the linear combinations of the six o-donating orbitals of Cp transform as 
2a, + b1 + 2b2 + a2 irreducible representations while the transition-metal’s s, p and d 
orbitals span 4a, + 2b1 + 2b2 +a2. The interaction between the orbitals of the metal 
and the two orbitals of the Cp ligands results in three extra metal orbitals (2a, + b,) 
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available for interaction with other ligands. Among these three extra orbitals, only 
the bI orbital, which has maximum amplitudes in a plane perpendicular to the Ct- 
M-Ct plane (Ct = centroid of the Cp ligand), has n-bonding symmetry. Therefore, 
for Cp,MTL complexes, where the T-M-L plane is perpendicular to the Ct-M-Ct 
plane, the M-T II bonding electron density must lie on the L-M-T plane. Because 
of the unique nature of the three available frontier orbitals of CplM fragment, 
structures D instead of E were usually written in the literature [43(d)]. The extra x 
bonding orbital of the oxygen ligand in E is perpendicular to the 0-Zr-C plane 
and cannot find a matching symmetry-adapted orbital on the Cp,Zr fragment. 

CD) 

cp*zP 4 \c 
Cp2Zr--I0 

03 
A few 7-coordinate complexes with one T ligand have been reported [33]. The 

most common structure is pentagonal-bipyramidal with the T ligand occupying one 
of the two axial positions. The two pn orbitals of the T ligand interact with the two 
d orbitals (d,,, d,,) to form M-T triple bonds (la + 2x) and to have a do configuration. 
For example, do Mo(T)L,&CNEt,), (L = Cl and Br, and T = 0 and NPh) complexes 
[44(a), (b)] have a pentagonal-bipyramidal structure with the T ligand occupying 
one of the two axial positions. 

Capped octahedral complexes, (Nb(E)Cl,PMe& (E = 0 and S) [45], were also 
reported. Beginning with an octahedral complex, we can define the three tZg non- 
bonding orbitals with respect to the C3 axis as: 

aK3J 

t2g(oh): (VYd,~ -yz + W3)“2d, 
(2/3)“2d,,-(1/3)“2d, 

e(C3J 

The capping T ligand then interacts with the a, orbital to form a a-bond, and 
weakly overlaps with the e orbitals to form two n-bonds. A distortion away from a 
regular octahedron, i.e. opening of the capped triangular face, leads to much stronger 
M-T x interaction. Again, a do configuration is expected for capped octahedral 
MTL6 complexes. 

G. BOND ORDER AND BOND DISTANCE 

Before going into the details of the bond length and bond order relationship, 
we comment here on those 0x0 complexes which have an exceptionally long 
metal-oxo bond distance. Usually, trans-dioxo octahedral complexes (41) have much 
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longer M-O bonds than fat-trioxo complexes (40), although both have the same 
formal bond order (2.0). This phenomenon is explained by the large trans influence 
of the 0x0 group, i.e. a difference in the G bonding. Some other complexes have very 
long M-O bond lengths because the M-O a-antibonding orbital(s) is occupied, i.e. 
the metal d electrons exceed the maximum number of d electrons listed in Tables 
l-6. From a traditional point of view, the M-O formal bond order is reduced by 1 
when two electrons occupy metal-ligand n-antibonding orbital(s). However, modern 
orbital interaction models predict that the antibonding orbital is destabilized more 
than the.corresponding bonding one is stabilized. This implies that the occupation 
of metal-ligand A-antibonding orbital(s) will increase the M-O bond distance sig- 
nificantly, and the formal bond order calculated in the traditional way will not 
predict the bond distance. Unusually long metal-oxo bonds have also been reported 
in some complexes which have the same composition and structure but differ only 
in the M-O bond lengths. This phenomenon was termed as “distortional isomerism” 
[46] or “bond stretch isomerism” [47]. Most recently, both theoretical and experi- 
mental examinations disprove the existence of an isomer with a long MO-O bond 
in cis-mer-MoOClz(PR& complexes, and now “bond stretch isomerism” is a contro- 
versial topic [48,49]. In summary, all these complexes with exceptionally long M-O 
bonds are not included in the following discussion since the formal bond order 
cannot reflect the trend of metal-ligand bond lengths. 

As mentioned in the introduction, the factors that influence the individual 
metal-ligand multiple bond distance are not simple. However, the formal bond order 
is possibly one main factor that can be used to explain the statistical trends (not 
individuals) of M-O bond lengths for different metal-oxo complexes. Its usefulness 
will be examined through examples listed in Table 7. In the table, we use statistical 
data [2] as much as possible. If no statistical data can be found, a range of bond 
distances is given when more than one example is found. In the list of OS imido 
complexes, the OS-NR bond distances are compared for those complexes with same 
R group since we found that comparison between OS-NR distances with different 
R groups is inconsistent. We can see from Table 7 that the trend of M-T bond 
lengths is clearly related to the formal bond order. An exception is seen for 
MOO;-, which has the longest .Mo-0 bond although the formal bond order is 
greater than 2. 

In the previous statistical study [2], it was found that the M-O bond lengths 
in mono-oxo complexes do not show a significant oxidation-state dependence and 
exhibit only a slight dependence on coordination number. This observation can be 
easily explained from the above discussions since all mono-oxo complexes have a 
formal bond order of 3.00 regardless of oxidation state and coordination number. It 
was also shown that the average M-O bond length in mono-oxo complexes decreases 
gradually on moving from left to right across the Periodic Table. This trend is not 
difficult to understand if the M-O bond lengths primarily depend on the formal 
bond order. The gradual decrease of the average M-O bond length is a result of the 
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TABLE 7 

165 

Metal-ligand multiple bond distances of some selected complexes 

Complexes Geometry d” Bond M-T Comments 
order distance [References] 

(A) 

OsO,(OH); - 38 
OsOzL,(Cruns) 41 
OsO.+L 14 
OS04 4 
OsOIR, 6 
OSOL, 33 

Os(NAr),L, 10 
Os(NAr)&L 31 
Os(NAr), 1 
Os(O)(NAr)L, 6 

ReOIL&rans) 
ReO,L,(fac) 
ReO; 
Re03L 
ReOzRz 
Re mono-oxo 

41 
40 

4 
5 
6 

MoO,(CN)- 41 
MO fat-trioxo 40 
MOO: - 4 
MO cis-dioxo 42 
MO mono-oxo 43 
MO mono-oxo 33 

d4 2.50 

;: 
2.50 
2.67 

d2 3.00 

d2 2.00 

d’-2 3.00 

d2 2.00 
do 2.00 

;: 2.25 2.50 
d2 3.00 
d2 3.00 

1.750 c341 
1.742 Mean [Z] 
1.690-1.722 L=Cl- and N&HIS [17] 
1.684-1.711 Cl01 
1.695 R = mesityl [ 143 
1.630-1.670 c331 

1.790 L = PMe2Ph [7] 
1.770 L = PMe2Ph [7] 
1.736 c71 
1.710 L = NAr(CH,),ArN [7] 

1.761 
1.690-1.720 
1.721 
1.690-1.702 
1.688 
1.686 

Mean [2] 
See Fig. 3 in ref. 2 

Cl01 
L=Cl- and &H,Mes [13,33] 
R = C6H2Me, [ 143 
mean [2] 

1.828 C381 
1.726 Mean [2] 
1.760 c91 
1.704 Mean [2] 
1.681 Mean [2] 
1.669 Mean [2] 

periodic decrease in the size of the transition metal atom. It should be noted here 

that the formal bond order cannot be used to explain the M-T bond distance 
ordering for individual complexes since the magnitude of M-T n overlap and the e 
bonding are different for different geometries (in this simple analysis, we assume each 
M-T K overlap is equivalent to a 7~ bond and that all o bonds are equal). 

H. CONCLUSION 

The above discussion indicates that the statistical trend of M-T bond distances 
is closely related to the formal M-T bond order obtained from a simple group 
theoretical analyses. Most transition metal complexes with potentially triple-bonding 
ligand(s) conform to the maximum number of d electrons listed in Tables l-6. A 
small number of complexes with d electron configurations larger than the maximum 
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number of d electrons listed in Tables l-6 have significantly longer M-T bond 
distances since the metal-ligand K antibonding orbitals are occupied. 
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