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Since all eight CO’s exchange at the same rate (Fig.
2), it is necessary that free rotation about the co-
balts in the active intermediates be assumed pos-
sible. The reaction between 1- and 2-hexyne and
Co02(CO)s was investigated? and it was postulated
that these reactions may involve a reactive biradi-
cal intermediate. On this basis, it is possible that
the CO exchange may follow the reaction scheme (8).
These two mechanisms are very similar and can-
not be distinguished with the data now available.
Other mechanisms, also in accord with the experi-
mental observations, could be cited but this would
serve no useful purpose because the details of the

exchange process cannot yet be assigned. The
two mechanisms proposed are intended to repre-
sent in a general way the type of process that is per-
haps involved and both are consistent with the
existence of Coz(CO)s.
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Metal Carbonyls. IIIL

Carbon Monoxide Exchange with Some Metal Carbonyl

Halides!?

By ANDREW WojCICKI® AND FRED BAsoLO
RECEIVED JUNE 9, 1960

Kinetic studies on the exchange of 1CO with metal carbonyl halides in solution are reported. The exchange of Mn(CO )X
proceeds by an Syl path whereas that of Fe(CO).I; involves an Sy2 mechanism, The relative rates of exchange of the

Mn(CO)sX compounds decrease in the order: Mn(CO)Cl > Mn{CO);Br > Mn(CO);I.

This same order was found for

CsHFe(CO).X; moreover, C;H;Fe(CO)l > CiHsFe(CO)CN. The exchange for some square planar compounds was too

fast to measure.

The kinetics and mechanism of carbon monoxide
exchange with metal carbonyls*® and with cyclo-
pentadienyl metal carbonyls' were reported re-
cently. This paper describes the investigation of
HCO exchange with solutions of Mn(CO):X,
C5H5Fe(CO)2X, Fe(CO)412, ha(CO)4C12, Rh(P-
(CeHa)s)zCOCl and Ptz(CO)zCh

(1) For paper II on cyclopentadienyl carbonyls see A. Wojcicki and
F. Basolo, J. Inorg. Nuclear Chem., in press.

(2) Presented in part as paper No. 139 at the XVIIth Congress of
the International Union of Pure and Applied Chemistry, Munich,
Germany, 13859,

(3) Based upon a portion of a thesis submitted by A, W. to North-
western University in June 1960, in partial fulfillment of the require-
ments for the degree of Doctor of Philosophy.

(4) D. F. Keeley and R. E. Johnson, J. Inorg. Nuclear Chem., 11, 33
(1959).

(5) F. Basolo and A. Wojcicki, THIS JoURNAL, 83, 520 (1961).

Experimental

Compounds and Solvents.—The metal carbony! halides
used in this study are all known compounds. They were pre-
pared by the methods described in the literature and char-
acterized by analyses and/or infrared spectra.f We also
wish to acknowledge the gift of a sample of C;H;Fe(CO).Br
by Professor E. O. Fischer and of a sample of Rh, (CO),;Cl,
by Dr. H. W, Sternberg. The solvents uised were all puri-

(6) Mn(CO)sCl and Mn(CO):Br, E. W, Abel and G. Wilkinson, J.
Chem. Soc., 1501 (1959); Mn(CO);sI, E. O. Brimm, M. A, Lynch, Jr.,
and W. J. Sesny, THIS JourNAL, T6, 3831 (1954); CsHsFe(CO):X
(where X = Cl, CN), T. S. Piper, F. A. Cotton and G. Wilkinsan,
J. Inorg. Nuclear Chem., 1, 165 (1955); CsHsFe(CO)2I, T. S. Piper
and G. Wilkinson, 7bid., 2, 38 (1956); Fe(CO)«Iz, W, Hieber and G.
Bader, Ber., 61B, 1717 (1928); Rh(P(CeHs)s)2:COC!, L. Vallarino,
J. Chem, Soc., 2287 (1957); Pt2(C0O):Cl, F. Mylius and F. Foerster,
Ber., 24, 2424 (1891).
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fied. The method described by Fieser” was used to purify
toluene. Thiophene free benzene was refluxed over sodium
for several hours and then fractionally distilled. Chloroform
was dried over CaCl; and distilled.

Carbon monoxide of C.p. grade, obtained from Mathe-
son Co., was passed through concentrated H,SO, prior to
use. Carbon-14 monoxide (1.0 millicurie, 54.3 ml.), pur-
chased from Tracerlab, Inc., was transferred to a two liter
storage flask, diluted to one atmosphere with inactive CO
and used in this form. Argon from the Matheson Co. was
also bubbled through concentrated H,SO,.

Exchange and Kinetics.—The apparatus used and the ex-
perimental procedure for determining CO exchange in these
systems was the same as that described in some detail
earlier.® Briefly, this involved measuring the rate of de-
crease of radioactivity at constant temperature in a closed
system starting with radiocarbon monoxide and inactive
metal carbonyl halide in solution. All exchanges are run
at 1 atm. and the partial pressure of CO is varied by dilution
with Ar. In a closed svstem, the gas is rapidly circulated
through the solution so that the rate of diffusion is much
greater than the rate of exchange. Light is excluded and
the infrared spectra are determined at the end of each run
to establish whether or not there is any chemical decomposi-
tion of the metal carbonyvl halide.

All of the exchange reactions investigated were found to
follow the McKay® equation and give linear plots of log
Ay = Aw/A ~ A versus time, where A, is the initial radio-
activity, 4 is the radioactivity at time ¢, and A is the radio-
activity at equilibrium. The slope of these lines equals
kapparent/2.303, which is related to ke by the equation

I—ay hi—8

xal~ayd (1)

xa-+ yb
where a is the concentration of metal carbonyl halide, « is
the order in a, & is the concentration of carbon monoxide
in solution, B is the order in b, x is the number of exchange-
able CO’s in the carbonyl, and y is the ratio of total moles
of carbon monoxide in the enclosed system to moles of
carbon monoxide in solution. Equation (1) is used instead
of the usual statistical factor because the carbon monoxide
in the experiments was distributed between two phases.
Duplicate kinetic runs were made with a 109 precision.

Results

Except for Mn(CO);X, the experimental infinite
time radioactivity corresponds to the value cal-
culated on the basis that all CO’s in the metal car-
bony! halide exchange. For Mn(CO);X, as shown
in Fig. 1, one CO exchanges much more slowly than
do the other four. Therefore the values of kirue
reported in Table I are calculated on the basis
of four CO’s undergoing exchange. Data for the
exchange of Fe(CO)I; are given in Table I. Under
the exchange conditions, there is some decomposi-
tion of the compounds C;H;Fe(CO),X. Because
of this, the data shown in Table I are only approxi-
mate and no attempt was made to investigate the
dependence of rate on the CO concentration. As
shown in Table II, the exchange rates for the square
metal carbonyl halides are much too fast to measure
by this technique.

ktrue = kapparent

Discussion

The metal carbonyl halides that were investi-
gated are believed to have three different types of
structure. The compounds Mn(CO);X and Fe-
(CO)4I; are octahedra, C;H;Fe(CO),X compounds
“distorted tetrahedra,” and the Rh(I) and Pt(II)
compounds are square planar. It is not possible
to make a quantitative comparison of rates of ex-
change for these systems but qualitatively the rates
decrease in the order Rh(I) and Pt(II) carbonyls

(7) L. F. Fieser, "'Experiments in Organic Chemistry,’”” D. C. Heath

and Company, New York, N. Y., 1941, p. 304.
(8) H. A. C. McKay. Nature, 143, 097 (1938).
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TasLE 1
Rares o CO EXCHANGE wITH SOME METAlL CARBONYIL
HaLiDES 1N TOLUENE AT 31.8°
Conen.
{mmole/1.)
Com- Fappar. Rizye
Compound pound (CO)s (CO).b (sec. 1) {sec. 1)
Mn(C0);Cl1eh 126 6.2 24 1.3 X 1072 3.0 X 10-%¢
Mn(CO)Br'” 13.3 6.6 3.1 36X 1071 1.1 X 1074
6.6 6.2 2.6 1.8 X101 1.1 X 10+
15,2 0.8 0.32 2.8 X 107 1.5%X 104
Mn(CO)sT! .6 6.2 2.7 5.2 X 1071 1.3 X 1078
6 2.2 0.8+ 1.6 X107t 1.7 X 1075
Fe(CO).le 23,7 6.6 2.8 4.1 X 107t 1.1 x 10-2¢
8.1 6.2 2.7 3.3 X 107t 1.3 X 10-2¢
15.8 0.32 0.13 2.3 X 107! 1.8 X 10-2¢
C:HsFe(C0)Cl®  33.3 .28 12 1% 10-¢
C:HsFe(C0):Br/ 33.3 .28 12 5 X 1071
CsHsFe(CO0)al/ 33.3 .28 12 2 X 107t
CsHsFe(C0):CNY 33.3 28 12 1 X 10-1

e Calculated on the basis of the exchange of 4 CO’s (Fig.
1). ? After exchange of the 4 labile CO’s, the 5th CO equili-
brated in about 3 hr. at 50°. ¢ Calculated assuming a dis-
sociative process. ¢ Reaction is second order so Airye is in
1. mole™!, sec™!. ¢ Appreciable decomposition noted.
f Some decomposition noted. ¢ Mmoles/l. of dissolved
CO. * Total mmoles of CO in enclosed system.

TaBLE 11
RaTes or CO EXCHANGE WITH SOME SQUARE PLANAR

MgeTAL CARBONYL HALIDES
Concentration (mmole/1.)

Car- Temp., Exchange
Compound bonyl (CO): (CO)P Solvent °C. ratec
Rhe(CO)sCle 16.7 2.4 2.1 Toluene 0.0 Instanta-
neous
14.2 1.1 0.90 Chloro- 0.0 Instanta-
form neous
Rh(P(CeHs):)o- 15.9 0.7 .55 Chloro- ~20 Instanta-
coct form neous
Pt2(CO):Cl4 180 1.2 .54 Benzene 25 Instanta-
neous

a Mmoles/l. of dissolved CO. ? Total mmoles of CO
in enclosed system. ¢ Exchange complete in less than 2
min.

The rapid rate of exchange for the square com-
plexes may suggest a low energy bimolecular dis-
placement path. Unfortunately, the exchange was
much too fast to permit kinetic studies by this
technique, so that there is no information on the
reaction process. The slow exchange of C;H;Fe-
(CO);X may indicate that these compounds be-
have more like six-codrdinated systems than steri-
cally accessible distorted tetrahedra.

Octahedral Metal Carbonyl Halides.—Three
definite conclusions can be drawn from the exchange
studies on Mn(CO);X: (1) one CO exchanges
more slowly than do the other four, (2) the rate of
CO exchange does not depend on the concentra-
tion of CO and (3) the rate of CO exchange does
depend on ligand X. That four CO’s exchange
more rapidly than does the fifth is clearly shown in
Fig. 1. One possible explanation for this is that
the Mn~C bond #rans to X is stronger than the
M-C bond trams to CO. This may result from
the greater amount of w-bonding of CO compared
to X. In d® octahedral systems of this type, there
is back donation of the dyy, dx, and dy, pairs of elec-
trons vie m-bonding into vacated p orbitals of the
carbonyl carbons, e.g. M= C=0. Because of the
geometry of these orbitals, ligands trans to each
other compete for the same sets of d orbitals.
Therefore, the CO frans to X is in competition
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with X and as a result is more =-bonded than it
would be if in competition with CO for the d-
orbital electrons.

That there are four reactive CO’s in these sys-
tems is in agreement with the recent observations
of Abel and Wilkinson.® They find that the reac-
tion between Mn(CO);X and excess L (where L =
amines, phosphines and arsines) takes place as

o o
OCj—CO ;J\‘—J—/—CO
//\Mn { 4+ 2L —— \Mn [ 2CO (3)
o~ o 7o
|
X X

The cis structures were assigned to Mn(CO);L.X
on the basis of the similarity of the infrared spectra
of Mn(CO);(py):X and Mn(CO)s(bipy)X (where
py = pyridinie and bipy = 2,2’-bipyridine). That
only two CO’s are replaced by L is said to be due to
the weaker m-bonding tendency of L compared to
CO. Thus the cis structure results in which the
CO’s trans to L are now more strongly bonded and
not readily replaced.

The second point, as shown by the data in Table
I, is that the rate of CO exchange does not depend
on the concentration of CO. This then means
that a dissociation or SN1 mechanism is involved.
The configuration of the five-codrdinated active
intermediate is not known, but whatever its struc-
ture, the inactive CO retains its identity and does
not become identical with the other three COs.
This can happen with either a tetragonal pyramid
or a trigonal bipyramid intermediate

co co
06——Co . 05-‘~
o | = P
o*c——ll—' 0 €O OC—T——\*CO
X -¢o X
+00 co O
oC
)
n L
( o
ot
X

The final point to make on these systems is that
the ratio of rates of CO exchange for Mn(CO);X
for I:Br:Cl is 1:8:200. This reactivity order
may be explained on the basis of the polarizability
and/or electronegativity of the halide ions. The
bond strength of Mn~C is greater, the greater the
m-bonding by back donation of Mn d electrons into
vacated p orbitals of C. This flow of electron den-
sity away from Mn is enhanced by a smaller ef-
fective positive charge on Mn. Since I~ has the
greatest polarizability and smallest electronega-
tivity, it renders the Mn least positive and pro-
motes Mn = C== 0 bonding. Thus, in agreement
with experiment, the CO exchange of Mn(CO)sI is
the slowest and that of Mn(CO);Cl the fastest.

(9) E. W. Abel and G. Wilkinson, J. Chem. Soc,, 1501 (1959).
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Fig. 1.—Rate of CO (6.6 mmole/l.) exchange with Mn-
(CO)Br (13.3 mmole/l.) in toluene solution at 31.8°.

Were it possible to decrease the charge on Mn to
zero while maintaining a d® octahedral system, the
exchange would be expected to be markedly slower.
It is of interest to note that the ‘‘isoelectronic”
Cr(COjs, with zerovalent Cr, does indeed exchange
CO very slowly.

In order to further determine the effect of oxida-
tion state of the metal on the rate of CO exchange
in isoelectronic systems, the compound Fe(CO),I,
was investigated. This compound is assigned a cis
structure on the basis of dipole moment measure-
ments.’® It is also known!! to react with phos-
phines, arsines and stibines to yield Fe(CO);LI,.
In view of the findings with Mn(CO);X, these re-
sults tentatively suggest that the two COs frans
to each other will exchange more rapidly than the
two trans to 1.

Instead it was found that all four CO’s in Fe-
(CO)4l: exchange at the same rate and that the
rate of exchange depends on the CO concentration
(Table I). These results support a bimolecular,
SN2, exchange process

Fe(CO)l: + CO = Fe(CO)l: (5)

The SN2 exchange for Fe(CO).l,, compared to
Sn1 for Mn(CO);I, may result from the greater
positive charge on Fe tending to promote nucleo-
philic attack. It is significant that Fe(CO);I;
has been isolated from the reaction of iodine with
iron pentacarbonyl at moderately low tempera-
tures.!?

“Tetrahedral” Metal Carbonyl Halides.—The
compounds C;H;Fe(CO);X are somewhat analo-
gous to Mn(CO);X and Fe(CO0),X,. These are
essentially ‘‘isoelectronic”” d® systems according to
the Fischer!® concept of bonding. However
according to the Piper, et al.,* concept of bonding,
C:H:Fe(CO)X may be considered a four-co-
ordinated system. On this basis it is discussed
under the heading of ‘‘tetrahedral” rather than
octahedral structure. However, as Wilkinson and
Cotton® have recently suggested, it should be re-

(10) E. Weiss, Z. enorg. allg. Chem., 38T, 223 (1956).

(11) W. Hieber and A. Thalhofer, Angew. Chem., 68, 679 (1956).

(12) W. Hieber and G. Bader, Ber., 61B, 1717 (1928).

(13) E. O. Fischer and H. P. Fritz, "’ Advances in Inorganic Chemis-
try and Radiochemistry,” Vol. I, H. J. Emeleus and A. G. Sharpe,
Editors, Academic Press, Inc., New Vork, N. Y., 1959, Ch. 2.

(14) T. S. Piper, F. A, Cotton and G. Wilkinson, J. Inorg. Nuclear
Chem., 1, 165 (1955).

(15) G. Wilkinson and F. A. Cotton, "’ Progress in Inorganic Chemis-

try,” Vol. I, F. A. Cotton, Rditor, Interscience Publishers, Inc., New
York, N. Y., 1959, Ch. 1.
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membered that perhaps neither extreme, three
bonds or one bond between the ring and the metal,
is entirely correct.

The CO exchange data for C;H;Fe(CO);X com-
pounds are given in Table I. Because of some
decomposition only approximate apparent rate
constants are reported. No attempt was made to
determine the dependence of rate on the CO con-
centration. Therefore nothing can be said as to
the mechanism of exchange.

Since the concentrations of CzHzFe(CO),X
and of CO were kept constant, it is possible to
compare the relative rates of exchange. The data
show that the rdtio of rates for CsHzFe(CO):X is
1:2:50:1000 for X = CN, I, Br and Cl, respec-
tively. Thisis the same rate order as that observed
for the Mn(CO);X compounds, but it need ot
mean that the mechanisms of exchange are the
same. A decrease in positive charge on M due to
the polarizabilities of X is expected to result in a
decrease in rate of CO exchange by either SN1 or
SN2 mechanism. Since the compounds CzH;Fe-
(CO);X are more like Fe(CO)I; than Mn(CO):X,
there is some reason to favor a bimolecular dis-
placement process. Furthermore, the CO ex-
change of some other cyclopentadienyl metal
carbonyls has been found to involve an SN2 proc-
ess.!

Square Planar Metal Carbonyl Halides.—The
data in Table II show that the CO exchange in
the three square planar compounds investigated is
much too fast to study by the technique used. Two
of these compounds are dimeric with chloro-bridged
structures. The presence of one or more such brid-

RonaLp A, KraUsSE, DoNaLp C. JicHA AND DARYLE H. Busch
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ges in a molecule seems to provide a reactive site.1®
Therefore a possible exchange process may involve
the scheme

oc> cl co

Rh< >Rh< —

oc cl co <
+Co

(C0)sRh-CI-Rh(C0),Cl T_——> (OC);Rh-Cl-Rh(CO)Cl
-CO (6)

Depending on which reaction step is rate determin-
ing, the rate of exchange may or may not depend
on the CO concentration.

Since Rh(P(CeH;)s):(CO)Cl also undergoes ex-
change very rapidly, it is clear that a bridged
structure is not required for fast reaction in square
planar compounds. In keeping with current theo-
ries on substitution reactions in square com-
plexes, it would appear that the rapid rate in this
system is due to extensive w-bonding which greatly
stabilizes the five-codrdinated transition state.
Recent observations!® show that chloride exchange
is also very rapid. Since the compound Rh(P(Cs-
H;),)2(CO)(Cl) is known to be extremely stable,!?
these results provide an excellent example of a very
labile but thermodynamically extremely stable
system.
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Reactions ot Coordinated Ligands.! Acylation of the Coordinated Oxime Group

By RonaLp A. KrRAUSE, DoNaLD C. JicHA aND DARYLE H. Buscu
RECEIVED AUGUST 1, 1960

The reactions of the nickel(II), palladium(II) and platinum (II) complexes of dimethylglyoxime and 2-pyridinaldoxime
with acetyl chloride have been studied and are reported here. Recent publications indicate that the nickel dimethylglyoxime
complex, [Ni(DMG).], reacts with acetyl chloride to form a complex containing acylated ligand. The present investiga-
tion shows that this is not the case; the nickel(II), palladium(II) and platinum(II) complexes of dimethylglyoxime on
reaction with acetyl chloride vield [MIT(HDMG)Cl,] and free, diacylated ligand. The results with the 2-pyridinaldoxime
system are somewhat different. While the nickel(II) complex decomposes on treatment with acetyl chloride, the palla-
dium(II) complex gives a monoacylated compound, [Pd(POX~-COCH;)Cl,], in which one mole of ligand has been replaced

by two chloride ions.
results.

Introduction

The reactions of cotrdination compounds may
be classified as belonging to four different categories.
These categories are substitution of one ligand by
another, intramolecular isomerization, reactions of
the central metal atom only (z.e., oxidation or
reduction) and reactions involving codrdinated
ligands. The first three types of reaction have
received a great deal of attention in the literature;
the last one, reactions of codrdinated ligands, has
been the subject of relatively few investigations.
This paper deals with the reactions of the nickel(II)

(1) Presented at the 137th American Chemical Society Meeting at
Cleveland, Ohio, April, 1960,

When this compound is hydrolyzed in aqueous sodium hydroxide a new complex, [Pd(POX)Cl],,
Reaction of the platinum(II) complex with acetyl chloride gives a diacylated complex, [Pt (POX-COCH:j;),] Cl..

palladium(II) and platinum(II) complexes of
dimethylglyoxime (I) and 2-pyridinaldoxime (II)?
with acetyl chloride.

HoC_ CH, “

~

i
Sne J—c
1 11

HO—N7

One might expect an oxime oxygen to be readily
attacked by an acyl halide to form the correspond-

(2) (HDMG) will be used to deaote dimethylglyoxime, and (DMG)
its monovalent anion, formed by ionization of an oxime proton. Like-
wise, (HPOX) will denote 2-pyridinaldoxime and (POX) its mono-
valent anion,



