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The rates of substitution reactions of Mn;(CO)  and
some of its derivatives are reported. The rate of re-
action of Mn;(CO) 1w with various reagents is first-
order in carbonyl and zero-order in reagent concentra-
tions. For poor nucleophiles the rate of reaction is
largely decreased with the addition of CO and the
activation parameters for reaction are AH* = 37kcal/
mole and AS* =420 e.u. These observations suggest
that substitution reactions of Mn:(CO) in p-xylene
solution take place by a CO dissociation mechanism,
Similar results were obtained for the reaction of mo-
nosubstituted derivatives Mn,(CO)sL, but the kinetic
behavior of MnCO)s[ P(CsH5):]; is different.

Introduction

Extensive studies have been made on substitution
reactions of metal carbonyls and excellent reviews of
the subject were written recently by Brown! and by
Angelici.?  Also considerable effort is currently being
spent on the synthesis of new metal-metal bonded car-
bonyls and investigations of their properties and struc-
tures.> In spite of this the kinetics and mechanisms of
very few such systems have been examined.

Some of the metal-metal bonded systems that have
been examined include the reactions of acetylenes®
with CoxCO): and its exchange with “*CO’ and re-
action with P(C¢Hs)s.8 The kinetics of *CO exchange
with acetylene derivatives of the type Coi(CO)sC:RR’
have been reported.” These compounds contain a co-
balt-cobalt bond but may also have groups bridging
the metals®

Substitution reactions of three metal-metal bonded
systems that do not contain bridging groups have also
been examined. The exchange of “CO with Hg-
[Co(CO)]: was found to be first-order and it was
suggested® that this perphas involved a mercury-cobalt
bond cleavage by means of a ligand migration process
to generate the active intermediate
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Haines, Hopgood, and Pog!® have recently reported
results of investigations on the rates of substitution re-
actions of Mny(CO),; with P(¢sHs); in decalin solution.
The reaction is first-order but only partially inhibited
by added CO. On the basis of this, as well as the
rate of the reaction of I, with Mny(CO), and its de-
composition in the absence and presence of oxygen,
it was suggested that the substitution reaction pro-
ceeds by two paths. The minor path (about 27%)
proceeding by a dissociation mechanism (loss of CO)
and the major path involving the homolytic cleavage
of Mny(CO)y to form the reactive Mn(CO)s radicals
in a solvent cage. It was also suggested that the ra-
dicals need not be the active intermediate but rather
it might be a carbonyl bridged species of type (I),
(OC)sMnCOMn(CO)s.

This intermediate is now favored," and it appears
that it can form by means of a ligand migration reac-
tion similar to that proposed for the Hg[Co(CO)i].
system.” Similar results have also been obtained for
the reaction of ReACO) with P(CeHs)s.!®

This paper reports the rates of substitution reactions
of MnyxCO)yw, and some of its derivatives with diffe-
rent reagents in p-xylene solution. Preliminary obser-
vations®® on some of these reactions indicated that
they proceed by a dissociative process rather than
by the homolytic cleavage of the Mn-Mn bond to form
reactive radical intermediates. The results of our
kinetic studies are largely in accord with this inter-
pretation,’*

Experimental Section

Compounds and Solvents. The solvents used were
purified by distillation, deoxygenated and carefully
dried. P(CsHs)s, P(OCsHs)s, As(CsHs); (Eastman Or-
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ganic Chem.), Sb(C¢Hs); (Matheson Co.), P(n-CiHy)s
(Eastman Organic Chem. and Aldrich Chem. Co.)
were commercial products, P(C;Hs); was prepared
from PBri and CHsMgBr. Solids were recrystallized
from methanol; P(OC¢Hs):; was distilled over sodium
in a stream of N, at reduced pressure, P(n-CsHs)s and
P(C;Hs); were dried over BaO and were purified by
distillation in a stream of nitrogen. The Mny(CO)io
was freshly sublimed before use.

Preparations.  All operations were carried out
in the dark and under an atmosphere of nitrogen
using anhydrous, oxygen-free solvents. The com-
pounds Mnx(CO)s[P(CeHs)s 12, Mny(CO)s[P(n-CsHo)s ]2,
and Mny(CO)[P(OCsHs); ], were prepared in small
volumes of p-xylene at 120°C from Mny(CO), and
P(C¢Hs); (1:4.5, 12 hrs), P(n-C;Hy)s (1:2.5 7 hrs) or
P(OC¢Hs)s (1:5, 12 hrs). They were recrystallized
from xylene, methanol or hexane, respectively. The
preparation of Mn;(CO)P(CsHs); was described pre-
viously.” Mny{CO)P(n-CsHs)s was isolated from a
reaction of 650 mg of MnyCO), and 330 mg of
P(n-C4Hy)s in 10 ml of p-xylene after heating at 125°C
for 6 hr. The solvent was evaporated, the residue was
dissolved in hexane and chromatographed over Al,O;
(anhydrous). Evaporation of the eluate yielded a
yellow oil. 400 mg, 43%. Anal. Calcd. for Mnr
(CO)QP(H-C4H9)3: C, 4470, H, 4.82. FOl.ll'le C,
4390; H, 4.66.

Mny(CO)P(OCsHs); was prepared in the same
way from 450 mg Mnx(CO),, and 350 mg P(OCsHs)s.
After heating at 125°C for 18 hr, the solvent was eva-
porated in a vacuum. The residue was chromatogra-
phed in hexane over Al;O; (3% water). Yellow Mnr
(COYP(OCsHs); crystallized from the concentrated
eluate at —78°C. At room temperature, it exists as a
wax. Yield 320 mg, 42%. Anal. Caled. for Mn;
(CO)P(OCsHs)s: C, 48.24; H, 2.25. Found: C,
47.65; H, 2.23%.

Kinetic Studies. Purified, anhydrous p-xylene was
used as the solvent in all of the experiments. The
reaction mixtures were kept at constant (+0.1°) tem-
perature, in the dark, and under an atmosphere of
nitrogen during the kinetic runs. All of the kinetics
were carried out under pseudo-first-order conditions,
using at least a ten-fold excess of reagent. The rates
of reaction were followed spectrophotometrically as
described below. Measurements were usually made
over a period of three half-lives. If not mentioned
specifically, all reactions went to completion and the
data gave good linear plots of log(A-Ax) vs. time,
where A is the absorbance at time t and A is the
absorbance at infinite time. Rate constants were re-
producible to within 10% or better. Errors in acti-
vation parameters are estimed to be =+1 kcal/mole
for AH* and +2 e.u. for AS*.

The rates of reaction were followed by monitoring
changes in the ir spectra of the reaction mixtures using
a Perkin-Elmer Spectrophotometer, Model 337 and
Model 237. This was done by observing changes in
the C—O stretching regions of the spectra to record
the disappearance of starting material and/or appea-
rance of product. Samples were removed from the
reaction flasks by means of a syringe inserted through
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a rubber serum cap. In order to avoid a partial va-
cuum and introduction of oxygen as a result of remo-
val of aliquots, the reaction flasks were kept under
a slight positive pressure of nitrogen.

To study the influence of carbon monoxide on the
rates of reaction, certain volumes of CO gas were
introduced to the reaction flasks (50 ml volumetric
flasks, filled with 25 ml reaction solution) by means
of a gastight syringe yielding a partial pressure of CO
of ca. 60-300 mm Hg at room temperature. Assu-
ming the validity of Henry’s Law and a solubility of

N cm?® (CO) ©
cm’ (solvent)atm’

this corresponds to concentrations of CO in solution
of ca. 0.5-3X 107> M.

CO in p-xylene at 100°C of #=0.15

Results

The observed pseudo-first-order rate constants, Kobs,
for reaction (1)

Mn;(CO),0+ L ~— Mny(CO),L+CO (1)

where L = P(C(,Hs)}, P(OC6H5)3, AS(C6H5)3 and Sb-
(CsHs); at different temperatures are listed in Table I.
Experiment (6e), measured in the presence of CO,
approached an equilibrium leaving 50% Mny(CO)y
unreacted; kos in this instance was estimated from the
initial slope of the rate plot of log(A-Aw) vs. time
using the value for 100% reaction for Aw. The sance
assumption was made to estimate the rate constants
of the reactions with As(C¢Hs);. These reactions,
although eventually leading to consumption of the
total starting material, became slower as the reaction
proceeded; the first order rate plots were linear only
over ca. 20-30% of the reaction.

The reaction products MnxyCO)L and Mny(CO)%L,
for L = As(C¢Hs); and Sb(CsH;s); were unstable and
were not accumulated during the reaction. However,
their preparation at high temperatures as well as their
instability above 100°C were reported previously.!*516.17
Thus the assumption of the initial formation of Mn,-
(CO)l. followed by its decomposition seems reasona-
ble. The presence of Mny(CO)sAs(CeHs)s was clearly
detected in the reaction solutions by means of ir
spectra. Experiments (3c, d), (4d, e), (8d), (9d, e) of
Table I were carried out in an atmosphere containing
carbon monoxide at the partial pressures of CO de-
signated.

The activation parameters for reaction (1) with
L = P(C6H5)3 and P(OC6H5)3 are:

L AH*, kcal/mole A S*e.u.
P(CsHs)s 37+1 +19+2
P(OC¢H:), 38+1 +21+2

(13) Landolt-Bornstein, Vol. II, part 2b, Springer Verlag, Berlin,
Germany, 1962,
(14) W. Hieber and W. Freyer, Chem. Ber., 92, 1765 (1959).
19(15) A. G. Osborne and M. H. B. Stiddard, J. Chem. Soc., 634
64
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845 (1966).
(17) R. Ugo and F. Bonati, J. Organometal. Chem., 8, 189 (1967).
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Table I. Rate Constants for Reaction (1) in p-Xylene at Different Temperatures
Exp. T, °C [Mn(CO),], M L [L],. M Kobs, S€C™!

la 120 36x10* P(C¢Hs)s 398x10-* 24%x10™
1b 120 54x10°* P(C¢Hs)s 8.84%10? 25x10*
1c 120 58x10°* P(CsHs)s 1.03x 107! 25%10"*
1d 120 6.3x10°* P(CsHs)s 1.89%x 10! 2,6x10!
le 120 42x10°* P(CsHs)s 7.74%107? 22x10a
1f 120 4.4%x10°* P(CsHs)s 75 X10-? 24x104sa
2a 120 52x10-* P(OC.Hs), 9.6 %10 23x10*
2b 120 6.1x10°* P(OC¢Hs), 457%X10? 24%10™*
2c 120 52x10* P(OC¢Hs), 1.55x 10! 24x10
3a 120 2.8x10°* As(CsHs)s 9.75%10? 24x10™
3b 120 50x10* As(CHs) 1.03x 10! 24x10
3c 120 54x10-* As(C¢Hs)s 9.35%x 102 <10-ta
3d 120 5.0x10"* As(C¢Hs)s 1.01x10! ~1x10*?
4a 120 3.5x10°* Sb(CHs), 4.77x10°? 14%x10™*
4b 120 45%x10* Sb(CsHs)s 4.57%x 102 22x10°*
4c 120 48x10™* Sb(C¢Hs), 7.58x107? 22x10*
4d 120 36x10°* Sb(CHs)s 1.09x 10-? no reaction ¢
4e 120 4.2x10* Sb(CsHs)s 6.21x10? 2.6X10-%a
5a 110 56x10* P(CsH:s)x 7.43%x10°? 6.8 1078
5b 110 6.0x 10 P(CsHs)s 4.53%10? 6.5%10°°
5c 110 53x10* P(CsHs)s 1.59x 10! 6.8x10°*
6a 100 56%x10°% P(C:Hs), 8.85x10™* 1.8%x107*
6b 100 2.8x10°* P(C:Hs)s 451%10°? 1.6x 1073
6¢c 100 4.7x10°* P(C:Hs), 7.18 10! 1.7X107*
6d 100 56x10°* P(C.Hs)s 2.43x 10" 1.8x10-*
6e 100 42x10* P(CcHs)s 5.25x10-* 1.1x10"3%¢a
6f 100 5.3x10* P(C¢Hs)s 7.55% 102 1.6X105¢a
7a 100 6.7x10°* P(OC:Hs), 6.84 x10°? 1.5%10°*
b 100 6.3x10°* P(OC¢Hs),s 8.08x10°? 1.6x10-3
8a 100 22x10* As(C¢Hs), 7.0%x10° 1.2x10-}
8b 100 1.9x10-* As(CsHy), 92%10? 19%x10°*
8c 100 39x10* As(CsHs), 9.2x10-? 1.7x10°%
8d 100 3.6x10°* As(CHs), 9.3x10? ~5x107¢¢
9a 100 29x10°* Sb(CsHs), 6.75x10°? ~1.2x10"°
9b 100 2.3x10-* Sb(CeHs), 8.20% 102 1.7X10-3
9c 100 45x10°* Sb(CsH3s), 8.25x10? 1.7x10*
9d 100 48x%x10* Sb(C4Hs), 8.0 x10°? 32x10¢¢
9e 100 4.8x10* Sb(C¢Hs), 8.0x10? 6.4x10-%4d

2 peo~300 mm Hg; ?peo~60 mm Hg; ¢ pco~200 mm Hg; 9 peo~100 mm Hg.

Table il. Rate Constants of Reaction (1) in p-Xylene at Different Temperatures

Exp. T, °C [MnyCO)y], M L [L].M Kinir., seC™!

la 120 52x10°* P(n-C.Hs), 1.29%x10-? 26x10™*
1b 120 55%10* P(n-C,H,), 1.67x10°! 2.7%x10°*
2a 120 5.1x10-* P(C;Hs), 2.13x10°? 2.4x10°*
2b 120 49x%x10-* P(C;Hs)s 3.04%x 10! 2.3x10*
2c 120 48x%x10-* P(C;H:)s 1.54 10! 3.2x10°*
2d 120 22x10* P(C.H;): 1.51x 10! 3.1x10*
3a 100 4.8%x10-* P(n-C,H,), 1.3 x10? 20x10-*
3b 100 4.8x10~* P(n-C/Hy), 1.52% 10! 1.9%10~*
3c 100 19x10-* P(n-C.Hs), 1.61x10! 22x10°8
4a 100 56x10-* P(C;Hs)s 1.92x10-2 25x%x10°%
4b 100 52X 10 P(C;Hs)s 1.39% 10! 2.3x107
4c 100 25x10* P(C:Hs)s 1.38x 10! 26x10°3
44 100 59x10* P(C;Hs)s 2.87x10°! 20x10°*

Of the many rate constants obtained for the reac-
tions of Mny(CO)s with P(n-CHs); and P(C;Hs); only
a few selected values are listed in Table H. With
ratios of P(n-CsHs)i/MnyiCO)>30 and for all ex-
periments with P(C;Hs)s, the first order rate plots for
the disappearance of MnxCO);; were non-linear, sho-
wing increasing rates as the reaction proceeded. Rate
constants reported were calculated from the initial
slopes of the rate plots, corresponding to 10-30%
consumption of substrate. In these instances errors
of the rate constants arc greater than 10%, however,
because of their reproducibility within this limit in

a great number of experiments they arc believed to
bear significance. Carbon monoxide had little influen-
ce on the rate of the reaction with P(C;Hs):. However,
reactions with P(n-C4Hs);, which displayed constantly
increasing rates in the absence of CO, were strongly
influenced even by very low concentrations of CO.
After a slow induction period of about 15-20%
(with Kini. similar to kos of Table I) they showed
good first-order dependance on the concentration of
[MnACO)w] over several half-lives, and with increa-
sing CO pressure the rate constant calculated from
the slope of these plots approached the low limiting
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values of Table [. The ir spectra of reactions showing
non-first-order dependance in [Mny(CO)] also indi-
cated that the initial products MnyCO)L and Mn;-
(CO)L; reacted with excess ligand to give unidenti-
fied secondary products. These secondary reactions
were suppressed to various degrees in CO containing
solutions and by carbon monoxide evolved during the
reactions.

Table I, Rate Constants for Reaction (2) in p-Xylene at
Different Tempreatures [Mny(CO)P(CHs);,] = 0.00045 M

Exp. T, °C P(C(,Hs); [L], M kobs, SCC—l
la 80 P(C:Hs)s 481x107? 6.2x107*
1b 80 P(C:H:s) 1.23x107? 6.9%x10~*
1c 80 P(C:Hs), 3.19x10°? 6.6x10°°
1d 80 P(CsHs)s 5.71x 10°? 6.7x107°
2 80 P(CsHs)s 5.42%x107* 88x10~°
3 80 P(n-C.H,), 498x% 107 7.8%x107%
4a 90 P(OCHy); 29 x10°? 25x10*
4b 90 P(C.Hs), 1.68x 107! 24x%x10*
5a 100 P(C.H;), 3.08x10°? 83x10"*
5b 100 1.46x 107! 8.1x10™*

Table IV. Rate Constants for Reaction (2) in p-Xylene at
Different Temperatures [Mn(CO)L] = 0.0004 M.

T, °C L [L].M Ko, s€C™
80 P(n-C,Hy); 8.83x10°? 1.7x107°
80 P(n-CiHs): 5.08 x 102 1.7x10%
80 P(n-CHs); 1.71x 10! 1.7x 103
80 P(OCHs)s 7.65x10°? 1.6x10°*
80 P(OC:Hs)s 4.54% 1072 1.8x10-¢
80 P(OCHs); 1.24 107! 1.7x10-¢
90 P(n-CHs)s 1.22% 1072 58x10°*
90 P(n-CH,); 9,57 %1072 6.2x10°°
90 P(OC.Hs)s 1.08 X102 6.8%10°°
90 P(OCHs)s 8.0 x107? 6.4x10-¢
100 P(n-C:Hs)s 8.93x 102 23x107*
100 P(n-C;H,), 9.76 X 102 2.5x10°*
100 P(OCHs)s 9.26 X103 3.0x1078
100 P(OC¢Hs); 8.05% 1072 3.3x10°°
Rate constants for the reaction (2)
Mny(CO)L+ L — Mn,(CO)L,+CO 2)

are given in Table 3 and 4. The reaction of Mn;-
(CO)sP(CsHs)s went to completion only when P(CsHs);
was present in large excess (>100) or when CO
evolved in the reaction was removed from the reac-
tion flasks, Figure 1. Rate constants were calculated
from the linear initial slopes of the first-order rate
plots (20-70%). The activation parameters for reac-
tion (2) are:

L AH*, kcal/mole AS*, e.u.
P(CHs): 32+1 +13+2
P(n—C.Hs)s 34+1 +17+2
P(OCeH:)s 38+1 +23+2

Data on ligand exchange reactions (3)
an(co)u[P(CsHs)s]z+L — Mn,(COYP(CiHs):L+P(CHs);  (3)
where L = P(OCsHs)s, P(n-CsHs)s are given in Ta-
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ble V. Because of overlapping ir bands of starting ma-
terial and products, it was not always possible to
follow the rate of reaction over the full range of three
half-lives; the experimental error is therefore larger
than usual (>10%).

0s-1{

08

00 260 200 &0

time , min
Figure 1. First order rate plots log(A—Aw) vs. time for
reaction (2) at 80°C with L= P(C(Hy); (see text and Table I1I).

Table V. Rate Constants for Reaction (15) in p-Xylene at
51° [Mn,(CO)(P(CeHs)s).] = 0.0004 M

L [L],M kobs, sec™?
P(OC:Hjs): 8.49%x10* 1.9%x10™*
P(OC.H), 1.04x10"? 2.0x 10
P(OC.Hs); 1.42%1072 2.5x10"*
P(OC.Hs), 2.08%107? 3.9%107*
P(OC4Hs) 2.44%107? 4.3%x10*
P(OCHs); 6.09% 1072 8.4x 10
P(OCH;); 8.28x10? 1.1x10"*
P(n-CH,), 36 X107 1.6x102
P(n-C,H,), 99 %10 1.9%x10-?
P(n-C,Hs): 3.94% 1072 2.7%x107?
P(n-C;Hs): 6.57 X 10"? 2.7%107}
Discussion

General Observations. Before discussing the re-
sults of our kinetic experiments, it appears useful to
summarize the qualitative observations made in our
laboratory and elsewhere on substitution reactions of
Mny(CO),. Keep in mind that initially it was belie-
ved that reaction takes place by either of two active
intermediates, the radical . Mn(CO)s or the CO defi-
cient fragment Mny(CO)s,.

An important question, which is as yet unsettled,
is whether compounds of the emperical formula Mn-
(CO)L may exist as monomeric radicals or only as
diamagnetic dimers. Hieber and Freyer* described
the derivatives with Lewis bases such as P(C¢Hs); or
P(C;Hs); as radicals, . Mn(CO)L whereas those with
P(C¢Hi1)s and P(OCsHs)s were considered to be dimers,
[Mn(CO)L].. The syntheses of these materials were
carried out in the absence of light by means of thermal
reactions. Using the same ligands, photochemical
reactions were later found to yield only dimeric pro-
ducts.® The monosubstituted compound MnyCO)s-
Ph(Cciflgs)s was also prepared by a photosynthetic me-
thod.



The results of our preparations'” show that com-
pounds of the type Mny(CO)L can also be prepared
by thermal reactions. However, thermal reactions
have not yielded the solid radical . Mn{(CO),P(CsHs)s.
Even heating the solid Mn{CO)[P(CsHs)s): to ca.
200° in a high vacuum results in the sublimation of
this compound along with P(C¢Hs)s and Mny(CO)s-
P(CsHs)s, but there is no evidence of Mn-Mn bond
cleavage. This method has been used to produce . Co-
(CO)s from Cox(CO)s,”° but Mnx(CO)ie does not yield
.Mn(CO)s. Note that mass-spectrometric studies®
give metal-metal bond energies of 11.5 and 189
kcal/mole for Co)CO)s and MnACO)y, respectively.

Other attempts to obtain evidence for the existence
of radicals of the type .Mn(CO)L in solution also
failed. Measurements of esr, ir, and molecular
weights all indicated that only the diamagnetic dimer
MnCO)sl; is present. Molecular weights measured
osmometrically in benzene at 37° for Mny(CO)s-
[P(CsHs)s: were low, as also observed previously'®
However the expected value for dimer was obtained
in the presence of added P(C¢Hs);, which would not
affect an equilibrium between the dimer and radicals
but would suppress its dissociation to Mny(CO)s-
P(CsHs); 4+ P(CeHs)s.

We have obtained evidence for paramagnetic man-
ganese carbonyl derivatives in some of these reaction
mixtures. Prolonged heating of p-xylene solutions of
Mn;(CO)y containing excess P(n-CiHo); with remo-
val of CO evolved during reaction results in the con-
sumption of the primary products Mn,(CO)P(rn-CsHs)s
and Mnx{CO)[P(n-CiHs)s .. These solutions gave
esr spectra showing hyperfine splitting due to ¥*Mn.
Similar results were obtained for the reaction of
MnxCO) with P(C;Hs);. The composition of these
radicals is not known, but may be of the type
Mn(CO)Ls_x similar to the rhenium radicals Re-
(CO)sL;.2 It should also be noted that the manganese
radicals have a greater tendency to form when more
carbonyl groups are replaced and when the ligands
present are the more basic alkyl phosphines rather
than aryl phosphines. This means the more basic
the phosphines and the greater the extent of substitu-
tion, the more effective is the Mn-Mn bond weakening.
A similar observation was made” on the reaction of
Co(CO)L2 with SnCl..

Prolonged heating of solutions of substituted man-
ganese carbonyls in the absence of added ligands re-
sults in complicated disproportionation reactions of
the type shown by (4) and (5).

Mny(CO)%L — Mn;(CO)1o+Mny(CO)sL: 4)

Mn,(CO)L; = Mny(CO);L + paramagnetic residue (5)

8) M. L. Ziegler, H. Haas and R. K. Sheline, Chem. Ber., 98,
2454 (1965); G. Bor, Symposium on «Structures and Propertles of Coor-
dination Compounds» Bratislava, Czechoslovakia, 1964.

(19) H. J. Keller and H. Wawersik Z. Naturf., 20b, 938 (1965).
(20) D. R. Bidinosti and N. S. Mclntyre Chem. Comm 555 (1966);

21) M. Frenl 0. Giusto, and V. Valenti, J. Inorg. Nucl. Chem., 27,

755 (1965); Nyman, Chem and Ind., 604 (1965).
(22) F. Bonati S. Cenini, D. Morelli and R. Ugo, J. Chem. Soc.
(A) 81052 (1966); P. F. Barrett and A. ]. Pog, J. Chem. Soc., (A) 429

(1968).
(23) W. Hieber, W. Beck, and G. Zeitler, Angew. Chem., 73, 364
1961).
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Similar light induced reactions have been reported
for the reaction of Mny(CO)s(NN), where (NN)=1,10-
phenanthroline or 2,2"-bipyridine, to yeld Mny(CO)y
and Mn:(CO){(NN),. It was assumed that these reac-
tions proceed by means of radical intermediates. If
so, the equilibria lie far on the side of the dimers, and
it seems improbable that Mn(CO)L radicals can be
isolated in the pure form.

Reaction of Mn{CO),. The substitution reaction
of Mny(CO)e with P(CsHs)s in decalin solution is said
to proceed in part (73%) by Mn-Mn bond fission and
in part (27%) by CO dissociation.® One reason for
proposing a dual mechanism it that at 1 atm. of CO
the reaction is retarded only by about 27% of the
limiting rate. It was assumed that the Mn-Mn bond
fission path would not be affected by the added CO,
but that this negated the CO dissociation path.

The most significant observation made in this in-
vestigation is that the rate of reaction of MnyCQ)y
with different reagents in p-xylene solution is very
markedly affected by addition of CO. Data in Ta-
ble I show that for the poorer nucleophiles As(C¢Hs)s
and Sb(¢Hs); even 0.5 atm. of CO is sufficient to al-
most prevent reaction. Thus the rate determining
step for substitution cannot involve the formation
of .Mn(CO)s radicals, because such a process would
not be inhibited by the addition of CO . Likewise it
does not appear that the rate of a ligand migration
process would be inhibited by the addition of CO.
This would require that the bridged species (I) be
converted to a significant concentration of (OC)sMn-
COMn(CO)s and there is no evidence of its presence.
Furthermore the ligand migration reaction has been
found®* to have a low enthalpy and negative entropy
of activation. Instead the reaction of MnxCO)y
has the activation parameters AH* = 37 kcal/mole
and AS* = +20. These values are very similar to
the values (AH* = 38 kcal/mole, AS* = +18 e.u.)
reported? for substitution reactions of Cr(CO)s that
take place by CO dissociation.

For this reason it appears that the substitution re-
actions of MnxCO),; take place by a CO dissociation
process and the kinetic data obtained are in accord
with such a mechanism. This can be represented by
means of egs. (6) and (7).

K
Mny(CO)o = Mny(CO),+CO 6)
-1
k,
Mny(CO)+ L = Mny(CO),L ™

2-

Using a steady state approximation for the con-
centration of Mn,(CQO)s, one obtains rate law (8) for
the reaction of Mny(CO)s.

d[an(Co)m] —
a ®
kik:[Mn(CO)s0 J[L] + kok s [Mny(CO)L][L] — k_:[Mn.(CO),L]

k. [COJ+ki[L]

(24) 1. S. Butler, F. Basolo, and R. G. Pearson, Inorg. Chem., 6,
2074 (1967).
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For a reaction going to completion it is reasonable
to ignore k_;[MnyCO)L]. Then, independence of
the observed rate constants, Kovs, on the concentration
and nature of L is explainable when k;[L] is much
reater than k_;[ CO],, which simplifies the rate law to

d[an(Co)lo]
dt

= kx[an(Co)m] 9

and Kows=k;. This behavior was observed for L=
P(Ce¢Hs); and P(OCeHs)s. Linear first-order rate plots
over several half-lives demonstrated that CO was never
produced in sufficiently high concentrations to make
the reverse reaction of (6) comparable to the forward
reaction. This can be understood, since even at the
lowest concentrations of P(CsHs); used the final ratio
of P(C(,Hs)g/COmm was >7 and [(CaHs);]/[CO]solt_xion
was >50. However, with increasing concentration
of CO in solution k_;[CO] is no longer negligable
compared to ke[L] and the reaction does not go to
completion.

The rate constants for the initial part of the reaction,
kobs, making the assumption that initially k_.[Mns-
(CO)L] of eq. (8) is negligably small, is given by
eq. (10).

Kobs = & (10)

k.,[COJ+k[L]

Thus the kobs is expected to decrease with increasing
[CO]. Experiments confirm this pattern, e.g. at 100
°C and at a CO concentration of 3X10~* mole/l the
rate of reaction was not significantly retarded for
[P(sHs);]/[CO1>20 and the reaction went to com-
pletion under these conditions (6f, Table I); however,
for [P(sHs)s]/[CO]= 1.5 Kobscinity Was approximately
35% smaller than k; and the reaction approached an
equilibrium with 50% consumption of Mny(CO)y
(6e, Table I). It should be noted that without the
addition of CO and at the lowest concentration of
P(C¢Hs); used, the same value of Kebs (6a, Table I)
was obtained. This result was reproducible to within
5%, but it is at variance with the previous observa-
tion'® that under similar conditions the value of Kops
is about three times less than its limiting value at the
higher concentrations of P(CsHs);. We can offer no
explanation for this experimental discrepancy.

Rates for the substitution of CO by the very weak
nucleophiles As(CsHs)s and Sb(C¢Hs); are also in
agreement with this mechanism. At very low concen-
trations of these ligands, the reverse of equation (6)
is observed even for the initial stages of the reaction,
(which accounts for the smaller values of kous (4a,
8a, Table I). At higher concentrations of As(CsHs)s
and Sb(CsHs); and with no CO added, ks was iden-
tical with kobs for P(C(,Hs)3 and P(OC(,H5)3 But at
CO concentrations which did not have any influence
on the rate of reaction of Mny(CO)yp with P(CeHs)s,
the substitution reactions with As(C¢Hs); and Sb-
(CsHs)s were slowed down significantly. This was
to be expected making the reasonable assumption that
k; will be smaller for these weaker nucleophiles than
for P(C¢Hs)s. (3c, d; e; 6f; 8d; 9d, e; Table I). Rate
constants Kevs Of exp. 9d, e, Table I, obtained at two
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different concentrations of CO (1:2) also reasonably
agree with the gradation expected by inspection of
eq. (10).

The reaction of MnxCO), with very strong nu-
cleophiles like P(n-CiHs); and P(C.Hs); are clearly
autocatalytic as is indicated by a number of experi-
ments of which only one is mentioned. A compa-
rison of —A[MnxCO)]/At at equal concentration
of Mny(CQ)y for two reactions, one where —A[Mn;-
(CO)p]/At represent the initial rate and another
where —A[Mny(CO)p]/At is measured after 50%
reaction, demonstrates that in the latter case the rate
has increased considerably due to the formation of
a catalyst and the availability of a second catalytic
reaction path. Analogous results were obtained for
both ligands P(n-CiHs); and P(C:Hs)s, but they were
more distinctly marked for P(C;Hs);. For P(n-C4Ho)s
the catalytic reaction became less important with in-
creasing [CO] and the rate constants kops approa-
ched the limiting value of k, at high [CO]; the reac-
tion with P(C;H;s); is less dependent on [CO]. Ta-
ble II contains only rate constants for the initial rate
of reaction at various concentrations of L and Mn,-
(CO)ww. Although the values of Kin:. are higher than
kovs of Table I, it is reasonable to assume that their
constancy within the accuracy of these experiments
again reflects a rate determining dissociation of CO
and that the deviation to higher values is due to some
contribution of the catalytic reaction to the overall
rate of disappearance of Mn(CO)x.

Hence, the experimental evidence is in good agree-
ment with the dissociation mechanism represented by
eqs. (6) and (7). Furthermore, the constancy of the
rate constants for various ligands of such different
nucleophilicity and over such a wide range of concen-
trations also suggests that this is the only path by
which these reactions proceed. Although species such
as Mn(CO)s and (OC)sMnCOMn(CO); may form due
to the low Mn-Mn bond energy,” it appears unlikely
that these contribute to the overall rate of substitution.
This would allow for the constancy of kg that is
found, only if at all experimental conditions all of the
species were substituted before they recombine to form
Mny(CO)yo.

Reaction of Mn{CO)L. Compounds of the type
Mny(CO)sL. (L=P(C¢Hs)s, P(n—CsHs)s, P(OCeHs); were
prepared to investigate the second substitution step,
eq. (2).

All pseudo-first-order rate constants were indepen-
dent of the concentration of L (Tables III and IV), the
activation entropies were positive and the activation
enthalpies were of the same order of magnitude as for
reaction (1). Again, we suggest that the reaction pro-
ceeds by a rate determining dissociation of CO.

k
Mny(CO)L — Mn,(CO)L +CO a1
-3
ke
Mny(CO)l.+ L = Mn,(CO)L. (12)

-4

With L =P(n—C4Hy); and P(OC¢Hs); the reactions went
to completion at all concentrations of the experiment.
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Table VI. C—O Stretching Frequencies (cm™") of Mn,(CO), and its Derivatives in p-Xylene
Mm(CO),o 2052s 2016 ss

Mn,(CO)P(n-C,Hy), 2096 m 2009 s

Mn,(CO),P(C.Hs); 2098 s 2015 s

an(co)9P(OCoH5)] 2103 w 2026 s

an(CO)s[P(n C4H9)3]z

Mn:(CO)B[P(CéHS)J]Z

Mn:(co)a[P(OCoHs)s]z

1984 m

1993 ss 1971 sh 1933 s
1997 ss 1969 w 1937 s
2001 ss 1977 sh 1957 w
1974 w 1949 ss

1980 w 1959 ss

2005 sh 1983 ss

However, with P(C¢H;s); the reaction approached an
equilibrium (Figure 1); when CO was removed from
the reaction flask (at x in Figure 1), a new equilibrium
was reached by the further reaction of Mny(CO)s-
P(Ce¢Hs)s. The equilibrium constant K ([ Mny(CO)sL;]-
[CO1/[CO]/[Mn(CO)LI{L]) for L=P(CeHs); was
calculated to be < 10~% at 80°C (a more precise value
would not be justified since [CO] can only roughly
be estimated), indicating a greater thermodynamic sta-
bility of MnxyCO)P(CsHs)s compared to Mny(CO)s-
[P(CcHs): 12

The first-order rate constants for reaction (2) are
surprising in two respects. They are conmderahly hi-
gher than k; of reaction (1), which is in contrast to
the usual experience that higher substitution of metal
carbonyl phosphines becomes increasingly difficult.!?
Secondly, the relative magnitude of the rates for va-
rious complexes Mn,(CO)L was unexpected.

Mny(CO)L L=P(CiHs); > P(n—C.Hs), > P(OC.H;s), > CO
k, sec'~ (100°) 82Xx10~* 24x10-* 3.1x10-° 18Xx10*

If one takes the C—O stretching frequencies as an
indication of th metal-carbon bond strength, then the
Mn—~C bond strength for the various compounds should
decrease in the order P(n—C,Hs)s > P(CiHs): >
P(OC¢Hs); (Table VI), and the expected order of the
first order rate constants would be (P(OCHs): >
P(C¢Hs); > P(n—C4H,);. This same discrepancy was
previously found for mononuclear carbonyls and steric
factors were used to explain the results.® Clearly the
molecule Mnx(CO).L, in which a carbonyl group trans
to L is replaced, rules out steric considerations in
this case. Other examples have been found where
steric factors are not important but also the rates of
CO dissociation do not correlate the metal-carbon
bond strength estimated from ir spectra?® Either
these estimates of bond strengths are not correct or
otherwise the effect of these ligands on the transition
states is more important than that on the ground states
of the substrates. The important point is that L has
an influence on the rate of release of the trans CO in
MnyCO)L, although these two groups in axial posit-
ions are separated by two atoms of manganese.

Although reaction (2) is first-order, it is seen that
the rate of reaction of P(C¢Hs)s with Mny(CO)o
P(CeHs) is slightly slower than its reaction with either
P(n—C4Hs); or P(OC¢Hs); (Table I1I). This is because
for such a case where the entering group differs from
that present, the observed experimental rate constants

(25) L. S. Meﬂwether and M. L. Fiene, J. Am, Chem Soc., 81,
4200 (1959); R. Angelici and F, Basolo, Inorg Chem., 728 (1963),
H. Wawersik and F. Basolo, l Am. Chem. Soc., 89, 4626 (1967).

(26) R. J. Angelici and J. R. Graham, J. Am. Chem. Soc., 87, 5586
(1965).

for the disappearance of MnxCO),L are the sum of
the first-order rate constants of reactions (13) and (14).

Mny(CO)L+L" — Mny(CO)LL +CO (13)
Mn,(CO)L+L — Mn,(CO)L'+L - (14)

That reaction (14) takes place at a rate which would
make a small contribution to the total rate was con-
firmed by the use of CO as L’ with the formation of
Mny(CO)o.

Reaction of MnCQO)s[ P(CsHs);].. The rates of re-
action (15) were followed by monitoring the rate of

Mn;(CO)s[ P(CeHs)s J.+ L — Mny(CO)sP(CiHi);L + P(CsHs)s
(15)

disappearance of starting material. Unlike the react-
ions of Mny(CO);p and Mn:(CO)sL, the rates of react-
ion of Mny(CO)[P(Ce¢Hs)s]: depend on the nature of
L and on its concentration.

The kinetic data (Table V) of this reaction lead to
rate law (16) where the rate constants are defined

d[an(Co)B;P(CoHs)siz]
dt
ksko[Mn,(CON{P(CH)J][L]
Ks+kilL] (16)

by equation (17)

k
Mn(CON[P(CH:)J: = [MnfCO)P(CoHs)s+P(CeHs)]

-5

ﬁ» Mn,(CO):P(CsH;):L + P(CHy), an

At low concentrations of L, k_s>»k¢[L], the rate of
reaction is proportional to [L], at high concentration,
ke[L]>k_s, a limiting rate is approached, which is
independent of [L]. This limiting rate was realized
for L=P(n—CsHs)s, it was also approached for L=
CO with increasing CO pressure, where Mny(CO)s-
P(CeHs): was formed.

The experimentally measured pseudo-first-order rate
constants, ks, correspond to eqs. (18) and (19).

kske[ L]
Kobs = ———— (18)
k-s+kL]
L.:k"’x__l_.i_l (19)

Thus 1/kes changes lineary with 1/[L] (Figure 2).
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The following data were calculated: ks;=2.5X10"*
sec™!, ke/k_s=8.3 for L=P(OC¢H;); and k¢/k_s~ 180
for L=P(n—C;Hs)..

A
5000 Prog 1y,
40001 s
¥
, 0001
¢
20004
10001
-Gy

20 4w 60 8 w00 120
Vit , tmole

Figure 2. Plot of the reciprocal of the observed rate con-
stants vs. the reciprocal of the concentration of L for reac-
tion (15).

A reasonable possibility for the identity of the in-
termediate of the reaction is Mny(CO)sP(C¢Hs);. Ho-
wever, if this molecule and P(CsHs)s would dissociate
as to give completely isolated species, the concentrat-

Inorganica Chimica Acta | 3: 1 | March, 1969

ion of P(CsHs)s would multiply k_s in (16) and would
therefore result in a rate law not rigorously pseudo-
first-order. At rates below the limiting rate this would
demand non-linear first-order rate plots. That this
was not observed may be due to the fact, that overlap
of the ir bands of reactants and products introduced
some uncertainty in the evaluation of the experimental
results. Alternatively, the released P(CsHs); may be
held in a solvent cage with Mny(CO)P(CsHs); or li-
gand migration may take place to form P(C¢Hs);(CO)s-
MnCOMn(CO;P(CsHs)s. Neither of these alternatives
seem very likely. If the solvent cage process is involv-
ed it would require that P(n—C:Hs); outside the cage
react 180 times faster than P(C¢Hs); which is inside
the cage. If the carbonyl bridged species is formed,
then it is difficult to account for the reaction of
Mny(CO)[P(CeHs);]: with NO to yield equivalent
amounts® of MnNO(CO); and MnNO(CO);P(CsHs)s.
The bridged compound would be expected to react
with NO to yield only the more stable MnNO(CO);-
P(C¢Hs); product.
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