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The rates of reactions of quinolinolatotetracarbonyl- 
manganese(I), Mn(CO)d(oxine), with the mono- 
dentate ligands CJlJV, 4-CH3CJIfi, p-CH&,HJVH, 
p-FCeHJVH2, P(CJ15), and As(CJ-Is), (L) in chloro- 
form, 1,2-dichloroethane, benzene, and acetone were 
followed by visible spectroscopy and by gas evolution 
(volumetrically) at O-24” C. All reactions are first- 
order in the concentration of Mn(CO)4(oxine) and 
independent of the nature and concentration of L. A 
mechanism is proposed which involves dissociation of 
one of the mutually trans CO ligands. Apart from 
acetone, solvent exerts little influence on the rate. The 
rate constant, k, in chloroform at 23.9” C is 8.7 x 10” 
set-‘, whereas E, = 18.6-19.6 kcabmol and AS’ = 
4.9 to 0.3 e.u. 

The rates of reactions of Mn(CO)3L’(oxine) with 
L’ in chloroform to give Mn(CO)2L’z(oxine) were 
monitored by infrared spectroscopy in the vc-9 
region; they decrease as a function of L’ in the order 
P(O-n-CJ19)3 >P(OCJI3, >P(n-CJ19)3. The reac- 
tion of the L’ = P(n-CJ19)3 compound is first-order 
in the concentration of the complex and essentially 
independent of the concentration of the phosphine; at 
23.3” C, it is about 40 times slower than the reaction 
of Mn(C0)4(oxine) with L. 

The foregoing reactions are compared and contrasted 
with those of other manganese(I) and of chromium(O) 
carbonyl complexes containing “hard” donor atoms. 

Introduction 

Kinetic studies on substitution reactions of six-co- 
ordinate manganese(I) carbonyl complexes have re- 
ceived considerable attention.‘Y2 However, these 
investigations have been limited to various penta- 
carbonyls of general formula Mn(CO),X (X = mono- 
dentate, uninegative ligand) and to their substitution 
products. 

In the preceding paper3 we have described the syn- 
thesis and characterization of quinolinolatotetracar- 
bonylmanganese(I), Mn(C0)4( oxine) ,4 and its 
tricarbonyl and dicarbonyl derivatives. A feature of 

interest in these complexes is the presence of the 
bidentate oxine ligand, which bonds to the metal 
through the “hard” oxygen and nitrogen atoms. In 
order to ascertain the effect of these two donors on the 
rate and mechanism of carbonyl substitution in Mn 
(C0)4(oxine), and in order to compare these reac- 
tions with those of electronically related Cr(CO), 
(L-L) (L-L = 2,2’-bipyridine, o-phenanthroline, and 
their substituted analogs)5T6 we undertook a kinetic 
investigation of replacement of carbon monoxide with 
monodentate ligands in Mn(C0)4(oxine) and in 
some of its tricarbonyl derivatives. Reported here are 
our results. 

Experimental 

Materials 
All manganese(I) carbonyl oxine complexes were 

prepared as reported in the preceding paper.3 Ligands 

were purified as follows: p-fluoroaniline (bp 187°C) 
and tri-n-butylphosphine (bp 97-99°C 6 mm) were 
distilled, stored under nitrogen, and used within 24 hr; 
reagent grade pyridine (bp 115” C) and 4-picoline 
(bp 143” C) were dried over BaO and fractionally 
distilled under nitrogen; triphenylphosphine was re- 
crystallized from ethanol. Other ligands were used as 
received from various sources.’ 

Spectroscopic grade chloroform, 1,2-dichloroethane, 
and acetone were purchased from Matheson, Coleman 
and Bell and were used without further purification. 
Reagent grade benzene was dried over CaH, for 24 hr 
and distilled, bp 80” C. 

For ‘H NMR measurements, CDC13 of greater than 
99.5% purity was purchased from Volk Chemical Co. 
Deuteroacetone was furnished by Stohler Isotope 
Chemicals. 

Kinetic Measurements 
(a) By visible spectroscopy 
Unless otherwise indicated, reactions of Mn(C0)4 

(oxine) with various L to give Mn(CO),L(oxine) 
were followed by visible spectroscopy using a Cary I4 
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spectrophotometer. A solution of Mn(CO),(oxine) 
in a O.l-cm constant temperature cell (Series 430, 
Scientific Glass Apparatus Co.) was placed in the 
sample compartment of the spectrophotometer and 
allowed to reach thermal equilibrium (O-24” C, > 
+O.OS” accuracy). An aliquot of thermostated ligand 
(L) solution was introduced into the sample cell by 
means of a spring injector syringe7,” to insure rapid 
mixing. The absorbance of the reaction mixture was 
then monitored at 450 m,u. 

The reactions were followed to 85 % completion, and 
t, readings were taken after 10 half-lives. The com- 
plexes Mn(CO),(oxine) and each of Mn(C0)3L 
(oxine) were found to be stable toward visible light 
and to obey Beer’s law. The nature of the reaction 
products was confirmed by comparison of the Y oso 
infrared absorptions of the final solutions with those 
of authentic samples. 

(b) Volumetrically (Carbon monoxide evolution) 
Some reactions of Mn(CO),(oxine) with L to yield 

Mn(CO),L( oxine) were followed also by measuring 
the volume of liberated carbon monoxide. The ap- 
paratus used was similar to that described else- 
whereg,” and incorporated a gas buret with a pres- 
sure-equalizing side arm. The buret was connected to a 
thermostated flask which contained a solution of Mn 
(CO),(oxine) (-8 x 10”M) under an atmosphere 
of nitrogen. A thermostated ligand (L) solution (>4 x 

lO_rM) was then syringed into the flask through a 
serum cap-fitted side arm. The amount of gas col- 
lected (3 20 ml) was found to be in good agreement 
with that calculated for the release of one mole of CO 
per mole of Mn( CO),( oxine). 

(c) By infrared spectroscopy 
Reactions of Mn(CO),L’(oxine) with L’ to give 

Mn(C0) zL’z( oxine) were monitored by infrared 
spectroscopy in the Y c-O region using a Perkin-Elmer 
Model 337 spectrophotometer operated at a slow 
scanning speed and calibrated with a polystyrene film. 

Solutions of Mn(CO),(oxine) and L’ were thermo- 
stated separately at 18-25’ C (+ 0.1”); after thermal 
equilibrium had been attained (ca. 20 min), 5 ml of 
the ligand (L’) solution was pipetted into the flask 
containing the tetracarbonyl complex. The resultant 
solution was shaken to ensure complete mixing, and 
aliquots were periodically syringed therefrom into a 
0.1 -mm KBr cell for infrared measurements. 

Under the above conditions the reaction between 
Mn( CO),(oxine) and L’ to give Mn(CO),L’(oxine) 

requires approximately 7 min for completion; the 
formation of the dicarbonyl, Mn( CO),L’,( oxine), 
which proceeds more slowly, was then followed. Gener- 
ally, the disappearance of the highest frequencyYczo 
band of Mn(CO),L’(oxine) (see ref. 3, Table II) 
was monitored; however, the appearance of the lower 
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Figure 1. Plot of -log (A,-A) vs. time for the reaction of 
Mn(C0)4(oxine) with pyridine in chloroform at 13.8” C. 

frequency v c-O absorption of Mn( CO)zL’2( oxine) 
was also examined for comparison. 

The reactions were followed to 85 % completion with 
lo-15 measurements, and t, readings were taken 
after 10 half-lives or longer. In all cases, the finalve,o 
spectrum correponded to that of the appropriate 
authentic product. 

(d) By ‘H NMR spectroscopy 
Changes in the ‘H NMR spectra of solutions con- 

taining Mn(CO),(oxine) and L were investigated 
using a Varian Associates A-60A spectrometer equip- 
ped with variable-temperature accessories. No kinetic 
data were collected by this method, however. 

Treatment of Data 
Using the spectroscopic data obtained at 450 m,u, 

linear plots were constructed of -log(A,m -A) vs time 
where A 3c is the absorbance at the end of the reaction 
and A is the absorbance at any given time. A typical 
plot is shown in Figure 1. First-order rate constants, 
k, were calculated from the slopes of these lines; they 
are reproducible to ~!z3 % or better. 

Data from the infrared spectroscopic and gas volu- 
metric kinetic experiments were treated similarly to 
furnish first-order rate constants, k. 

A least-squares computer program was used to cal- 
culate values of the activation parameters and their 
standard deviations. 

Results 

Two general types of carbonyl substitution reaction 
were investigated in this work; they are shown in equa- 
tions (1) and (2). The reactions in equation (1) were 
followed by visible spectroscopy and, less extensively, 
where specified, by gas evolution. Good agreement 
was observed between the rate constants, k, obtained 
by the two methods. For example, the reaction of 
Mn( CO),( oxine) with C5H5N in 1,2-dichloroethane 
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solution at 0°C gives k = 1.83 x 10” se& when 
followed volumetrically, and k = 1.67~ 10” sec& 
when monitored spectrophotometrically. 

Rate data on the reactions of Mn(C0)4(oxine) 
with each of C5H,N, 4-CH3C,H4N, p-CH3C,H4NH2, 

P-FGH~NHz, P(GH,),, and As(C,H,), in chloro- 
form solution at 23.9”C are presented in Table I. 
The rates of the substitution are independent of the 
nature and concentration of the entering ligand, L, 
and follow the expression 

d[Mn( CO),( oxine)] - = WWC%L(oxine)l = 
dt dt 

k[Mn(C0)4(oxine)] (3) 

The rate constants, k, for the reactions of Mn(CO), 
(oxine) with C5H5N and As(C~H~)~ in chloroform 
at various temperatures from 9.8 to 23.9” C are given 
in Table II. 

TABLE I. Rates of Reaction of Mn(CO),(oxine) with Vari- 
ous Ligands (L) in Chloroform at 23.9” C. 

Mn(CO),(oxine) + L+Mn(CO),L(oxine) + CO 

L D-1 b k x 103, 

[Mn(CO),(oxine)] se& 

C5HSNa 

4-CH&H4N 

p-CH,C,H,NH, 

p-FC,H4NH2 

P(GH& 

As(GH& 

4.9 8.19 

12.8 8.20 

6.54 8.80 

21.1 8.55 

4.46 8.63 
10.01 8.58 

24.55 8.64 
4.54 8.85 

9.50 8.50 

2.24 8.75 

2.80 8.66 

4.53 8.66 
5.73 8.56 
8.10 8.72 

23.7 8.86 

5.29 8.94 

11.35 8.72 

27.29 8.65 

a At 23.5” C. b Concentration of Mn(C0)4(oxine) = 6.0- 
6.1 x 10-4M. 

TABLE II. Rates of Reaction of Mn(CO),(oxine) with 
Pyridine and Triphenylarsine (L) in Chloroform at Various 

Temperatures. 
Mn(CO),(oxine) + L+Mn(CO),L(oxine) + CO 

L Temp, ’ C k x 103, 
set-’ 

CAN 23.9 8.60 
23.5 8.20 
19.7 5.57 
19.4 4.43 
9.8 1.70 

As(C,H,), 23.9 8.77 
19.5 5.76 
18.3 4.77 
11.5 2.25 
10.1 1.92 

Rate data on the reactions of Mn(CO),(oxine) 
with C5H5N and As( CbHJ3 in 1,2-dichloroethane, 
benzene, and acetone at several temperatures in the 
range 7.4-23.9” C are contained in Table III. Again, 
neither the nature nor the concentration of the incom- 
ing ligand affects the rate of the monosubstitution. 
Changes in the dielectric constant of the solvent” do 
not strictly parallel variations in the rate constants; 
thus the rates increase as a function of the medium in 
the order 1,2-dichloroethane (E = 10.4) <benzene 
(2.28) <chloroform (3.73) <acetone (20.7), with the 
last-mentioned solvent having been examined only 
very cursorily. 

Activation parameters for the reactions of Mn(C0)4 
(oxine) with C5H5N and As(C,H~)~ in chloroform 
and 1,2-dichloroethane are listed in Table IV. These 
parameters appear to be invariant to both the solvent 
and the entering ligand, L. 

Reactions represented by equation (2) were fol- 
lowed by infrared spectroscopy in the vc,o region. 
The tricarbonyls Mn( CO)3L’( oxine) form quite 

rapidly upon treatment of Mn(CO),(oxine) with L’ 
(see Tables I-III); their substitution reactions with 
additional L’ to afford Mn(CO),L’,(oxine) were 
then monitored as described in the Experimental. 

Changes in the infrared vCrO bands as a function 
of time for the substitution using L’ = P(O-n-C,H,),, 
P(OC,,H5)3, and P(n-C,H,), are shown in Figures 
2-4, respectively. These reactions were not investi- 
gated nearly in as much detail as those represented by 
equation (1). Nevertheless, several trends, mainly 
qualitative, are apparent. As may be seen in Figures 
2-4, the rate of the substitution of CO in Mn(C0)3 
L’(oxine) by L’ in chloroform solution at 23.3”C 
varies with the already bonded ligand (which is also 
the entering ligand) in the order P(O+Z-C~H~)~> 
P(OCbHJ3 >P(n-C4H9)3. The reactions of Mn 
(CO),L’( oxine) with the two phosphites were 
examined only qualitatively; that with P(OC,H5)3 
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TABLE III. Rates of Reaction of Mn(CO),(oxine) with Pyridine and Triphenylarsine (L) in 1,2-Dichloroethane, 
Benzene, and Acetone at Various Temperatures. 

Mn(CO),(oxine) + L+Mn(CO),L(oxine) + CO 

Solvent L Temp, ’ C P-1 
[Mn(CO),(oxine)] 

k x 103, 
set-’ 

1,2-Dichloroethane CSHSN 

Benzene 

As(GWz 

Acetone CSH,N 

23.9 4.60 3.23 
23.9 2.12 3.18 
18.5 5.30 1.85 

18.0 5.80 1.68 
11.3 5.80 0.74 
23.9 4.8 3.37 
23.9 9.6 3.27 
17.8 9.2 1.29 
11.8 10.2 0.86 
23.9 3.1 3.91 
23.9 31.0 4.24 
18.5 20.5 2.27 
14.7 15.6 1.50 
10.5 12.6 1.07 
23.9 4.6 4.05 
23.9 10.8 3.87 

7.4 3.6 18.8 
7.4 24.1 18.6 

TABLE IV. Activation Parameters for Reaction of Mn(C0) ( 4 oxine) with Various Ligands (L). 
Mn(CO),(oxine) + L-+Mn(C0)3L(oxine) + CO 

Solvent Dielectric 
constant= 

L E,, 
kcal/mol 

AS*, 
e.u. 

Chloroform 3.73 C,H,N 19.1 + 1.2 -3.4 f 4.3 
As(C,H,), 18.6 f 0.3 -4.9 * 1.1 

1,2-Dichloroethane 10.4 GHsN 19.6 f 0.6 -3.8 f 3.0 

As(GH5)3 18.6 Z!Z 3.6 0.3 f6.1 

a National Bureau of Standards, No. 514 
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Figure 2. The infrared spectra in the Y~__o region of a reac- 
tion mixture of Mn(C0)3[P( 0-n-C,H,),]( oxine) and 
P(O-n-C,H,), in chloroform at 23.3”C at two different 
time intervals. 

2000 1600 2000 1800 2000 1800 cm-’ 

I _LLL_L I I I I 

Gmin. 36 min. 24 hr. 

Figure 3. The infrared spectra in the ycZO region of a reac- 
tion mixture of Mn(CO),[P(OC,,H,),J(oxine) and P(OC, 
H,), in chloroform at 23.3”C at three different time inter- 
vals. 
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Figure 4. The infrared spectra in the Y,--0 region of a reac- 
tion mixture of Mn(CO),[P(n-C,H&j(oxine) and P(n- 
C,,H,), in chloroform at 23.3” C at three different time inter- 

vals. 

reaches an equilibrium shown in equation (4) under 
the experimental conditions employed herein. 

Mn(CO),[P(OC,H,),](oxine) + P(OC,H& 
2 Mn(C0)2[P(OC,H,),]2(oxine) + CO (4) 

The reactjon between WW8WGWJ 
(oxine) and P(n-C,H,), was studied kinetically in 
chloroform solution at 23.3”C. Table V contains 
pertinent rate data. The substitution is first-order in 
the concentration of the tricarbonyl complex and 
appears to be essentially independent of the concentra- 
tion of the phosphine ligand. 

Discussion 

Lack of dependence on the nature and concentration 
of the entering ligand, L, in the formation of Mn(C0)3 
L( oxine) from Mn( CO),( oxirie) (equation ( I)) 
supports a dissociative, F&l, mechanism for the 
substitution. This mechanism is depicted in equation 
(5) (N-O represents oxine). The carbon monoxide 

TABLE V. Rates of Reaction of Mn(CO)3[P(n-C,Hs)3] 
(oxine) with P(n -GH9)3 in Chloroform at 23.3”. 

Mn(CO)z[P(rz-GH9)9](oxine) + P@I-GH~)~-’ 

Mn(CO),[P(n-CqHO)&(oxine) + CO 

[P(n -C,H,X] a 

[Mn(CO),[P(n-GH,)&oxine)l 

k X 104, see-’ 

3.81 1.94 

5.70 2.19 

9.00 2.22 

* Concentration of Mn(CO)s[P(n-CHg)3](oxine) 

- 2.1 x lo-‘M. 

0 
L 

k slow 

%F 
(5) 

0 6 

lost is almost certainly one of the mutually trans 
carbonyls, which are bonded to the manganese more 
weakly than the carbonyls trans to the oxygen and 
nitrogen donors. 

Apart from acetone, solvents with different dielectric 
constants do not significantly affect the rate (<3-fold 
increase from 1,2-dichloroethane to chloroform). 
Moreover, the observed minor variations in rate are 
not a function of increasing or decreasing dielectric 
constant. Small solvent effects and little correlation 
between rates and the dielectric constant of the solvent 
are typical features of substitution reactions of neutral 
metal carbonyl complexes.la The reaction in acetone 
was not examined in as much detail as that in the other 
solvents; accordingly, little can be said to account for 
the observed faster rate of the substitution therein. 

The calculated values of dS* for the reactions of 
Mn(CO),(oxine) with L = C5H,N and As(C~H~)~ 
in chloroform and 1,2-dichloroethane lie in the range 
of A.9 to 0.3 e.u. (Table IV). Entropies of activation 
for dissociative reactions of metal carbonyls are nor- 
mally positive, but small negative values have been 
obtained.‘” The enthalpies of activation for the reac- 
tions in question (18.0-19.0 kcal/mol) are also on the 
low side of the range reported for related SNl pro- 
cesses.la 

There is another mechanism, kinetically indistin- 
guishable from that given in equation (S), which 
deserves close scrutiny. It is depicted in equatibn (6). 

: 

+ (C0)4Mn-O-N + (CO14LMn-O-N 

I 

rast 

-CO (6) 
^ L 
UC 

oc ti 
M” ,o, 
E 

By assuming a steady-state concentration of the inter- 
mediate (CO),Mn-O-N and the condition that 
k,&k,[L], a rate law identical with that in equation 
(3) is obtained (with k = kl).” However, in this 
pathway, intermediates containing monodentate oxine 
such as (C0)4LMne-N might be expected to afford 
also Mn(C0)4L2+ by the reaction with additional L. 
No cationic metal carbonyl species were detected by 
us in these reactions. 

Several attempts were made at ascertaining whether 
the reactions of Mn(C0)4(oxine) with L proceed 
through a detectable intermediate. Thus the entire 
visible spectral region was repeatedly scanned for the 
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