
VALENCE RELATIONS AMONG THE METAL CARBONYLS1s2 

ARTHUR A. BLANCHARD 
Research Laboratory of Inorganic  Chemistry ,  Massachusetts Inst i tute  of Technology, 

Cambridge, Massachusetts 

Received December 9, 1999 

Nickel carbonyl has frequently been described as a pure coordination 
compound, or as a compound in which the nickel has a valence of zero. 
Such a statement is very vague. Any classification of the metal carbonyls 
in terms of valence must rest on a very precise definition of how the 
valence is computed, and if i t  so happens that the basis for the particular 
method of computing the valence is questionable, then the classification 
according to valence is also of doubtful value. 

On the other hand, the use of the effective atomic number (E.A.N.) in 
classifying the volatile carbonyls, nitrosyl carbonyls, and carbonyl hy- 
drides is extremely helpful. This concept is easily and clearly defined, 
and the properties of the carbonyls show a marked uniformity according to 
this classification. 

The effective atomic number is the total number of electrons held 
within the sphere of the atom, and includes those that the atom itself 
furnishes, those that are added through electron transfer, and those that 
are added through the establishment of covalent and coordinate bonds. 
Whenever the effective atomic number of the central metal atom of the 
compound is equal to that of an inert gas, then i t  is possible for the com- 
pound to be volatile. By volatile we may somewhat arbitrarily say that 
we mean sufficiently volatile a t  temperatures below 100°C. to permit 
molecular weight determinations by the vapor density method. 

Volatility connotes lack of cohesion between molecules, that  is, lack of 
external field. The field of the molecules of the volatile carbonyls is very 
much self-contained just as that  of the inert gases which have the same 
effective atomic number as the central atoms. It is, of course, obvious 
that the carbonyl molecule as a whole can lack external field only when 

1 Presented a t  the Symposium on Elements in Unusual States of Valence, held a t  
the Ninety-eighth Meeting of the American Chemical Society, Boston, Massa- 
chusetts, September, 1939. 

2 Contribution No. 79 from the Research Laboratory of Inorganic Chemistry of 
the Massachusetts Institute of Technology. 
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the net electric charge is zero and when the field of the groups surrounding 
the central atom is also closed inside the molecule. Thus, all of the atoms 
of the molecule as well as the central metal atom must have the effective 
atomic number of an inert gas, and there must be a high degree of sym- 
metry in the structure of the molecule. 

KINDS O F  VALENCE 

Valence is one of the most fruitful concepts of the chemist. It is also 
the one which has caused the most uncertainty and controversy. 

Its first service was in clarifying the distinction between atomic and 
equivalent weights. At that time no cognizance was taken of the polarity 
of valence, and no postulate was employed beyond that of the atomic 
theory. In  fact, valence was hardly more than a number which described 
the experimental fact. Would that valence could continue to  serve in 
this simple fashion! 

The knowledge of the hydrocarbons, however, rendered the whole- 
number concept of valence untenable without the employment of new 
postulates of molecular structure. 

The development of electrochemistry necessitated the assignment of 
polarity to  valence, and thereupon arose the contradictions between polar 
and non-polar valence which seemed impossible of reconciliation until 
after the postulates of the electronic constitution of atoms had been 
introduced. G. N. Lewis offered the brilliant suggestion that pairs of 
electrons could a t  the same time fill positions in the electron shells of two 
atoms and thus raise the effective atomic number of each atom to that of 
an inert gas. 

In  forming compounds or ions of elements of the first two periods or of 
elements not more than two or three removed from an inert gas in the long 
periods of the periodic series, it is invariably the rule that  each atom 
acquires the E.A.N. of an inert gas through either sharing or transfer of 
electrons. 

But the metals and metalloids in the middle of the long periods are too 
far removed from the inert gases to  acquire easily the E.A.N. of the latter. 
Such elements are prone to  acquire what is usually regarded as a polar 
valence of +2 or +3 through the loss of two or three electrons. This 
condition is stabilized through the acquisition of an outer shell of electrons 
around the thus incomplete kernel of the atom. This shell consists of 
lone pairs of electrons donated by coordinating molecules. Shells of eight 
and twelve held thus between the positive kernel of the central atom and 
the positive cores of the coordinating molecules are possessed of a remark- 
able stability, These shells correspond to  coordination numbers of four 
and six, respectively; other coordination numbers are also recognized. 

In  the case of transfer, the valence is without question polar. 
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Ni + Ni++ + 2e 

Ni++ + 4"s + Ni .4NH3++ 

Ni++ + 4CN- + Ni(CN)r-- 

In  these complexes the E.A.N. of nickel is 34. 

Co 4 Co+++ + 3e 

CO+++ + 6NH3 + C O . ~ N H ~ + + +  

CO+++ + 6CN- 4 Co(CPi)a- - - 

In  these complexes the E.A.N. of cobalt is 36, the same as the atomic 
number of krypton. 

The stability of the coordinating sphere of electrons is the determining 
factor in the formation of the complex ions, and thus in many cases the 
E.A.N. may be different from that of an inert gas, and the inner electron 
layers of the central atom may be incomplete. However, in a surprisingly 
large number of cases the E.A.N. of the central atom is actually the same 
as that of an inert gas, and i t  is a fair assumption that the attainment of 
this E.A.N. is a factor which increases the stability. 

Carbon monoxide, nitric oxide, and the cyanide ion have very similar 
complex-forming functions (63). Uncombined their electronic structures 
may be represented as 

:C:: :0: [:C: : :N:]- and :N: i :0: 

The extra electron which nitric oxide possesses over carbon monoxide is 
so completely imprisoned in the structure that the physical properties of 
the two substances-as well as of nitrogen : N : : : iY :-are very similar.3 
Nevertheless, this extra electron does have some tendency to escape, 
leaving the positive radical [ : N : : : 0 : I+. The existence of solid crystal- 
line nitrosyl perchlorate, NOClO4 (12), nitrosyl fluoboratc, NOBF, (64), 
and nitrosylsulfuric acid, NO(OSOzOH), and particularly the fact that 
NOCIO4 dissolved in methyl nitrate has the characteristic conductivity of 
a salt (8) all support this view of the positive character of the coordinating 
nitrosyl radical. 

In  linking up in complexes there are two possibilities of electron ar- 
rangement : 

(I) M:C:::O: M:N: : :0: 
(11) M:  :C: :O:: M: :N:  :O::  

'The  complete absence of tendency of the nitrogen molecule to  take part in 
complex building must be ascribed to  the complete symmetry of the positive charges. 
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In  case I the carbon monoxide has established one coordinate bond with 
the metal atom and has thus added two electrons to  increase the E.A.N. 
The nitric oxide has established one coordinate bond with the metal atom, 
and the imprisoned electron has been completely transferred to  the metal 
atom; thus three electrons have been added to increase the E.A.N. 

In case 11, two covalent bonds have been established between the carbon 
monoxide and the metal atom, but the metal atom has furnished two of the 
electrons so that the increase in the E.A.N. is the same as in case 1,- 
namely, two. The nitric oxide also has increased the E.A.N. of the metal 
atom by three, the same as in case I. 

It is interesting to note that electron diffraction studies (3, 4) of nickel 
carbonyl, cobalt nitrosyl carbonyl, Co(X0) (CO)S, and iron nitrosyl car- 
bonyl, Fe(NO)z(CO)z, have indicated tetrahedral structure, a straight-line 
arrangement of M-C-0 and M-N-0, and bond distances which are 
in agreement with the supposition of a condition of resonance between 
arrangements I and 11. 

Likewise, the carbonyl hydrides Co(CO).,H and Fe(C0)4Hz have been 
subjected to electron diffraction studies by Ewens and Lister (7), with 
the conclusion that the same condition of resonance exists between ar- 
rangements I and I1 and that the hydrogen atom is situated a t  the end of 
the chain M-C-0-H 

.. 
M:C:: :O:H M:  :C: :O:H 

I I1 

Other electron diffraction studies indicate that the structure in iron 
pentacarbonyl is that  of a trigonal bipyramid, and that in the hexa- 
carbonyls the structure is octahedral (5). 

In  table 1 are listed the known monomeric carbonyls with their effective 
atomic numbers figured on the supposition that each carbon monoxide 
adds two, each nitric oxide adds three, and each hydrogen adds one (2). 
All of the carbonyls in this list are volatile according to the definition we 
have adopted. 

The polymeric carbonyls, Fez(COI9, [Fe(CO)&, [Co(CO)*],, [Co(CO)&, 
Ruz(CO)e, and [Ru(C0)4], are not volatile according to our definition, 
although Fez(CO)g, [Co(CO),]z, and Ruz(C0)9 can be sublimed. 

In  all of these cases, however, it is possible to assign to the metal atoms 
the E.A.N. of an inert gas if one is allowed to save the necessary number 
of electrons by the linking of carbonyl groups together, thus, MCO : OCM, 
or to bridge two metal atoms with a single carbonyl group M : CO : M and 
to choose either arrangement I or arrangement I1 when only one of them 
will fit. 
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It is to be noted that the volatile nickel carbonyl already satisfies the 
tendency for the central atom to acquire the E.A.S. of 36, and that this is 
the only carbonyl of nickel. On the other hand, cobalt and iron form 
polymeric carbonyls, nitrosyl carbonyls, and carbonyl hydrides in order to  
satisfy this tendency. 

POLAR VALENCE 

Polar valence is a convenient term to use, and there can be no misunder- 
standing of its significance when it is applied t'o the charge of a monatomic 
ion such as Na+ or C1-. When, however, it is applied to  the single atoms 

TABLE 1 
Effective atomic numbers in the monomeric carbonyls4 

CARB 0 NYL I 
BHaCO., . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Cr(C0)a.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

CO(CO)4H.. . . . . . . . . . . . . . . . . . . . . . . . . . .  ~ 

Ru(C0)s . .  . . . . . . . . . . . . . . . . . . . . . . . . . . .  . '  
i w (CO) 6 .  . . . . . . . .  . . . . . . . . . . .  

E.A.N. 

5 + 3 + 2 = 1 0  
24 + 12 = 36 
26 + 10 = 36 

26 + 4 + 6 = 36 
26 + 8 + 2 = 36 
27 + 6 + 3 = 36 
27 + 8 + 1 = 36 

28 + 8 = 36 
42 + 12 = 54 
44 + 10 = 54 
74 + 12 = 86 

INERT QAB 

Ne 
Kr  
Kr 
Kr  
Kr  
Kr 
Kr 
Kr  
Xe 
Xe 
Rn 

*Since this paper was submitted, Hieber and Schulten (Z. anorg. allgem. Chem. 
243, 164 (December, 1939)) have announced the preparation of carbonyl halides of 
rhenium, Re(CO),X, where X = C1, Br, or I. These compounds have a very low 
vapor pressure but can be readily sublimed in a current of carbon monoxide, the 
iodine compound a t  90°C. and the chlorinc compound a t  140°C. In  these com- 
pounds the rhenium has the E.B.N. of 86 (radon). 

in complexes,-either neutral molecules or ions,-- we frequently run into a 
good deal of uncertainty. The polar valence, or electrovalence, or oxida- 
tion and reduction number, is supposedly the number of faradays necessary 
to convert one atomic weight of the element a t  the electrode to the condi- 
tion in question. Other constituents which enter the complex ion are 
supposedly unchanged electrochemically. TOO much supposition is in- 
volved to make it possible to  regard polar valence as an unqualified state- 
ment of experimental fact. 

Chlorine and carbon monoxide both combine spontaneously with nickel 
to  produce a new substance. Certainly we must go beyond these experi- 
mental facts to  find a reason to give nickel a valence of f 2  in the chloride 
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and 0 in the carbonyl. Chlorine will displace iodine from iodides because 
chlorine is said to be more electronegative than iodine, that is, the free 
chlorine takes the negative electric charge away from the iodine of the 
iodide. 

But carbon monoxide is capable of displacing halogens from a number of 
halides; for example, when it is passed over ruthenium triodide a t  250°C., 
free iodine is liberated. 

RuI3 + 2CO + Ru(C0)Jz + 4 1 2  

Carbon monoxide is capable even of displacing bromine and chlorine in 
All of this shows that polar valence cannot always be similar reactions. 

stated in terms of experimental fact alone. 

POLAR VALENCE IN THE VOLATILE CARBONYLS 

Nickel carbonyl 
Neutral carbon monoxide plus neutral nickel yields neutral nickel 

carbonyl. This has been described as a pure coordination compound, 
If the carbon monoxide molecule still holds all of its original electrons, i t  
seems justifiable to  call the nickel zero-valent according to  the same 
reasoning that, e.g., copper is divalent in the [Cu.4"3]++ complex. 

Cobalt nitrosyl carbonyl 
Cobalt nitrosyl carbonyl has an electronic structure identical with that 

of nickel carbonyl, but an electron transfer has occurred; the imprisoned 
electron of the nitric oxide has been completely transferred to the cobalt 
atom to complete the pattern of its kernel electrons. In  counting the 
polar valence of cobalt i t  would seem as if this transferred electron should 
be counted, whereas the eight electrons of the coordinate bonds should be 
ignored. Thus the polar valence of cobalt would be -1. 

Cobalt carbonyl hydride, (C0)~CoCO : H 
The electron of the neutral hydrogen atom has passed along the chain 

to take its place in the cobalt atom and again the polar valence of cobalt 
would be -1. 

Dimeric cobalt tetracarbonyl 
If neutral carbon monoxide is coordinatively added to cobalt, it might 

seem that the valence should be zero. However, there is undoubtedly 
the same shift of an electron into the kernel structure of the cobalt atom, 
the electrons being derived from the release of one pair when a bond such 
as (CO)3CoC0 : COCo(CO)3 is established. This seems to  be an argument 
that the valence is - 1 even here. 
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Iron pentacarbonyl 
If all five carbonyl groups are separately attached direct to  the central 

iron atom, the latter should be assigned a valence of zero in accordance 
with the argument used with nickel carbonyl. If, however, the structure 
of iron pentacarbonyl is like that of nickel carbonyl with four carbonyl 
groups attached to the iron atom, and the fifth carbonyl group completing 
a ring 

co: :co:c 
co: :CO:O 

Fe 

then the electrons released in creating the carbonyl-carbonyl bonds would 
be transferred completely to  the iron instead of coordinatively donated, 
and the valence of the iron would be -2. Structure I1 alone, however, 
would fit this interpretation. 

Iron nitrosyl carbonyl and iron carbonyl hydride 
In  Fe(N0)2(C0)2 and in Fe(C0)4H2 the valence of iron would be -2.  

Trimeric iron tetracarbonyl 
The same argument as with cobalt tetracarbonyl leaves the uncertainty 

whether to assign the valence 0 or -2 to  the metal atom. 

Hexacarbonyls of chromium, molybdenum, and tungsten 
Here the probable octahedral arrangement with coordination number of 

six would indicate a valence of zero for the metal, whereas with two rings 
of three carbonyl groups each, i.e., with coordination number of four, the 
valence of -4 would be indicated. 

The volatile carbonyls are so 
very non-polar in their character that a polar valence of the metal atom 
has little significance in any case. It seems to be the part of wisdom to 
avoid the use of polar valence with these compounds and to  base our 
systematization of them on the concept of E.A.X. Only in the case of 
the hydrides, which behave as weak acids, we have the ions Co(C0)d- 
and Fe(C0)4- -) and to  the ions as a whole of course a polar valence applies. 

The foregoing arguments are confusing. 

AMINE-SUBSTITUTED CARBONYLS 

In  the bewildering array of amine-substituted carbonyls (2), it is true 
in a great many of the cases that the amine molecules merely occupy the 
same number of coordinate positions as the displaced carbonyl groups, 
and thus the E.A.N. of the central atom is unchanged. 

Ni(C0)d + o-phthr --$ Ni(CO)z,o-phthr + 2CO 

For example, 
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Here we have a chelate complex and the ortho-phenanthroline occupies 
two of the coordinate positions around the nickel atom. 

co: :ir; 
Ni 

co: :N/ 

It is noteworthy that no instance has been observed in which the car- 
bonyl groups have been completely displaced by other neutral groups to  
form a pure coordination compound of the metal. 

There is no record that any of the amine-substituted carbonyls displays 
any volatility, and no great surprise need be felt if the metal atom does not 
seem to possess the E.A.N. of an inert gas in a compound such as, for 
example, Niz(C0)3pyt (py = pyridine). 

COMPLEX IONS CONTAINING CARBONYL AND NITROSYL GROUPS 

The major influence upon the stability of a complex ion is undoubtedly 
the formation of a coordinating layer of electrons between the central 
atom and the surrounding addenda. The strength of this coordinating 
layer is enough to  allow a considerable variation in the polar valence of the 
central atom; indeed some very unusual valences of the central atom have 
been noted in complex ions. Carbonyl and nitrosyl groups occur as 
addenda in a good many complex ions, and the method of coordination by 
means of a lone pair of electrons is entirely of the same nature as with other 
complex-forming groups, such as cyanide ion, chloride ion, and ammonia. 

:C:: :N:  :C1 :NHB 

The volatile carbonyls are, in terms of the Werner coordination theory, 
just a special case in which the complex has a net charge of zero. Since 
an effective atomic number equal to  that of an inert gas is an essential 
condition for the formation of a volatile carbonyl, it is of interest to  study 
the relation of the E.A.N. to the stability of complex ions. The compila- 
tion in table 2 contains a t  least fairly well authenticated complex ions that 
contain carbonyl and nitrosyl groups, and for the sake of showing the 
trends, some other ions are included. In  general, when the existence of a 
salt-like substance is reported which has, eg. ,  the composition h!L?tln(CN)~, 
it is assumed that the complex [Mn(Ch’)6]----- is indicated. (M 
represents a univalent alkali metal.) 

The polar valence is figured as the difference between the atomic number 
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M3[Mn(CK) S] . . . . . . .  
M4 [Mn (CN) 61 . . . . . . .  

and the number of electrons inside (but not including) the coordinating 
shell . Carbon monoxide. : C : : : 0 : . cyanide ion. : C : : : N : . chloride ion 

TABLE 2 
Effective atomic numbers  of the central atoms in complex ions  

+3 
$2 

POLAR i COMPLEXION ~ V ~ L E N C E  

M4[Fe (CN) 61 . . . . . . . .  
M3[Fe(CN)6CO] . . . .  
I\ln[Fe(CS)sSO] . . . .  
hl,[Fe(CK)gXO] . . . .  

+2 
+2 
4-2 
4-1 

hl.[Xi(CN).]. . . . . . . .  
Mz[Ni (CK) 31 . . . . . . . .  
iM4[Ki (CY),] . . . . . . . .  

A14 [Mo (CY) a ]  . . . . . . .  
hld[Ru(CN)~] . . . . . . .  
Mz[R~(CN)sl\'01., . . 
Mz[RuClsKO] . . . . . .  
Ma[Rh(CS)tj]. . . . . . .  
Mz[PdC16] . . . . . . . . . .  
h12[Pd (CN) 4 1  . . . . . . .  
M4[\V(CS),] . . . . . . . .  

n~[oSc1~1 . . . . . . . . . .  

hla[Os(CS)e] . . . . . . . .  
M3[Ir(Cx)6] . . . . . . . .  
Mz[PtCle] . . . . . . . . . .  
M2[PtClZ(CK)41 . . . . .  
M, [Pt ( C S ) ,  ] . . . . . . . .  

h.12[Ni(CN)ah'Ol . . . .  

hl2[OsClO] . . . . . . . . . . .  

hlz[O~ClJ0] . . . . . . .  

+2 
+1 

0 
0 

+4 
+a 
$2 
+2 
+3 
$4 
+2 
+4 
+4 
+3 
+2 
$2 
+3 
+4 

E.A.N. 

24 . 3 + 12 = 33 
24 . 2 + 12 = 34 
25 . 3 + 12 = 34 
25 . 2 + 12 = 35 
25 . 1 + 12 = 36 
25 . 1 + 12 = 36 
26 . 3 + 12 = 35 
26 . 2 + 12 = 36 
26 . 2 + 12 = 36 
26 . 2 + 12 = 36 
26 . 1 + 12 = 37 
26 . 2 + 12 = 36 
26 + 2 + 8 = 36 

27 . 3 + 12 = 36 
27 . 3 + 12 = 36 
27 . 2 + 12 = 37 
27 . 1 + 8 = 36 

27 . 2 + 12 = 37 
28 . 2 + 8 = 34 
28 . 1 + 6 = 33 

28 + 8 = 36 
28 + 8 = 36 

42 . 4 + 16 = 51 
44 . 2 + 12 = 54 
44 . 2 + 12 = 54 
44 . 2 . f 12 = 54 
45 . 3 + 12 = 54 
46 . 4 + 12 = 54 
4 6 - 2  + 8 = 5 2  
74 . 4 + 16 = 86 
76 . 4 + 12 = 84 
76 . 3 + 12 = 85 
76 . 2 + 12 = 86 
76 . 2 + 12 = 86 
77 . 3 + 12 = 86 
78 . 4 + 12 86 

+4 ' 78 . 4 + 12 = 86 
+2 I 7 8 - 2 + 8 = 8 4  

REFERENCl 

~ 

Pascal (47) 
Pascal (48) 
Pascal (39) 
Pascal (39) 
Manchot and Gall (27) 
hlanchot and Schmid (35) 
Pascal (42) 
Pascal (41. 13) 
Manchot and Woringer (38) 
Manchot and Woringer (38) 
Manchot and Woringer (38) 
Hoffman (11) 
Blanchard (2) 
Pascal (46) 
Pascal (45) 
Pascal (44) 
Blanchard (2) 
Manchot and Gall (26) 
Pascal (43h 
Burgess (6. 1) 
Burgess (6) 
Pvlanchot (18) 
Pasral (49) 
Howe (13) 
hlanchot and Dusing (19) 
Manchot and Schmid (36) 
Pascal (56) 
Pascal (60) 
Pascal (61) 
Pascal (50) 
Pascal (51) 
Pascal (53) 
Pascal (52) 
Pascal (54) 
Pascal (55) 
Pascal (57) 
Pascal (59) 
Pascal (58) 

.C1. and ammonia. .NH.. each donates two electrons to  the coordinate 
shell and does not affect the polar valence . Nitric oxide is assumed to 
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lose one electron entirely to the metal and thus lower the polar valence of 
the latter, the remaining positive nitrosyl group : N : : : 0 : contributing 
two electrons to  the coordinate shell. 

It is noticed a t  once that in a great many of these complex ions the 
E.A.X. is actually that of an inert gas. In  cases in which the E.A.N. is 
different there is almost invariably a manifest trend towards the stable 
number. 

For example, in the complex iron cyanides the ferricyanide ion, 
Fe(CN)o--- (E.A.N. = 35), tends to  gain an electron to  change to the 
ferrocyanide ion (E.A.N. = 36). The replacement of one cyanide ion 
by a carbonyl group in the ferricyanide ion, thus forming the ion 
Fe(CK)&O---, again raises the E.A.N. to 36. Introduction of am- 
monia to replace a cyanide ion likewise raises the E.A.N. to 36. The well- 
known nitroprusside ion, Fe(CN),NO--, bears two negative charges, thus 
giving to  the central atom the E.A.N. of 36. The triply charged ion, 
Fe(CN)bNO- - -, in which the E.A.X. is 37, can be prepared, but it is 
unstable and goes over spontaneously to the common nitroprusside (38). 

Among the cobalt cyanides the cobaltocyanide ion, Co(CN)s- - - - 
(E.A.N. = 37), tends strongly to go over into the cobaltic cyanide ion, 
CO(CN)~- - -, with an E.A.N. of 36. 

In preparing the carbonyl-substituted complex Co(CN)&O- - - 
(E.A.N. = 37) Manchot and Gall took extreme precautions to  suppress 
the spontaneom~ evolution of hydrogen, which would have increased the 
valence of cobalt from 2 to 3. In  all probability the ion Co(CN)&O-- 
(E.A.N. = 36) would be formed if it were given a fair chance. 

Among the nickel cyanides, the E.A.N. of nickel in the rather unstable 
Ni(CN)4- - is 34, but the tendency towards an E.A.N. of 36 is shown in 
the very unusual ion Ni(CN)4- - - -, in which the polar valence of nickel 
is zero (6). 

W. M. Burgess has found that when a solution of potassium nickelo- 
cyanide in liquid ammonia is treated with excess of potassium, a yellow 
precipitate of the composition K4Ki(CrY1)4 is formed; with the K2Ni(CN)4 
in excess, however, a red precipitate of K&i(Ch')a, previously described 
by Bellucci (l), is obtained. Burgess also has found that ferricyanides 
(E.A.N. = 35) are reduced to  ferrocyanides (E.A.N. = 36), but that 
ferrocyanides are not reduced further by liquid ammonia solutions of 
sodium, potassium, or calcium. 

Among the cyanides of manganese the trend is shown in the formation 
of Mn(CN)B- - - - - (E.A.K. = 36), a most unusual ion with five negative 
charges, and in the ion Mn(CN)aNO- - -, in which manganese also has 
the unusual polar valence of + 1. 

Among the cyanides of chromium only the chromo- and the chromi- 
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cyanide ions have been reported, but the trend would seem to point to the 
hexavalent ion [Cr(CK)6]- - - - - -, in which chromium would be zero- 
valent. 

Molybdenum and tungsten show, respectively, the E.A.N. = 54 of 
xenon and the E.A.N. = 86 of radon in the complexes [Mn(CN)&--- 
and [W(CN)&- - -, which have the unusual coordination number of 
eight. 

Among the platinum metals the prevalence of the E.A.N. of xenon and 
radon is very obvious. With divalent palladium and platinum, as also 
with nickel, such an E.A.N. is structurally impossible, and we should look 
to see if compounds corresponding to K4[Ni(CX)4] and K2[Xi(CX)&0] 
can be prepmed. 

TABLE 3 
Cadonyl halides of heavy metals 

E.A.N. POLAR 
VALENCE COMPOUND 

c u c 0 . x .  . . . . . . . . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . . .  

PdClz. CO . . . . . . . . . . . . . . . . . . . . .  
PdClz.2NO. . . . . . . . . . . . . . . . . . . .  
OsXn*3CO. . . . . . . . . . . . . .  
IrC1~.2CO.. . . . . . . . . . . . . . . . . . . .  
PtC12. co.. . . . . . . . . . . . . . . . . . . . .  
PtClz.2CO.. . . . . . . . . . . . . . . . . . . .  
AuC1.CO.. . .  . . . . . . . . . . .  
Fe(N0)J . .  . . . . . . . . . . . .  
Co(N0)zI. . . . . . . . . . . . . . . . . . . . .  

29 - 1 + 4 = 32 
29 - 1 + 6 = 34 
44 - 2 + 8 = 50 
44 - 1 + 4 = 47 
46 - 2 + 6 = 50 

46 + 8 = 54 
76 - 2 + 10 = 84 
77 - 2 + 8 = 83 
78 - 2 + 6 = 82 
78 - 2 + 8 = 84 
79 - 1 + 4 = 82 

~ 2 6 + 1 + 6 = 3 3  
27 + 1 + 6 = 34 

CARBONYL HALIDES 

Carbon monoxide and nitric oxide combine with the salts, notably the 
halides, of the heavy metals, forming compounds which vary a good deal 
in character but in general are sublimable (although not volatile in terms 
of our arbitrary standard), lack pronounced salt-like character, are soluble 
in organic solvents, are hydrolyzed or decomposed by water, and possess 
unusual valences of the metal atom. 

The valence and the E.A.N. in table 3 are figured on the basis of the 
monomeric formula and on the assumption that nitric oxide has trans- 
ferred one electron and donated two electrons to the metal atom. The 
lack of volatility and for the most part the absence of molecular weight 
determinations of any kind deprives the E.A.N. numbers of significance, 
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because it is impossible to estimate ho-,v mxiy clectrons are gained by GO 
or NO bridges between metal atoms. Further compounds, in which no 
attempt is made to  assign a valence or an E.A.N., add still more to  the 
confusion of the picture: Ag2S04.CO (16, 32), RhC12.RhO.3CO (30), 
RhC12.RhO.3KO (34), 2PtC12.3CO (17, 62), FeS04.XO (40), Fe(hT0)d 
(20), R u ( N O ) ~ - ~  (33)) and COHg(OC2H6)(COOCH3) (15). 

The only sure generalization which can be made is that carbonyl and 
nitrosyl groups have a strong tendency to  coordinate with heavy-metal 
atoms and that in general such coordination enhances the stability of an 
unusual valence state of the metal. 

It probably is unwarranted to assume that always one electron is com- 
pletely transferred to  the metal when nitric oxide coordinates, and hence 
the polar valences derived on that basis should be taken with some reser- 
vation. 

It is interesting to note that in the similar pair of nitrosyl compounds 
Fe(N0)tI and Co(K0)pI the atomic number of the metal has no effect 
in determining the structure of the complex, whereas in the pair 
K3[Mn(CN),NO] and K2[Fe(CN),NO] the tendency to  acquire the E.A.N. 
of krypton is sufficient to  determine the polar valence of the metal and the 
charge of the complex ion. 

In  the pair of compounds RhCl2 R h o  3CO and RhClz R h o  3NO the 
carbonyl and nitrosyl groups are interchangeable (34), and either nitric 
oxide or carbon monoxide is able to  replace the other without breaking the 
structure of the compound. 

SUMMARY 

The use of the term “valence” involves many uncertainties unless the 
method of computing the valence is very carefully detailed in every case. 

This is particularly true when we are dealing with the volatile carbonyls, 
Indeed any method of computing the valence with these compounds is so 
involved in uncertain hypotheses that it would seem better to avoid 
altogether the use of the term. 

The concept of effective atomic number (E.A.N.), however, proves an 
excellent basis for classifying the volatile carbonyls. 

In  the formation of complex ions containing carbonyl and nitrosyl 
groups, two factors are apparent: first, the tendency to  form a stable 
coordinating layer of electrons between the central atom and the surround- 
ing addenda; second, the tendency of the central atom to acquire the 
E.A.N. of an inert gas. It is unmistakable that the ions in which this 
second tendency has also functioned are more stable than those in which 
the first tendency alone has been satisfied. 

The non-volatile or little-volatile carbonyl and nitrosyl halides and salts 
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of the heavy metals present a very incomprehensible picture. Too little 
is known of their properties to draw any valid conclusions. In  general, 
the coordination of carbonyl and nitrosyl groups appears to stabilize the 
otherwise less stable polar valence of the heavy metal. But even this 
generalization is subject to the uncertainty of the definition of the polar 
valence. 
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