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Abstract: Gas-phase ion-molecule reactions in mixtures containing Co(NO)(COh and one or two ligand species are described. 
The ligands examined are NO, NH3, PH3, AsH3, C2D4, H2O, CO, and O2. The carbonyls in Co(NO)(CO)n

+ and Co(CO)n
 + 

are displaced by each of the ligands but O2. Several of the ligands will displace two carbonyls in a single biomolecular step. In 
the presence of two ligands, X and Y, species of the type Co(NO)(X)(Y)+ are formed. Examination of X for Y displacements 
in such species gives rise to an ordering of cobalt ligand bond strengths. The ligands are listed above in the deduced order of de
creasing affinity for cobalt in the complexes studied, i.e., three- and four-coordinate unipositive ionic complexes containing the 
Co(NO) moiety and additional ligands from the above list. In the Co(NO)(X)(Y)+ species no evidence was found that the 
Co-X bond energy varies with the nature of Y. The same series of ligands was examined in the presence of Li+. The order of 
Li+ affinities deduced from ligand substitutions is NH3 > H2O > PH3 > AsH3, C2D4, CO, O2, and NO. D(Li+-PH3) is deter
mined to be 28 ± 1 kcal/mol. The results are discussed in terms of simple bonding theory. 

Most studies of metal-ligand interactions are done in the 
condensed phase, where the solvent may exert a controlling 
influence on the nature of interaction.23 In addition, conven
tional studies frequently rely on an indirect measure of the 
strength of metal-ligand bond, such as molecular vibrational 
frequencies.4,5 Recently, ligand substitution has been observed 
in ion-molecule reactions in the gas phase.6-8 This suggests 
the possibility of investigating metal-ligand interactions in the 
absence of solvent. Such gas-phase studies have the further 
advantage that relative metal-ligand bond strengths can be 
determined directly. That is, techniques such as ion cyclotron 
resonance9 make it possible to determine directly whether at 
equilibrium 

M L n X + + Y ^ M L n Y + + X (1) 

favors products or reactants. In fact in the case of (?j5-
C 5 H 5 )Ni(NO) + , where the metal complex has only one re
placeable ligand, it has been possible to measure equilibrium 
constants for eq 1.' ° 

The present study involves the examination of the gaseous 
ion chemistry of mixtures containing a metal complex, 
Co(NO)(CO)3, and one or more potential ligands. Ionization 
is induced by electron impact and the subsequent chemistry 
is followed using conventional ion cyclotron resonance tech
niques.9 Among the reactive species formed initially are 
Co(NO)(CO)3

+ and Co(NO)(CO)2
+ . The carbonyls in these 

species are readily displaced by a number of ligands. If two 
potential ligands are present, species appear containing one 
or both of the ligands in place of the carbonyls. In a mixture 
of water, phosphine, and the complex, for example, Co(NO)-
(H 2 O) 2

+ , Co(NO)(PH 3 ) (H 2O)+ , and Co(NO)(PH 3 ) 2
+ are 

formed from Co(NO)(CO)2
+ . Ion cyclotron double resonance9 

provides positive evidence that 

+ PH3 
Co(NO)(H 2 O) 2

+ —*- Co(NO)(H 2 O)PH 3
+ 

- H 2 O 

+ PH3 

- + Co(NO)(PH 3 ) 2
+ (2) 

- H 2 O 

occurs. Moreover, since the total time available for reaction 
is at most an order of magnitude greater than the time between 
collisions,9 reactions observed by double resonance must pro
ceed on nearly every collision. A reaction of such high effi
ciency must, of course, be exothermic or thermoneutral. Thus 

we conclude from double resonance observations that in the 
complexes involved in eq 2 the cobalt-phosphine bond is both 
thermodynamically and kinetically more stable than the co
balt-water bond. A technique analogous to this has been suc
cessfully applied to the determination of relative proton af
finities." 

Co(NO)(CO)3 was chosen for this study since it is volatile 
and its ligand substitution reactions have been studied by 
conventional techniques.1219 The nitrosyl substituent provides 
an opportunity to examine the behavior of both NO and CO, 
two very important ligands in transition metal chemistry. The 
reagent ligands chosen for the study are NH 3 , PH3 , AsH3, 
H2O, C2H4, NO, CO, and O2. These ligands are of general 
importance in transition metal chemistry and show charac
teristic affinities for different classes of metals.20 

To provide insight into the role of electrostatic interactions 
between metal ions and ligands we examined the chemistry of 
Li+ with the same series of ligands. In solution Li+ forms 
strong electrostatic bonds and should have different behavior 
toward ligands than does Co in its lower oxidation states.20 Our 
results confirm that this is the case. 

Below, following an account of experimental procedures, 
is a description of the gaseous ion chemistry observed in 
Co(NO)(CO)3 , in mixtures of the complex with one ligand, 
in mixtures of the complex with two ligands, and the results 
of the Li+ studies. In conclusion, we deduce an order of relative 
metal-ligand bond strengths and discuss the results in terms 
of bonding theories. 

Experimental Section 

All experiments were performed on an ion cyclotron resonance 
spectrometer of conventional design built at Ford Scientific Research 
Laboratories and at the University of Delaware. The ICR cell is 1.1 
X 2.5 X 11.5 cm. The source region is 1-cm long and the resonance 
region is 10.5-cm long. Experiments were carried out in the normal 
drift mode using trapping voltage modulation coupled with phase-
sensitive detection. The marginal oscillator detector was of solid-state 
design.21-22 Double resonance experiments were performed using a 
Wavetek Model 144 HF sweep generator as the secondary oscillator. 
The signal amplitude for irradiation was between 25 and 500 mV 
cm-1. 

The ICR instrument has two sample inlet systems controlled by two 
Model 951-5700 Varian leak valves. The cell region is pumped by both 
a 4-in. diffusion pump and a 20 l./s ion pump. Approximate pressures 
may be obtained using ion pump current readings. Above 2 X 1O-5 
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Table I. Carbonyls Displaced from Ions Containing NO 

Reactant ion 

Ligand CoNO(CO)+ CoNO(CO)2
+ CoNO(CO)3

+ 

NO 1 2 2 
NH3 1 1,2 1,2 
PH3 o 1,2 1,2 
AsH3 1 1 1 
C2D4 1 1 1 
H2O 1 1 1 
CO 1 1 1 
O2 O O O 

0CoNO(PH3)"
1" was observed, but it showed no response on irradi

ation of Co(NO)(CO)+. 

Table II. Carbonyls Displayed from Ions Not Containing NO 

Reactant ion 

Ligand Co(CO)+ Co(CO)2
+ 

NO 1 
NH3 

PH3 
C2D4 
H2O 
AsH3 
CO 

1,2 
1,2 

1 
1 

[ 1 
1 
1 

O 2 O O 

Torr pressure was determined accurately using an MKS baratron 
capacitance manometer. 

Nitrosyltricarbonylcobalt was obtained from Alpha Ventron. The 
liquid sample was purified by freezing it to -196 0 C and pumping off 
the vapor. The sample was degassed using freeze-pump-thaw cycles. 
C2D4 was purchased from Stohler Isotope Chemicals, O2 was provided 
by Linde, 15NH3 was supplied by British Oxygen Co., Ltd. (96.6% 
pure), NO and NH 3 were procured from Matheson and H2O was 
appropriated from a distillation tap at the University of Delaware. 
Both phosphine23 and arsine24 were made by well-known methods. 

Co(NO)(CO)3 alone and mixtures of Co(NO)(CO)3 with one li
gand were examined at an electron energy of 15 eV. In the mixtures 
the ratio of ligand pressure to metal complex pressure was maintained 
at 2:1 by adjusting leak ratios from the two inlets. Total pressure in 
the cell was controlled by adjusting the valves between the pumps and 
the cell. Double resonance experiments were performed at total 
pressures of ~10~ 5 Torr where product ion concentrations are sig
nificant. 

Mixtures of two ligands were admitted through one inlet and 
Co(NO)(COb through the other to obtain the three component 
mixtures. 

Results 

Co(NOXCO)3. At 15 eV electron impact on Co(NO)(CO)3 

produces significant relative abundances of Co(NO)(CO)n
 + 

and Co(CO)n ,+ where n = O, 1, 2, and 3, and m = 1 and 2. 
These ions react as indicated in eq 3 and 4. The formation of 

Co(NO)(CO)/ + Co(NO)(CO)3 

1—»- Co2(NOMCO)n + ,+ + CO n = O, 1, 2, 3 
—\ (3) 

L - * Co2(NO)2(CO)n + 1
+ + 2CO n- 1, 2, 3 

Co(CO)1n
 + + Co(NO)(CO)3 

, — Co2(NO)(CO)n, + 2
+ + CO m = O, 1, 2 

L-* Co2(NO)(CO)1n+1
+ + 2CO m = O, 1, 2 

polynuclear complexes in the ion chemistry of metal carbonyls 
seems to be a general phenomenon.6'7'25 No evidence for loss 
of more than two carbonyls or loss of a nitrosyl was obtained. 
In each case, loss of two carbonyls is favored by an increase in 
the kinetic energy of the reactant ion. If C o ( C O h + is accel
erated with the irradiating oscillator, for example, the 

Table III. Maximum Number of Ligands Included in Species of the 
Type CoNO(CO)3_„L„ 

L Max n L Max n 

NO 1 AsH3 2 
NH3 1 H2O 3 
PH3 3 C2D4 1 

Co2(NO)(CO)3
+ signal increases and the Co 2(NO)(CO) 4

+ 

signal decreases. Ejecting Co(CO) 2
+ from the cell before it 

can react decreases both Co 2 (NO)(CO) 3
+ and Co2(NO)-

(CO) 4
+ signals indicating both products are formed by the 

thermalized reactant ion.26 

Co(NOXCO)3 + Ligand. Bimolecular reactions between li
gand L and electron impact products OfCo(NO)(CO)3 result 
in ions of the type Co(NO)(CO) n L + and Co(CO)nL+ . Re
actions 5 and 6 represent the processes generally observed. 

Co(NO)(CO) n
+ + L - * Co(NO) (CO)„_5 L

+ + 5CO (5) 

Co(CO) n
+ + L - * Co(CO) n ^L + + 5CO (6) 

Either one or two ( 5 = 1 , 2 ) carbonyls may be displaced from 
ions with two or more carbonyls. As indicated in Tables I and 
II, the number of carbonyls displaced varies with the identity 
of the ligand. Since the energy to displace carbonyls comes 
from the new metal-ligand bond, the number of carbonyls 
displaced is a rough indication of metal-ligand bond 
strengths. 

Products of reactions 5 and 6 react further with ligand L to 
produce ions containing two and three L molecules as indicated 
in the equation 

Co(NO)(CO) 2
+ -^- Co(NO)(CO)L+ - ^* - Co(NO)L 2

+ 

-CO -CO 

(7) 

Each ligand that displaces one CO from Co(NO)(CO)2
+ and 

Co(CO)2
+ goes on to displace a second in this way. The max

imum number of carbonyls displaced from Co(NO)(CO) 3
+ 

in steps analogous to eq 7 by each ligand is given in Table III. 
These numbers should not be confused with those in Tables I 
and II, which correspond to carbonyls displaced in a single 
biomolecular process (reactions 5 and 6). Since the predomi
nant products of the first reaction between N H 3 and 
Co(NO)(CO)3

+ correspond to loss of two and three carbonyls, 
very little Co(NO)(CO)2(NH3)+ is available for further re
action. Hence further reaction is not observed. The relatively 
high mass of Co(NO)(AsH3)3

+ requires operating the oscil
lator detector at low frequency, which may account for our 
failure to observe Co(NO)(AsHj)3

+ . Co(NO) 2(CO) 2
+ and 

Co(NO)(C2D4)(CO)2
+ , on the other hand, are readily ob

served and seem to be inert to further substitution even at 
relatively high partial pressure of the ligand (~3 X 1O-4 

Torr). 
The parent ions of the ligands C2D4 and NO react according 

to 

L + + Co(NO)(CO)3 — Co(NO)(CO)L+ + 2CO (8) 

displacing two carbonyls. H 2 O + , N H 3
+ , and PH 3

+ displace 
three carbonyls and O 2

+ reacts by charge exchange to form 
Co(NO)(CO) 3

+ . 
The parent ions and parent neutrals of H2O, NH3 , PH3, and 

AsH3 react to form the protonated parents which then react 
with the metal complex. H 3 O + , AsH 4

+ , and P H 4
+ transfer a 

proton to Co(NO)(CO)3 , while N H 4
+ does not, indicating the 

proton affinity of Co(NO)(CO)3 to be between that of PH 3 

(175 kcal/mol27) and that of N H 3 (207 kcal/mol28). 
One additional reaction of interest occurs in the presence 

of ethylene. C 3D 5
+ , probably an allyl cation, is formed by re-
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Table IV. Reactions OfCoNO(CO)2
+ in Mixtures of Ligand 

Molecules X and Y 

X Reaction scheme" Y 

NO CO1CO N H 3 

CO1NO CO, NHj 

NOiNO NCNH 3 ., NH31NH3 

N H 3 CO.CO P H 3 

CO1NH3 CO, PH, 

NH11NH3 NH 1 PH 3 t PH1PH;, 

P H 3 CO1CO H 2 O 

CO1PH3 CO1PH1, 

PH31PH3 -^- PH31H2O -. H2O1H2O 

P H , CO1CO A s H 3 

CO1PH1, CO, AsH1; 

PH31PH, - PH31AsH3 

A s H 3 CO, CO C 2 D 4 

CO1AsH3 •> CO1C2Dj 

C , D . CO.CO H , O 

CO1CD, CO1H2O 

C2D11C2D, *=* C2D41H2O H2O1H2O 

a Ligands in addition to one nitrosyl included in the ionic Co com
plexes are indicated. Diagonal arrows represent substitution of X or 
Y for CO. Horizontal arrows indicate substitution of X for Y. All 
arrows represent reactions identified by double resonance. 

action 929 and goes on to react according to eq 10. This is 
typical of metal carbonyls 

Table V. Relative Reaction Rates of CoNO(CO)3
+ 

and CoNO(CO)2
+ 

C 2 D 4
+ + C2D4 — C 3 D 5

+ + CD3 

C 3 D 5
+ + Co(NO)(CO)3 

(9) 

Co(NO)(CO)(C3D5)+ 
+ 2CO (10) 

and is discussed elsewhere.8 

Co(NOXCO)3 + 2 Ligands. The chemistry of the three-
component mixtures is exceedingly complex at an electron 
energy of 15 eV, so the present studies were conducted with an 
electron energy of 8.9 eV (nominal). At this energy the ligands 
are not ionized and only Co(NO)(CO)3

+ and Co(NO)(CO)2
+ 

are formed from the metal complex. In the presence of two 
ligands, X and Y, species of the type Co(NO)(X)(Y)+ are 
formed by successive carbonyl displacements as described 
above. In general, CO is lost in preference to X or Y, so that 
X and Y displace each other only from ions with no carbonyls 
to be displaced. Thus the reactions which bear on relative 
metal-ligand bond strengths involve ions which are products 
of a sequence of two or three reactions. Such reactions are 
observed only at relatively high pressures, where the resonances 
are broadened and sensitivity is decreased. As a result it is 
generally possible to observe displacement of X for Y in 
three-coordinate ions but only in two cases in four-coordinate 
ions. 

The ligand substitutions involving three-coordinate ions 
observed in three-component mixtures are represented in Table 
IV. Since NO is never displaced only the remaining two ligands 
in each ion are indicated. The diagonal arrows represent car
bonyl displacements. The horizontal arrows indicate dis
placement of X by Y. All the arrows indicate reactions un
ambiguously identified by double resonance. 

In two cases substitutions of X for Y were observed in ions 

Ligand 
A(CoNO(CO)3)V 
£(CoNO(CO)2)

+ 

NO 
NH3 
PH3 
AsH3 
C2D4 
H,O 

0.3 
0.8 
0.8 
0.5 
0.2 
0.6 

derived from Co(NO)(CO)3
+. In the mixture containing water 

and phosphine reactions 11 and 12 occur, and reaction 13 oc
curs in the water-ethylene mixture. 

P H 1 

Co(NO)(CO) 2 H 2 O + -H^Co(NO)(CO) 2 PH 3
+ (11) 

- H 2 O 

Co(NO)(CO)(H 2O) 2
+-

PH 3 

Co(NO)(CO)2(H2O)-1 

*• Co(NO)(CO)(H2O)(PH3) 

Co(NO)(CO)(PH3)2 (12) 

Co(NO)(CO)2(C2D4)+ (13) 

H 2 O 
PH^ 

- H 2 O 
C^H 

- H 2 O 

Reaction Rates. The complexity of the chemistry in these 
systems prevented more than very rough estimates of reaction 
rates. Most of the ligand displacements proceeded with rate 
constants in the range between ~ 2 X 1O -10 and 1O-9 cm3 

molecule - ' S - ' . It was possible to determine the ratio of the 
rate of disappearance OfCo(NO)(CO)3

+ to that of Co(NO)-
(CO) 2

+ in several of the ligands. These ratios are reported in 
Table V. 

Li+ Reactions. Li+ ions were generated by thermionic 
emission by the method of Blewett and Jones.3031 If /-C3H7Cl 
is exposed to Li+ ions, then the reactions 

L i + + / - C 3 H 7 C l ^ C 3 H 6 L i + + HCl (14) 

C3H6Li+ + /-C3H7Cl — C3H7ClLi+ + C3H6 (15) 

occur.8'32 Species which bind Li+ more strongly than does 
propylene rapidly displace C3H6 from C3H6Li+ as exemplified 
by eq 15.32 If the /-C3H7Cl pressure is held constant and AsH3, 
NO, O2, or CO admitted, no ions other than the products of 
eq 14 and 15 are observed even at additive partial pressures in 
excess of 10~4 Torr. This indicates that AsH3, NO, O2, and 
CO bind Li+ less strongly than does propylene. If PH3 is added 
to the /-C3H7Cl then PH3Li+ is formed by 

C3H6Li+ + PH3 — PH3Li+ + C3H6 (16) 

which may be confirmed by double resonance. Other reactions 
identified in the appropriate mixtures are 

PH 3Li+ + /-C4H8 

PH3Li+ + CH3Cl 

* C 4 H 8 L i + + PH 3 (17) 

CH 3ClLi+ - I -PH 3 (18) 

The latter reaction seems to be approximately thermoneutral, 
since both forward and backward reactions give a "negative" 
double resonance response. That is, accelerating either ion 
decreases the concentration of the other. Furthermore, if the 
pressure of a 1:1 mixture OfCH3Cl and PH3 is increased the 
ratio of the concentrations of the two ions reaches a steady 
state. If this is interpreted as approach to equilibrium, then we 
can estimate A q̂ = 2 for eq 18. 

Relative Metal-Ligand Bond Strengths. The chemistry de
scribed above provides three criteria for relative strength of 
ligand to cobalt bonds: (1) the number of carbonyls the neutral 
ligand displaces from ions produced by electron impact on 
Co(NO)(CO)3 (Tables I and II); (2) the number of carbonyls 
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the ligand parent ion displaces from neutral Co(NO)(CO)3 
(Table III); and (3) the results of the competitive ligand sub
stitution reactions (Table IV). As mentioned above, the only 
energy available to break metal carbonyl bonds in reactions 
5 and 6 is that released by formation of the new metal ligand 
bond, hence criterion 1. Phosphine, for example, reacts with 
Co(NO)(CO)3

+to displace twocarbonyls, forming Co(NO)-
(PH3)(CO)+. Water, on the other hand, displaces only one 
carbonyl forming Co(NO)(H2O)(CO)2

+, indicating water to 
be a weaker ligand than phosphine. The second criterion re
sembles the first except that reaction 4 involves charge transfer 
to the metal as well as ligand substitution. The energy released 
by the charge transfer as well as that released by forming the 
new metal-ligand bond is available to break metal carbonyl 
bonds. Hence the ligand ionization potential as well as the 
strength of the metal-ligand bond may affect the number of 
carbonyls displaced. Nevertheless, criterion 2 places some 
restrictions on the metal-ligand bond strengths. The third 
criterion is, of course, the most direct and the most informative. 
The order of relative bond strengths consistent with all three 
criteria is unique. This order, which applies specifically to 
three- and four-coordinate unipositive ionic complexes con
taining the Co(NO) moiety and additional ligands from the 
list, is: 

O2 < CO < H2O < C2D4 < AsH3 < PH3 < NH3 < NO 

A study of ligand substitution reactions of electron impact 
products of Fe(CO)s suggests a criterion for metal-ligand bond 
strengths other than those listed above.6 Only bidentate ligands 
displace more than one carbonyl in a single reaction step in that 
system. Furthermore, successive displacements analogous to 
reaction 7 do not generally lead to complete displacement of 
all the carbonyls in Fe(CO)n

+ (« = 1-5). Sequential dis
placements in general produce species of the type Fe-
(CO)n^Lr+ {r < n), which are inert to further ligand substi
tution. The number of ligand molecules in the inert complex 
tends to increase with the proton affinity of the ligand. This 
suggests a correlation between the strength of the metal-ligand 
interaction and the maximum number of ligand molecules that 
will displace carbonyls from the various ionic complexes. This 
correlation does not apply to the present case, since the ligands 
examined, with exceptions discussed below, displace all of the 
carbonyls in the electron impact fragments OfCo(NO)(CO)3. 
The above three criteria provide a more direct measure of 
metal to ligand bond strength. 

Interpretation of the Li+ reactions is straightforward. The 
bond strengths between Li+ and the ligands unreactive with 
C3H6Li+ are evidently less than that between Li+ and pro
pylene. The Li+- propylene bond energy is known to be 23 
kcal/mol,32 which is thus an upper limit on Z)(Li+-L) for L 
= AsH3, NO2, and CO as indicated in Table VI. The reported 
values of Z)(Li+-Z-C4H8) and Z)(Li+-CH3Cl) are 25.0 and 
28.0 kcal/mol, respectively. The present results thus corre
spond to a value of 28.0 ± 1.0 kcal for Z)(PH3-Li+). The error 
limits include an allowance for a nonzero entropy change for 
reaction 18 and for an order of magnitude error in the mea
sured equilibrium constant. 

Discussion 
A number of factors affect the strength of the interaction 

between a metal ion and a neutral ligand. These include: (1) 
electrostatic interactions between the charge on the metal and 
the dipole moment and induced dipole moment of the ligand; 
(2) covalent bonding resulting from donation of electrons from 
the ligand to vacant orbitals on the metal; (3) r bonding re
sulting from back-donation of electons from the metal to va
cant TV orbitals on the ligand; and (4) the nature of other ligands 
attached to the metal. Solvation effects which are often crucial 

Table VI. Properties of the Ligands 

Ligand" 

NO 
NH 3 

PH3 
AsH3 

C2D4 

H2O 
CO 
O2 

Proton 
affinity, 

kcal/ 
mol6 

120 
207 
185 
175 
160 
165 
140 
100 

Ioniza
tion po

tential, eV c 

9.26 
10.16 

9.96/ 
10.03? 
10.51 
12.61 
14.01 
12.06 

Electro
static 

energy, 
kcal/ 
mold 

12 
26 
10 

8 
7 

29 
11 
9 

D(Li+-L), 
kcal/moK 

<23 
39^ 
28 

<23 
<23 

3 4 >> 
<23 
<23 

" Ligands listed in order of their affinity for Co* complexes as de
termined in the present study. b Reference 9. ^Except as noted 
from D. W. Turner, C. Baker, A. D. Baker, and C. R. Brundle, 
"Molecular Photoelectron Spectroscopy", Wiley, New York, N. Y., 
1970. d Calculated as described in the text. ^Except as noted, deter
mined in the present study. / J . P. Maier and D. W. Turner,/. Chem. 
Soc, Farraday Trans. 2, 68,711 (1972). ^G. R. Branton, D. C. 
Frost, C. A. McDowell, and I. A. Stenhouse, Chem. Phys. Lett., 5, 
1 (1970).''Reference 32. 

in solution are, of course, absent in the gas phase. Table VI lists 
the ligands in order of decreasing affinity for cobalt in the 
complexes studied. Table VI also lists data pertinent to an 
evaluation of the importance of the factors enumerated above 
which contribute to bond strengths. 

Estimates of the electrostatic energy of interaction between 
cobalt and the various ligands are obtained from 

E = (-ae2/2r4) - (ne/r2) (19) 

where n and a are the dipole moment and polarizability of the 
neutral ligand and r is estimated from known cobalt-ligand 
bond distances. It is evident from these electrostatic energies 
(Table VI) that electrostatic interactions are not dominant in 
determining relative cobalt-ligand bond strengths in these 
systems. Li+, on the other hand, binds the small, polar H2O 
and NH3 much more strongly than the other ligands. This is 
just what is expected when electrostatic interactions dominate 
in bond formation. Hence, Li+ behaves in the gas phase much 
as it does in solution.20 

In general, covalent bonding between an electron donor and 
an electron acceptor requires that the energy of the highest 
occupied orbital for the donor be close to the energy of the 
highest unoccupied orbital of the acceptor. The closer the 
energies, the stronger the bond. Ionization potentials provide 
the most convenient measure of the energies of the highest 
occupied orbitals of the ligands. These are listed in Table VI. 
Since ionization potentials of the various Co(NO)(X)(Y) 
neutrals are not available, the vertical ionization potential of 
Co(NO)(CO)3, 8.90 eV,33 provides the most convenient 
measure of the energy of the highest unoccupied orbital of the 
metal ion complexes. Hence, the closer the ligand ionization 
potential to 8.90 eV, the stronger the expected covalent 
metal-ligand bond. It is evident from Table VI that the ob
served order of cobalt-ligand bond strengths follows the ex
pected order of covalent bond strengths with two exceptions. 
The two exceptions are NH3, which forms bonds somewhat 
stronger than expected, and O2, which forms bonds weaker 
than expected. It may be that the cobalt-NH3 bond is 
strengthened by electrostatic interactions, and that the co-
balt-02 bond is weak because the symmetry of the triplet 
ground state of O2 prevents favorable interaction with the 
metal. This comparison of ionization potentials, while it ne
glects a number of undoubtedly important effects, at least in
dicates that covalent interactions play an important role in 
ligand-cobalt bonding in the unipositive ionic complexes 
studied. 
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It is of interest to note that the proton affinities of the ligands 
tend to increase with the strength of the bonds the ligands form 
with cobalt in these ionic complexes. The most marked ex
ception to this trend is NO, which has a very low proton affinity 
but forms the strongest bonds with cobalt of all the ligands 
studied. The relationship between nucleophihcity of a ligand 
towards a metal or other Lewis acid and that towards a proton 
has been extensively studied over the years. Of particular rel
evance to the present results are the linear free energy rela
tionships of the rates of ligand substitution reactions of neutral 
Co(NO)(CO)3 with the basicities of the ligands.14 For a 
homologous series of ligands, the rate constants for the ligand 
substitution reactions of neutral Co(NO)(CO)3 increase log
arithmically with the ligand basicity. These results might 
reasonably be interpreted as indicating that ligand bonding 
interactions toward Co(NO)(CO)3 increase with ligand ba
sicity. This is, of course, analogous to the conclusion suggested 
by the present study with regard to species of the type 
Co(NO)(X)(Y)+ and Co(NO)(X)+. The kinetics of the ligand 
substitution reactions of neutral Co(NO)(CO)3 further suggest 
that ligands with Tr-bonding properties are better nucleophiles 
than would be expected from their basicities.14 This is analo
gous to the behavior of NO in the present study. The nitrosyl 
ligand forms stronger bonds with cobalt in the ionic complexes 
than expected from its basicity, and ab initio calculations on 
Co(NO)(CO)3

+ indicate extensive bonding interaction be
tween the NO x* orbital and d orbitals on the metal.34 Similar 
conclusions regarding the relationship between proton affinity 
and metal-ligand bond strengths have been inferred from a 
study of equilibria in gas-phase ligand substitution reactions 
of (^-CsH5)Ni(NO)+.10 Some care must be taken in drawing 
conclusions from comparison of proton affinities and strengths 
of other types of donor-acceptor interactions. Since proton 
affinities have a tendency to follow ionization potentials,35 

correlations with proton affinity may be a reflection of corre
lations with ionization potential. In the present case, both pa
rameters are of some use. One provides an indication of the 
importance of covalent bonding and the other an indication of 
the importance of ir bonding. 

The reactions of species of the type Co(NO)(X)(Y)+ pro
vide no indication that the strength of the Co-X interaction 
depends on the identity of Y. In two instances, however, 
four-coordinate complexes are inert to further reaction. This 
suggests that the combinations of ligands in these two com
plexes, Co(NO)2(CO)2

+ and Co(NO)(C2D4)(CO)2
+, are 

particularly stable. It may be in these cases that the NO and 
C2D4 ligands contribute electron density to metal orbitals in
volved in back-donation from the metal to the carbonyls. This 
would stabilize the metal carbonyl bonds and perhaps render 
the complexes inert to further substitution. 

As pointed out above, ligand substitution reactions of the 
neutral molecule Co(NO)(CO)3 provide an interesting com
parison to the present results. It is clear from studies of these 
neutral Co(NO((CO)3 reactions that the cobalt-phosphorus 
bond is considerably more stable than the cobalt-nitrogen 
bonds in species derived from Co(NO)(CO)3 by ligand sub
stitution. Ligands with both phosphorus and nitrogen donor 
sites, for example, displace only one carbonyl to form exclu

sively cobalt-phosphorus bonds.16 The present study shows 
that removing an electron from the complex reverses the rel
ative phosphorus and nitrogen bond stabilities. As argued 
above, this may be the result of electrostatic interactions be
tween the small polar ammonia molecule and the charge on 
the complex. Another effect observed in ligand substitution 
reactions of neutral Co(NO)(CO)3 in solution is that the first 
CO is more readily displaced than the second, and the third is 
not displaced at all by phosphine ligands.12'13 An explanation 
proposed for this effect is that the first phosphine ligand con
tributes electron density to the metal, which is back-donated 
to the remaining carbonyl ligands, bonding them more strongly 
to the metal.1213 As noted above, a similar effect is observed 
only for NO and C2D4 ligands with the ionized metal com
plex. 
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