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Abstract 

Solid state ternary transition metal carbides containing carbon, a transition metal (Cr to Ni and their heavier congeners), and a highly 
electropositive multivalent metal such as a lanthanide (Ln), Sc, Y, or Th, exhibit a number of structural features resembling those in metal 
carbonyls and other transition metal derivatives of zr-acceptor hydrocarbon ligands. Complete ionization of the electropositive metal to 
the stable ions Ln 3+, Sc 3+, y3+,  and Th 4+ leads to a negatively charged transition metal-carbon subnetwork, which may be regarded as 
an organometallic net. Many such carbides contain discrete C 2 units with C=C distances in the range 1.32 to 1.47 A suggestive of double 
bonding and the C~ tetra-anion obtained by the complete deprotonation of ethylene. Thus the carbides Ln2FeC 4, 5c3CoC4, and 
Ln3MC 4 (M = Fe, Co, Ni, Ru, Rh, Os, Ir) may be considered to contain 1,1-/,2-C 4-,  1,2-/z2-C 4 , and /z3-C 4- ligands respectively. 
Other ternary transition metal carbides contain C22- ligands in [M]=C=C units derived by complete deprotonation of a terminal 
vinylidene ligand, [M]=C=CH 2. Such terminal deprotonated vinylidene ligands are isoelectronic and isostructural with terminal metal 
carbonyl groups and are found in trigonal M(C2) 3 units isoelectronic with M(CO) 3 units with the transition metal in very low formal 
oxidation states (e.g. Mn( -V)  of Mn(C2)~ l-  in Ln3Mn2C 6 isoelectronic with Mn(CO)35 and Ni ( - I I )  of Ni(C2) ]-  in Eu3.16NiC 6 
isoelectronic with Ni(CO)~-). The carbide ScCrC 2 contains a C 2 pair with a longer C-C distance of 1.60A, suggesting a C-C single 
bond and the C 6- anion obtained by complete deprotonation of ethane. Examples of C~ ligands found in the solid state ternary transition 
metal carbides include terminal C 4- in Th2NiC 2, Y2ReC2, and Ln12M5CI5 (M = Mn, Re) and /z2(=C=) 4 in YCoC and Y2ReC2. 
© 1997 Elsevier Science S.A. 

1. Introduction 

One o f  the highlights of  chemistry during the past 
several decades has been the discovery o f  diverse types 
o f  transition metal organometall ic compound  containing 
single a n d / o r  multiple me ta l - ca rbon  bonds [1]. In addi- 
tion, during the past few years, a variety of  extended 
solid state ternary transition metal carbides have been 
characterized which are indicated by their interatomic 
distances to contain related types o f  me ta l -ca rbon  
bonds. In these ternary metal carbides the element other 
than carbon and the transition metal is a highly elec- 
tropositive multivalent metal such as a lanthanide (ab- 
breviated as Ln), yttrium, or thorium. Complete  ioniza- 

1 This paper is dedicated to Professor Yu.I. Struchkov in recogni- 
tion of his major contributions to structural inorganic chemistry. 
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tion o f  the electropositive metal to the stable ions Ln 3+, 
y 3 + ,  or Th 4-- leads to a negatively charged transition 
me ta l - ca rbon  subnetwork, which may be considered to 
be an organometall ic net. Such ternary metal carbides 
can  thus be r ega rded  as nega t ive ly  c h a rg e d  
organometall ic  polymers  imbedded in a matrix o f  posi- 
tive ions. In many of  these ternary transition metal 
carbides the transition metal a tom can be assigned a low 
formal oxidation state reminiscent of  the metal oxida- 
tion states in metal carbonyls and meta l -o le f in  com- 
plexes [1]. 

In previous papers the author has discussed the 
chemica l  bond ing  topo logy  in transit ion metal  
polyphosphides [2], superconducting transition metal 
borides and silicides [3], superconducting alloys [3], and 
ternary carbides of  the late transition metals [4]. This 
paper extends the previous survey of  metal carbides [4] 
to a wider variety of  ternary metal carbides including 



Table 1 
Ternary transition metal carbides discussed in this paper 

Species Anion Bond distances (,~) 

M - C  C - C  M - M  

Ligand Electron count 

Anion Metal 

Transition 
metal formal 
oxidation state 

Polymerization 
dimensionality 

/3-ScCrC9 Cr(C2)]/3 2.03 
c~-ScCrC~ Cr(C2)I /2(C)] /3  2.04 

2.06 
Sc2CrC s Ct(C2)s/3(C)6/s  2.03 

2.07 
2.09 

Er 2 MnC 4 Mn(C 2)6)~2 1.99 
Y2 FeC 4 Fe(C z)~/2 1.97 
Y2ReC4 ReC2/2 C 6 -  1.72 

2.13 
2.34 

GdsMn2C6 M n ( C 2 ) ~  3 1.85 
Mn(C~)% 2.13 

Dyl2 MnsC 15 M n C ~ -  1.78 
MnsCs(C2)s  18 - 1.89(C:) 

Hol2R%C~.s ReC 9-  1.87 
ResC3( C2)~s - 1.89(C2) 

La3.67 FeC 6 Fe(C 2)~ I - 1.82 
YCoC CoC s ~ 2 1.82 
LnCoC z Co(C 2 )]]3 1.95-1.98 
Sc3CoC4 Co(C2)9/2 2.09 
Th2NiC2 NiCS- 1.93 
Eu3.16 NiC6 Ni(C2)s 8- 1.88 

I. 60 3.24 ix 3 -C 6 - 17 15 Cr(IIl) 2 
1.43(C 2 ) - -  t~3-C 4-  17 15 Cr(III) 2 
1.88(C,) ix3-C 4-  
1.47 - -  I.t3-C ~ - 24 18 Cr(II) 3 

ix2-C 4- 
1.34 2.52 1~2-C 4-  29 13 Mn(II) 1 
1.33 2.50 ixz-C ~-  30 14 + 2 M - M  Fe(lI) 1 

- -  - -  C 4 - 21  1 7  R e ( l I )  1 

ix2-C 4- 
1.36 __ ix 3- C 4 - 20 18 Mn( - V) 3 
1.36 2.51 17 17 + 2 M - M  Mn(l l )  

- -  - -  C 4 - 2 8  1 8  M n ( I )  0 

1.32 2.84 ix2-C 4 - ,C 22 - 75 13 + 2 M - M  Mn(O) 
- -  - -  C 4 - 2 8  1 8  R e ( l )  0 

1.42 2.84 ~2-C 4- ,C 22- 75 13 + 2 M - M  Re(0) 
1.30 --- C ~ -  43 19 Fe( - V) 0 

- -  - -  IX2-C 4-  16 16 Co(I) I 
1.37 - -  ix3-C 4-  20 16 Co(I) 2 
1.46 - -  ix2-C ~-  34 18 Co( - 1) 1 

- -  - -  C 4 - 2 6  1 4  N i ( 0 )  0 

1 . 2 7  - -  C 22 - 4 2  1 8  N i (  - I I )  0 

" - 4  
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some early transition metal derivatives. The carbides of 
interest in this work are listed in Table 1. Some of these 
ternary transition metal carbides have also been studied 
by extended Hiickel methods, particularly by Hoffmann 
and co-workers (YCoC [5], Er2ReC 2 [6], LnCoC z [7]). 

2. Types of carbon ligand in ternary solid state metal 
carbides 

2.1. Ligands derived from ethylene deprotonation 

Many of the ternary solid state transition metal car- 
bides contain C 2 structural units with carbon-carbon 
distances of 1.32 to 1.47 ,~ suggestive of  carbon-carbon 
double bonds. Such structural units may be regarded as 
being derived from the C 4- anion obtained by the 
complete deprotonation of ethylene. Table 2 summa- 
rizes four different known bonding modes of bridging 
C 4- ligands in metal carbides. Note that there are two 
known ways that a C a- ligand can bridge two transi- 

Table 2 
Types Of C 2 ligand found in ternary transition metal carbides 

tion metals and two known ways that a C 4- ligand can 
bridge three transition metals. The 1,1-/z-C 4- ligand 
found in Ln2MC 4 derivatives (Ln = lanthanide, M = 
transition metal) is similar to a bridging carbonyl group. 
The number of  electrons donated by a neutral C 4- 
ligand of a given type listed in Table 2 is obtained by 
subtracting from the eight valence electrons of the two 
carbon atoms the four electrons required for the C = C  
bond and any electrons required for the lone pairs 
indicated in the structures. 

2.2. Ligands derived from ethane deprotonation 

The ternary carbide ~ - S c C r C  2 contains C 2 structural 
o 

units with a C - C  distance of 1.60A, which is much 
longer than any of the C = C  distances in any of the 
carbides listed in Table 2. For this reason the carbon-  
carbon bonds in the C 2 units of /3-ScCrC 2 are inter- 
preted as single bonds, so that these C 2 units are 
considered to be C 6- derived from the complete depro- 
tonation of ethane. 

Ligand Structure Electrons donated Examples C = C or 
by neutral C 2 C-C (A) 
ligand 

1. Ligands derived from ethylene deprotonation (C 4-)  
1,2-~=-C~- ~ - - C  0 

/ \ 
[M] [M] 

1,1-~=-c 4- %" 0 
II 

[ M ] / C  ~ [M] 
1,2-TI2-1a,3-C 4- [M] 4 

/ \ 
C- ' -C 

[M] / ~ [U] 

1,1,2-~3-C~- [ M I N c = c  ~ 2 

/ \ 
[M] [M] 

2. Ligands derived from ethane deprotonation (C 6- ) 

2 6 -  ~x3-, q _C2 C 

3. Vinylidene ligands (C 22 - )  

c#- EMl=c=c" 

I, L3 -C 2 - [M] 
/ 

[M]~------C-"-- C 
N 

[M] 

Sc3CoC 4 1.46 

Er2MnC 4 1.36 
Y2 FeC4 1.33 

a-ScCrC 2 1.43 
DyCoC 2 1.37 

Sc 2 CrC 3 1.47 

/3-ScCrC 2 1.60 

La3.67 FeC 6 1.30 
Eu3.16NiC 6 1.27 
Ho]2ResC 15 1.42 
Dy12MnsCi3 1.32 

Gd3Mn2C 6 1.36 
Tb3Mn2C 6 1.35 
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2.3. Ligands derived from vinylidene deprotonation 

Terminal C 2 ligands are found in discrete trigonal 
structural M(C2) 3 units in several carbide structures, 
including Ln3Mn2C 6, LnwResC~5, Ln3.67MC 6 (M = 
Mn, Fe, and Ru), and Eu3.16NiC 6. Such C 2 ligands are 
bonded to a single metal atom with rather short metal -  
carbon bonds, which are interpreted as metal-carbon 
double bonds. This ligand may be considered to be the 
dinegative C~- derived from the deprotonation of a 
vinylidene ligand H2C=C=[M]  and thus is isoelec- 
tronic and isostructural with a terminal metal carbonyl 
group, i.e. C~- = CO, so that a charged M(C2) 6- unit 
is isoelectronic with a neutral M(CO) 3 unit. 

The deprotonated vinylidene ligand can also serve as 
a bridge between three metal atoms in Ln3Mn2C 6. In 
this case one metal atom may be regarded as doubly 
bonded to the carbene carbon of the C~- unit (i.e. 
M n = C  --- 1.84 A) and the other two metal atoms as each 
singly bonded to the olefinic carbon of the C~ unit 
(i.e. M n - C  = 2.14,~) 

2.4. C 1 ligands 

Table 3 lists examples of C 1 ligands found in ternary 
metal carbides. In the carbide Th2NiC 2 the terminal 
carbon atoms are only singly bonded to the nickel atom 
so that the C 4 ligand is isoelectronic and isostructural 
with the F -  ligand. However, in Y2ReC2, as well as in 
the ReC 3 units in the more complicated Ln~2ResCj5 
structure, the terminal carbon atoms are doubly bonded 
to the rhenium atom so that the M = C :  2- unit is 
isoelectronic with an M = O: unit. The/x2-carbon atoms 
in the infinite cobalt-carbon chains of YCoC are similar 

Table 3 
C I ligands found in ternary transition metal carbides 

Ligand Structure Examples M-C (A) 

[M]-C4 [ M ] ~ ,  Th2NiC 2 1.93 

[M] =C4- [ M ] ~  C.., Y2 ReC2 2.13 
Hol2ResCI5 1.87 

[M]=C=[M] [MI----~C~[M] YCoC 1.82 

[M]=-C-[M] [M]~--'C~[M] Y2ReC 2 1.72, 2.34 

i • Hol2 ResC 15 [M]-C-[M] [M]/C'~[M] 

[M]3 C [M] ~.C/[M] a_ScCrC a 

I 
[M] 

2.07 

2.06 

6002/23- anion 
in YCoC 

ReCC2/2 6- anion 
in Y2ReC2 

Fig. 1. RoDe of metal p orbitals in M=C double bonding in the 
polymeric anions in YCoC and Y2ReC 2. 

to the central carbon atom in allene, even to the extent 
that the C o = C = C o  bond angles in YCoC are essen- 
tially linear. 

In some ternary metal carbides, such as YCoC and 
Y2ReC2, electron donation from a carbon atom to the 
transition metal involves formation of a metal-carbon 
double bond necessarily with both a o- and a 7r compo- 
nent (Fig. 1). Thus in YCoC with a = C = C o = C  = metal 
environment the Co =C 7r-bonding requires the cobalt 
valence orbital manifold to be an eight-orbital sp2d 5 
manifold rather than the seven-orbital spd 5 manifold 
expected from the linear o-bonding alone from the 
two-coordinate cobalt atom. The 'extra' cobalt p orbital 
of the sp2d 5 manifold participates in the C o = C  p~'-pTr 
bonding. Similarly, in Y2ReC2 with a ( = C = ) 2 R e = C :  
metal environment, the R e = C  7r-bonding requires the 
rhenium valence orbital manifold to be a nine-orbital 
sp3d 5 manifold rather than the eight-orbital sp2d 5 mani- 
fold expected from the trigonal planar o--bonding alone 
from the three-coordinate rhenium atom. 

3. The chemical bonding topology of transition metal 
carbides 

3.1. General comments 

Table 1 summarizes some of the important structural 
features of  the anionic transition metal-carbon subnet- 
works in the types of transition metal carbides discussed 
in this paper. These anionic subnetworks are obtained 
from the complete ternary transition metal carbide net- 
work by removal of the electropositive lanthanide or 
scandium atom as M 3+. An important feature of these 
anionic transition metal-carbon subnetworks is their 
polymerization dimensionality [4]. Carbon ligands 
shared between two or more transition metals in Table 1 
are designated by the nota t ions  [M]Cn/m, or [M](C2),/m 
where n is the number of such ligands bonded to the 
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metal atom [M] and m is the number of metal atoms to 
which a given C or C 2 ligand is bonded. 

3.2. Carbides containing C~- units derived from ethy- 
lene 

3.2.1. Ln2FeC 4 
The anionic transition metal-carbon subnetworks of 

the carbides Ln2FeC 4 (Fig. 2(a)) consist of infinite 
[Fe(C2)46/2]~ chains with 30 electrons per FeC46- unit 
and 1,1-1z-C 2 ligands bridging pairs of iron atoms [8]. 
The [Fe(C2)46/2]~ chains contain an infinite chain of  
Fe -Fe  bonds with Fe -Fe  distances of 2.50A. The 
previous paper [4] interpreted the C z ligands in Ln~ FeC 4 
as C ~- dianions leading to a formal iron oxidation state 
of - 2 .  If the C 2 ligands in Ln2FeC 4 are interpreted as 
tetra-anions, C 4- , rather than dianions C~- ,  then the 
formal iron oxidation state is + 2 rather than - 2 .  

This change in iron formal oxidation state does not 
affect the electron counting in Ln2FeC 4 discussed in 
the previous paper [4], but only the formal distribution 
of electrons between iron and carbon. Thus, if the 
i ron-iron bonds are assumed to be single bonds (the 
2.50 A distance is borderline between single and double 
bonds), then the iron atoms in [Fe(C2)46/2]~ attain the 

(a) Infinite Chains 

:c" :C: "C" 

'",. ,,~% ,," ",, t %  .," "Fe-.--,P~ 'f- e ~q-.F~-- 
"c .... "c" "c" \ 
:c.. .c: ,c. 

Fe(02)4/26- in Y2FeC4 

/ \ /  \ /  \ /  
o Co Co Co 

c/', / \  . . = . . . c = q .  

C0(C2)4/29- in Sc3CoC 4 

(b) Infinite Sheets 

 -cS \ co  
c/',c 

\ c o "  - " - 0 0  / - \ c o  / 

/ \  c/__ ',c 
/ C ~._~_C.,...co..,. = 

/ \  
00(02)3/33- in LnCoC 2 

Fig. 2. (a) Infinite chains in the transition metal-carbon subnetworks 
in Y2FeC4 and Sc3CoC 4. (b) infinite sheets in the transition metal- 
carbon subnetwork in LnCoC 2. 

16-electron configuration required for filling an eight- 
orbital planar sp2d 5 manifold as follows: 

Neutral iron atom: 8 electrons 
4 / 2  1,1-bridging neutral C 2 ligands: 0 electrons 
Two F e -F e  single bonds: 2 electrons 
- 6  charge: 6 electrons 
Total iron t,alence electrons: 16 electrons 

If the iron-iron bonds are assumed to be Fe=Fe  
double bonds, then each iron atom has the favored 
18-electron noble gas configuration. 

3.2.2. Ln~MC 4 
The anionic transition metal-carbon subnetworks of 

the carbides Ln3CoC 4 (Fig. 2(a)) consist of infinite 
[Co(C2)9/2]~ chains with 34 electrons per CoC 9- unit 
and 1,2-/x-C 2 ligands bridging pairs of cobalt atoms [9]. 
Formulating the C 2 ligands as C 4- leads to a formal 
cobalt oxidation state of - 1  ana!ogous to Co(CO) 4.  
The C o . - .  Co distance of 3.40A is too long for a 
direct C o - C o  single bond. The cobalt atoms have the 
favored 18-electron rare gas configuration as follows: 

Neutral cobalt atom: 9 electrons 
4 / 2  1,2-bridging neutral C 2 ligands: 0 electrons 
- 9  charge: 9 electrons 
Total valence electrons: 18 electrons 

The metal atoms in the iron and ruthenium analogues 
Sc3FeC ~ and Sc3RuC 4 have 17 valence electrons and 
the nickel atom in Sc3NiC 4 has 19 valence electrons. 

3.2.3. LnMC 2 
The anionic transition metal-carbon subnetworks of 

a large group of isostructural carbides of the type 
LnMC 2 (Ln = lanthanide, M = Fe, Co, Ni) consist of 
infinite [M(C2)3/3L sheets (Fig. 2(b)) [10]. The central 
cobalt atoms in a [Co(C2)~/3]~ sheet each have 9(Co) 
+ 4(4Co-C)  + 3 ( -  3 charge) = 16 electrons as re- 
quired for a planar cobalt atom with an eight-orbital 
planar sp2d 5 manifold. Formulating the carbon pairs as 
C4- leads to the formal + 1 cobalt oxidation state, so 
that LnCoC 2, like LnCoC, may formally be regarded as 
a square planar Co(I) derivative. The metal atoms in the 
isostructural iron and nickel LnMC 2 derivatives have 
one less and one more valence electron, respectively, 
than the ideal 16 electron configuration for a planar 
metal using an eight-orbital sp2d 5 manifold. 

3.3. A carbide containing a C~- unit deriued from the 
complete deprotonation of ethane 

The carbide /3-ScCrC e contains discrete C 2 units but 
with C - C  distances of 1.60A suggesting single bonds 
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and thus a C2 6- ligand derived from the complete 
deprotonation of ethane [11]. Each C 6- ligand is bonded 
pairwise to three different chromium atoms forming a 
total of six chromium-carbon bonds of length 2.03 ]k 
corresponding to Cr-C single bonds. The chromium- 
carbon subskeleton of ot-ScCrC 2 can then be interpreted 
to be [Cr HI(c 2 ) ~ ; 3 L with trigonal prismatic Cr(III). The 
singly bonded neutral C 2 ligand can be regarded as a 
net six-electron donor since only two of the combined 
eight valence electrons from the two carbon atoms are 
required for the C-C single bond and there are no lone 
pairs. The chromium atoms have the 15-electron config- 
uration typical for six-coordinate Cr m complexes as 
follows: 

Neutral Cr atom: 6 electrons 
3 /3  neutral C 2 units, 3 /3  × 6: 6 electrons 
- 3  charge: 3 electrons 
Total t~alence electrons: 15 electrons 

An isomeric ot-ScCrC 2 is also known in which the 
C 2 pairs are randomly distributed between half having a 
carbon-carbon distance of 1.43 A, corresponding to a 
double bond, and the other half having a carbon-carbon 

o 

distance of 1.88 A, corresponding to essentially no car- 
bon-carbon bonding [11]. Otherwise the atom connec- 
tivities and approximate bond distances in a-ScCrC 2 
are very close to those in ~-ScCrC 2. The bonding 
models and electron counting of both modifications of 
ScCrC 2 can be regarded as very similar, except that the 
neutral non-bonded C~ 'li~ands' (i.e. those with the 
C . . .  C distances of 1".88 A) are eight-electron donors 
and the neutral doubly bonded C~ ligands (i.e. those 
with the C=C distances of 1,43 A) are four-electron 
donors leading to 15-electron chromium configurations 
in oz-ScCrC 2 as in /3-ScCrC2 discussed above. 

3.4. Carbides containing C~- units obtained from the 
deprotonation of tfinylidene 

3.4.1. Ln3.67Mc 6 (M = Mn, Fe, Ru) 
These species [12] contain discrete trigonal M(C2) 3 

( M =  Mn, Fe, Ru) units which are assigned a -11  
charge to balance out the Ln3.67 countercations, assum- 
ing the usual + 3 lanthanide oxidation state. The C 2 
ligands are the deprotonated vinylidene ligands, C~-, 
isoelectronic with terminal carbonyl groups, so that the 
trigonal M(C2)~ ~- units are isoelectronic with the hypo- 
thetical highly reduced metal carbonyl anions M(CO)~- 
(M = Mn, Fe, Ru). The formal transition metal oxida- 
tion states in these species are even lower than those 
observed by Ellis and co-workers [13] in their studies on 
super-reduced metal carbonyl anions, who obtained 
Cr(CO) 4- as their most highly reduced species [14]. 
The Mn(C2)~ ~- unit found in Ln3.67MnC 6 (= 
Mn(CO)~-) has the favored 18-electron rare gas elec- 

tronic configuration, whereas the M(C2)~ 1- units (M = 
Fe, Ru) have a 19-electron configuration, which may 
correspond to an extra electron in the conduction band. 

3.4.2. Eu3.16NiC6 
This species [12] also contains a discrete M(C2) 3 unit 

but appears to require the potentially divalent lanthanide 
europium as the countercation, since similar species 
could not be prepared using lanthanide countercations 
that are exclusively trivalent. For this reason there is 
more ambiguity concerning the negative charge on the 
Ni(C2) 3 unit. However, an Ni(C2) ~- unit isoelectronic 
with Ni(CO) 2- would have the favored 18-electron rare 
gas electronic configuration and would correspond to a 
reasonable average oxidation state of 8/3.16 = 2.5 for 
the europium atoms, i.e. equal amounts of Eu 2+ and 
Eu 3 +. 

3.4.3. Ln3Mn2C 6 
The anionic manganese-carbon subnetwork of 

Ln3Mn2C 6 [15] is constructed from ~3-C~- vinylidene 
units bridging two different types of manganese atoms 
(Table 2). One of the manganese atoms (Mn2 in Ref. 
[15]) is bonded to six carbon atoms of six different 
/~3-C~- units through Mn-C single bonds (Mn2-C = 
2.14A), whereas the other manganese atom (Mnl in 
Ref. [15]) is bonded to three carbon atoms of three 
different /x3-C~- ° units through Mn=C double bonds 
(Mnl=C--= 1.84A) (Fig; 3(a)). In addition, the M n l -  
Mnl distances are 2.50 A suggestive of Mn-Mn single 
bonds; thus, each Mnl atom is singly bonded to two 
adjacent Mnl atoms. These considerations lead to a 
formula [{Mn2(C2)6/3} 4- {Mn1(C2)3/3} 5- ]~ for the an- 

(a) \ c  ~ \\ \~ \\ ff c ~  ,c, c 

c c\ tX$  / \ . / /  
M n  - - M N  - - M  r I - - - - - : M n - -  

. -%c  / <;-/Ic c c \ 
II II ~ II II / t c o  c c I I I I I1\ \ \ \  

Mnl Mn2 
Ln3Mn2C 6 

(b) -'c'. 
II 
C 
II ' c "  

• 
• \ / \ / "  ..c~Rt.._...~ R e - - R e . . .  . . . .  

.."of "<%o.. 
. °  , +  

Re1 Ln12Re5015 Re2 

Fig. 3. (a) The environments of the two different types of manganese 
atom in Ln3Mn2C 6. (b) The environments of the two different types 
of rhenium atom in Ln 12 Re5 C 15. 
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ionic manganese-carbon [Mn2C6] 9- subnetwork of 
Ln3Mn2C 6 if the - 9  negative charge is partitioned to 
give the {Mnl(C2)3} 5- unit the favored rare gas config- 
uration as follows: 

Neutral manganese atom: 
Vinylidene lone pairs from 
/z3-C 2 ligands, 3 × 2: 
- 5  negative charge: 
Total valence electrons: 

7 electrons 
6 electrons 

5 electrons 
18 electrons 

The remaining {Mn2(C2)6/2 }4- 
following electron count: 

Neutral manganese atom 
6 Mn-C  single bonds, 6 × 1: 
2 M n - M n  single bonds, 2 × 1: 
- 4  negative charge: 
Total valence electrons: 

unit then has the 

7 electrons 
6 electrons 
2 electrons 
4 electrons 
19 electrons 

The average formal oxidation state of the Mn 2 unit in 
Ln3MnzC 6 is -1 .5 .  Partitioning this average formal 
oxidation state between the two manganese atoms is 
somewhat arbitrary since it depends upon how the 4 - 
charge of the/x3-C 4- ligands is partitioned between the 
two types of manganese atom. However, if the 4 -  
charge of the/x3-C 4- ligands is allocated completely to 
Mn2, i.e. the manganese atom bonded to the /x3-C 4- 
ligands exclusively through Mn-C  single bonds, then 
Mnl  is assigned a formal - 5  oxidation state, i.e. 
isoelectronic with the hypothetical 18-electron species 
Mn(CO) 5- , and Mn2 is assigned a formal + 2 oxida- 
tion state similar to known manganese complexes such 
as Mn(CN) 4- . The wide disparity between the formal 
oxidation states of the two types of manganese 
Ln3Mn2C 6 makes this complex an example of a 
'xenophilic' solid state metal complex similar to the 
molecular species such as {/~-Mn(THF)2}2Fe2(CO) 8 
(THF = tetrahydrofuran) recently studied by Harrakas 
and Whittlesey [16]. 

3.5. Carbides containing only C~ units 

Carbides containing only C 1 units (without any C 2 
units) are rather rare and include Th 2 NiC2, LnCoC, and 
LneReC 2 with the following features (discussed in 
greater detail in the earlier paper [4]). 

3.5.1. Th2NiC 2 
Isolated linear [C-Ni-C]  8- anions with 26 valence 

electrons and Ni -C  distances of 1.93 A suggestive of 
Ni -C single bonding [17]. Assignment of the usual + 4  
and - 4  oxidation states to the Th and isolated carbon 
atoms, respectively, leads to a formal oxidation state of 
zero for the nickel atoms. The NiC~- anion is thus an 
example of a linear d ~° metal derivative. 

3.5.2. YCoC 
Infinite = C = C o = C = C o - - - C = C o  = chains with 16 

electrons per CoC 3 - =  C o C ~  2 unit (Fig. l(a)) [18]. 
Assignment of the usual + 3 and - 4  oxidation states 
for the yttrium cation and carbide anion, respectively, in 
YCoC leads to a formal oxidation state of + 1 for the 
cobalt atom. If the Co=C double bonds to the =C = 
ligand are replaced by equivalent bent Co-C  single 
bonds ( 'banana bonds'), then the cobalt atoms in YCoC 
may be considered to have square planar coordination 
which is typical for d 8 transition metals such as Co(I). 

3.5.3. Ln 2 ReC 2 
The anionic transition metal-carbon subnetworks of 

carbides of the type Ln2ReC 2 consist of [ReC2/2C6- ]~ 
infinite chains with 21 valence electrons per ReC26- 
unit (Fig. l(b)) [19].oThe rhenium-carbon bond lengths 
in Y2ReC2 are 1.72A and 2.34,~ to the bridging carbon 
atom and 2.13/~ to the terminal carbon atom. These 
distances suggest Re=C double bonds to the terminal 
carbon atom and alternating triple and single bonds to 
the bridging carbon atom. Assignment of the usual + 3 
and - 4  oxidation states to the yttrium cation and 
carbide anions in Y2ReC2 leads to a formal + 2  oxida- 
tion state for the rhenium atom. 

3.6. More complicated structures 

3.6.1. Sc2CrC 3 
Each chromium atom in Sc2CrC 3 is bonded to five 

carbon atoms, three of which are part of a 1,1,2-/x3-C 4- 
unit and the remaining two of which are bridging single 
carbon atoms forming 1.£2-C 4- units of the type 
C r = C = C r  [20]. This leads to a chromium-carbon sub- 
network of the general type [Cr(C2)3/3(C)~/2]~. The 
formal oxidation state of chromium is + 2 if both the 
/z2-C 4- and 1,1,2-/z3-C 4- ligands are considered to 
have - 4 charges. 

The 1,1,2-/z3-C 2 unit considered as a neutral ligand 
is a two-electron donor (Table 2). Similarly, the neutral 
single carbon atoms in the C r = C = C r  units may be 
considered as two-electron donors to each of the 
chromium atoms or as four-electron donors to the pair 
of chromium atoms being bridged. This leads to the 
fo l lowing electron count ing scheme for the 
[Cr(C2)3/3(C)2/2 ]6- subnetwork in Sc2CrC3: 

Neutral chromium atom: 6 electrons 
3 / 3  neutral 1,1,2-/x3-C 2 ligand: 2 electrons 
2 / 2  neutral C r = C = C r  ligand: 4 electrons 
- 6 charge/Cr  atom: 6 electrons 
Total valence electrons: 18 electrons 

The chromium atoms in Sc2CrC 3 are thus seen to 
have the favored 18-electron rare gas configuration. 
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3.6.2. LnI2MsCt5 (M = Mn, Re) 
These ternary lanthanide transition metal carbides 

have three different types of carbon ligands and two 
different type of transition metal atom (Fig. 3(b)) [21,22]. 
The carbon ligands are of the following three types, as 
illustrated below for the rhenium derivatives Ln12 R%C 75 
[211. 

(1) A terminal carbide atom (Cl in Ref. [21]) doubly 
bonded to a single rhenium atom (Re2 in Ref. [21]) with 
a Re=C bond distance of 1.87A. If regarded as a 
neutral carbon atom, this doubly bonded carbon atom is 
a formal zero-electron donor since its four valence 
electrons are used for the two lone pairs. 

(2) A carbon atom (C4 in Ref. [21]) which bridges 
two rhenium atoms (both Rel in Ref. [21]) with Re-C 
bond distances of 2.07 A. If regarded as a neutral carbon 
atom, this ~2-carbon atom, like e l  discussed above, is 
a formal zero-electron donor since its four valence 
electrons are used for the two lone pairs. 

(3) A terminal C 2 vinylidene ligand with a 1.42A 
C = C  distance bonded to Rel with a fairly short bond 
(1.89A) interpreted as a Re=C double bond [21]. This 
C 2 ligand, considered as a neutral species, is also a 
formal zero-electron donor since four of its eight va- 
lence electrons are used for the C = C  double bond, and 
the remaining four valence electrons are used for two 
lone pairs. 

Thus all of the carbon atoms in LnlzR%C~5, when 
considered as neutral ligands, function as formal zero- 
electron donors. 

The rhenium atoms in L~zResC15 are also of two 
types (Fig. 3(b)). Rel: the Rel atoms form Re3(C2)3( #- 
C) 3 triangles with Re-Re bond distances of 2.84A. 
Re2: the Re2 atoms form isolated trigonal ReC 3 units 
involving C1 as noted above. 

The rhenium-carbon subnetwork in Ln 12 ResC 15 may 
thus be formulated as [{Rel 3(C2)3(//~-C)3}{Re2C3}2 ]36- 
with two Re2C 3 units for each Rel3(C2)3(/x-C) 3 trian- 
gle. 

If the total negative charge is partitioned between the 
two types of rhenium unit so as to give the isolated 
trigonal mononuclear Re2C 3 units the favored 18-elec- 
tron rare gas electronic  conf igura t ion ,  i.e. 
[{Rel3(C2)3(/x-C)~4-}{Re2C~ 1-}2L, then the electron 
counting can proceed as follows: 

1 /3  Rel 3(C2)3( ~.£-C)~ 4- unit 
Neutral Re atom: 
1 neutral C2 ligand: 
2 / 2  neutral/x-C ligand: 
Two Re-Re single bonds, 2 × 1: 
- 4  3 average negative charge: 
Total valence electrons: 

7 electrons 
0 electrons 
0 electrons 
2 electrons 
4 3 electrons 

13 3 electrons 

Re2C~ 1- unit 
Neutral Re atom: 
3 neutral =C ligands: 
- 11 negative charge: 
Total valence electrons: 

7 electrons 
0 electrons 
11 electrons 
18 electrons 

The average oxidation state of the Rel  in the 
Rel3(C2)3(/x-C)~ 4- unit is zero assuming /x-C 4- and 
terminal C~- ligands and of the Re2 atoms in the 
Re2C~ 1- units is + 1 assuming terminal C 4- ligands. 
The Re2 atoms are assumed to have the favored 18- 
electron rare gas configuration and to be isoelectronic 
with species such as IRe(CO)6] +. The electronic config- 
uration of the Rel atoms is somewhat arbitrary since it 
depends on the order of the Re-Re  bonds in the trian- 
gle. 

4. S u m m a r y  

Solid state ternary transition metal carbides contain- 
ing carbon, a transition metal, and a highly electroposi- 
tire multivalent metal such as a lanthanide, Sc, Y, or 
Th, exhibit a number of structural motifs resembling 
those in metal carbonyl, alkyl, and carbene complexes. 
Particularly prevalent in the structures of such com- 
pounds are C 2 units with carbon-carbon bond distances 
suggestive of C = C  double bonds. Such units, which 
generally bridge two or three transition metal atoms, 
may be regarded as C 4- units obtained by the complete 
deprotonation of ethylene. Other ternary transition metal 
carbides contain C~- ligands in [M]=C=C units de- 
rived by complete deprotonation of a terminal vinyli- 
dene ligand, [M]=C=CH 2. Such terminal deprotonated 
vinylidene ligands are isoelectronic with terminal metal 
carbonyl groups; they are found in trigonal M(C2) 3 
units isoelectronic with M(CO) 3 units with the transi- 
tion metal in very low formal oxidation states (e.g. 
M n ( - V )  of Mn(C2)~ I-  in Ln3.67MnC 6 or Ln3Mn2C 6 
isoelectronic with Mn(CO)~- and N i ( -  II) of Ni(C 2)~- 
in Eu3.16NiC 6 isoelectronic with Ni(CO)~-). Other car- 
bon ligands found in related solid state metal carbides 
include C~- derived from deprotonation of ethane (in 
/3-ScCrC2), terminal C 4- ligands either singly or dou- 
bly bonded to a transition metal, and bridging linear 
=C = ligands. 
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