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TaBLE III

PsEUDO-FIRST-ORDER RATE CONSTANTS IN NEUTRAL AND
AcCIDIC SOLUTIONS AT VARIOUS TEMPERATURES?

e In acidic soln®—————-—

~—In neutral soln’— 25° 35° 40°
Temp, 108k, [HC104], 10¢kobsd, 104kobsd, 103kobsd,

°C sec™! M sec™1 sec™1 sec ™!
25.0 0.90 0.0453 2.0 6.4 1.1
39.5 6.4 0.136 5.2 17 3.0
49.7 19 0.226 8.3 28 4.8
59.7 59 0.317 11 37 6.7
0.453 16 54 9.4

¢ [Co(tren)F,]* = 3.0 X 1073 /. b No HCIO;, or NaClO, was
added. ¢ Ionic strength of reaction medium (0.5 M) maintained
with NaClO,.

For the acid-independent path (k;), the activation
parameters are AH® = 223 %= 0.6 kcal mol~! and
AS* = —6.5 = 2 cal deg~! mol~!, while for the acid-
catalyzed path (kuK.), the parameters are AH¥ =
21.0 = 0.3 kecal mol~! and AST = 2.3 = 1.0 cal deg™*
mol~*.

In the neutral solution, it was found that the acid
hydrolysis reaction rate of Co(tren)F,* ion at 23.0°
(9.0 X 107% sec™!) was about three times greater than
that of ¢is-Co(en),Fy™ ion (3.06 X 107% sec™1).” Pre-
vious studies®®? have indicated that the greater rates
of acid hydrolysis of dichloro- and dibromo(triamino-
triethylamine)cobalt(I1T) ions, as compared with the
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rates of corresponding complexes of bis(ethylenedi-
amine), are due to steric strain produced by the peculiar
geometry of the tren complex. The same conclusion
may be drawn with regard to the Co(tren)F,* ion. The
positive intercept at zero hydrogen ion concentration
in the plot of kovsa vs. [HT] is due to the contribution
from the acid-independent pathway to the overall rate.
However, only a one-term rate law

kobsd = kHKeq[H +] (7)

was Tound for the acid hydrolysis reaction in acidic solu-
tion of other fluoro-containing amminecobalt(III) com-
plexes,®?® where the acid-independent pathway is not
significant.

On comparison of the acid-independent acid hydrol-
ysis reaction rate of Co(tren)F,y*ion at 25.0° to those of
Co(tren)Cly*3* and Co(tren)Br, T % ions (2.96 X 1073
and 2.81 X 10~ %sec™, respectively), it is observed that
the rate increases in the order F < Cl < Br. This was
also observed for other haloamminecobalt(III) com-
plexes®® The faster rate observed for the acid-cat-
alyzed reaction is due to a weakening of the Co~F bond
as a result of hydrogen bonding to form Co-FH.

Acknowledgmeént,—The authors wish to thank Mr.
Warren V. Miller for helpful discussions and Mr. T.
Lyons for drawing the figures,
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The ligands carbon monoxide, triphenylarsine, triphenyl phosphite, triphenylphosphine, ethyldiphenylphosphine, and tri-n-
butylphosphine react with di-u-carbonyl-bis(cyclopentadienyl)dinickel(0) to give nickelocene and diliganddicarbonylnickel(0)

(eq 1).

tures or by manometric observation of carbon nionoxide absorption.
The dependence on carbon monoxide concentration was not studied, but reaction according to (1) is much

phosphine.

slower than the rate reported for carbon monoxide exchange.
A complex mechanism can be shown to be quantitatively consistent with the data for the reaction with tri-n-butyl-

order in each reactant, is observed:
cussed.
phosphine.

Introduction

While reactions of tetracarbonylnickel(0) with mono-
dentate ligands have been extensively studied,!—* there
are few reports of such reactions with di-u-carbonyl-
bis(cyclopentadienyl)dinickel(0). King hasshown that
tris(dimethylamino)phosphine (tdp) reacts with Nig-

(1) L. 8. Meriwether and M. L. Fiene, J. Amer. Chem. Soc., 81, 4200
(1959).

(2) J. P. Day, F. Basolo, R. G. Pearson, L. F. Kangas, and P. M. Henry,
ibid., 90, 1925 (1968),

(3) J. P. Day, F. Basolo, and R, G. Pearson, 7bid., 90, 6027 (1968).
(4) J. Chattand F. A, Hart, J. Chem. Soc., 1378 (1960).

The kinetics of these reactions have bheen studied by following the carbonyl region infrared spectra of reaction mix-

Complicated behavior is observed with tri-n-butyl-

For the other ligands studied, a second-order rate law, first
The reaction mechanism is dis-

(CO)(CsHs)2 to give Ni(CO)q(tdp): and nickelocene® (eq
1, L = tdp), while a recent report® describes the reac-

Nig(COR(C:Hs)e + 2L —> Ni(CO)Ls + Ni(CiHs)e (1)
tion of Niy(C0O)2(CsH;)» with bis(diphenylphosphino)-
acetylene to give Nip(CO)2[(CsH;)o PCoP(CsHs)z2 )5 In-
terestingly, both reactions involve the displacement of
a cyclopentadienyl moiety from nickel. It has been
found (vide infra) that monodentate ligands (phos-

(5) R. B, King, Inorg. Chem., 3, 936 (1963).
(6) A.J.Carty, A, Efraty, and T. W. Ng, Can. J. Chem., 4T, 1429 (1969).
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phines, phosphites, arsines, and CO) quite generally
react with Ni(CO),(CsH;), according to (1). While
complications have been encountered with some ligands,
most of these reactions proceed smoothly to completion
at room temperatiuire.

The most common reaction of metal carbonyl com-
plexes with phosphines and other Lewis bases is the dis-
placement of carbon monoxide. Among the reactions
of organo transition metal complexes, such reactions
have been the most extensively studied from a mecha-
nistic standpoint.” In contrast the kinetics of few
reactions have been studied where the cyclopentadienyl
ligand is involved as either an entering or leaving group.
An exception is a recently reported? kinetic study of the
displacement of both cyclopentadienyl ligands from
nickelocene by triethyl phosphite to give tetrakis(tri-
ethyl phosphite)nickel(0). This reaction is first order
in nickelocene and second order in phosphite, strongly
implying the intermediacy of a nickelocene—phosphite
adduct. The fate of the cyclopentadienyl groups is
unclear.

In this light, reaction 1 is of particular interest; the
cyclopentadienyl ligand serves as a leaving group with
respect to one nickel and an entering group with respect
to the other. A kinetic study was undertaken in the
hope of gaining an appreciation of this mechanism
which would shed some light on both roles.

Experimental Section

All operations involving air-sensitive materials were carried
out under an atmosphere of argon or prepurified nitrogen. '

Materials.—Di-u-dicarbonyl-bis{cyclopentadienyl)dinickel(0)

was prepared and recrystallized from diethyl ether as described

i the literature;®° mp 139-141.5°, lit.® mp 138°. Anal. Caled
for CsH1pNi;Oe: C, 47.47; H, 3.32. Found: C, 47.50; H,

3.38. Bis(triphenylphosphine)- and bis(triphenyl phosphite)-
dicarbonylnickel(0) were prepared by treating thc appropriate
ligand with tetracarbonylnickel(0) in toluene. The desired
products crystallized from the reaction solutions and, after
washing with hexane, required no further purification,

All other materials were obtained commercially. Solvents
were dried and deoxygenated by distillation from calcium hydride
in an atmosphere of nitrogen. Tri-n-butylphosphine was dis-
tilled in an atmosphcre of nitrogen at reduiced pressure. Nickel-
ocene was dissolved in toluene at room temperature and recrystal=
lized at —78°. Triphenylarsine was dissolved in boiling ethanol
and recrystallized at room temperature. Other reagents were
used as received.

Kinetic Runs.—A weighed portion of one reagent (usually thc
nickel complex) was introduced into a nitrogen-filled Schlenk
tube and dissolved in a known volume of deoxygenated solvent
delivered by pipet. This solution was then placed in a con-
trolled-temperature bath (2=0.1°) at least 20 min prior to begin-
ning the run. Reactions were initiated by adding the other
reagent either as the weighed solid, in a small volume of stock
solution (tri-n-butylphosphine, ethyldiphenylphosphine), or as
the pure liquid (triphenyl phosphite). The course of the reac-
tion was monitored by removal of aliquots with a syringe through
a stainless steel needle and examination of their spectra in a 1.0-
mm KBr cell over the region 2100-1800 cn ™. The reaction niix-

(7) (a) F. Basolo and R, G, Pearson, ‘“Mecharisms of Inorganic Reac-
tions,” 2nd ed, Wiley, New York, N. Y., 1967, Chapter 7; (b) R. J. Angelici,
Ovrganomelal. Chem. Rev., 8, 173 (1968).

(8) H. Werner, V. Harder, and IE.Deckelmahn, Helv. Chim. Acla, B2, 1081
(1969).

(9) E. O. Fischer and C. Palm, Chem. Ber., 81, 1725 (1958).

(10) J.F. Tilney-Bassett, J. Chem. Soc., 577 (1961).
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ture was protected during removal of aliquots by a countercur-
rent of argon. For slower runs where the time tequired to record
the spectrum was negligible on the time scale of the reaction,
the only time recorded was that at which the ir scan was initiated.
For experiments in which the reaction time was comparatively
short, a record was made of the exact time at which each peak was
measured.

That exposure to ambient laboratory lighting has no effect
on the observed kinetics was verified in experiments with tri-
phenylphosphine. Reaction mixtures kept in foil-wrapped
vessels displayed behavior identical with that of unprotected
solutions.

Reaction with carbon monoxide according to (1) was studied
in toluene by following the uptake of carbon monoxide. A
thermostated gas buret was joined to a thermostated reaction
vessel vig ‘a short length of capillary tubing. The entire sys-
tem was flushed thoroughly with nitrogen, and a known volume
of Niy(CO)(CsH;); solution, previously prepared to known
concentration, was introduced. Reaction was initiated by flush-
ing the system with carbon monoxide, bubbled through the sub-
strate solution, for 20 min. Negligible reaction occurred in this
time. The system was then adjusted to a convenient volume and
sealed at atmospheric pressure. The solution was continuously
stirred as vigorously as possible with a magnetic bar, and the
decrease in gas volume was monitored as a function of time.
The total volume changes observed in these experiments were in
excellent agreement with those required by quantitative reaction
according to (1). The concentration of dissolved carbon mon-
oxide in these solutions was estimated from tabulated data;!!
corrections to atmospheric pressure and appropriate tempera-
tures were made by assuming the validity of Henry’s law and

making use of an approximate treatment described by Hilde- |

brand.!?

As noted by Fischer and Palm,?® Nis(CO}»(CsH;), decomposes
slowly in solution. Control experiments established that this
decomposition was too slow (<5% in 48 hr) to compete sig-
nificantly with the reactions of interest.

Except as discussed below, rate constants were evaluated
graphically in the usual manner. )

Infrared Measurements.—All spectra for kinetic runs were
taken on a Perkin-Elmer 621 with a matched cell containing
pure solvent in the reference beam. With cells filled with pure
solvent, the ordinate was calibrated at infinite and zero absorb-
ance before each run. At a given frequency Beer’s law is obeyed
by absorbances calculated from peak heights. For a given in-
strument setting, the precision of this approach is quite good.
The day to day reproducibility is somewhat less satisfactory.
Variations of up to =59, were noted in extinction coefficients
calculated for the same complex from ineasurements made on
solutions prepared at different times. Band positions were ob-
tained from spectra calibrated »s. a polystyrene reference.

Spectrometric Characterization of ‘Reaction Products.—For
the ligands triphenylphosphine, triphenyl phosphite, and ethyl-
diphenylphosphine, all ‘available evidenee indicates that reac-
tion with Nis(CO)(Cs;H;): takes place cleanly and quantita-
tively according to (1). With these ligands the infinite-time
carbonyl region spectra of reaction mixtures agree within experi-
mental error in both band positions and band intensities with
expectations based on spectra of authentic Ni(CO)L, solutions
of known coricentrations. Table I presents the band positions
observed in this work. In the cases of the triphenylphosphine
and triphenyl phosphite complexes, comparison solutions were
prepared by weight using the pure solids.

Bis(ethyldiphenylphosphine)dicarbonylnickel(0) was  pre-
pared in siiu for this comparison.. A stock solution of tetra-
carbonylnickel(0) was prepared by weight. A portion of this
solution and an excess of ethyldiphenylphosphine were diluted

(11) W.F. Linke, “Solubilities,” Vol. I, 4th ed, Van Nostrand, Princeton,
N. J., 1958, p 457.

{12) J. H, Hildebrand and R. L. Scott, “The Solubility of Nonelectro-
lytes,” 3rd ed, American Chemical Society Monograph Series, No. 17, Rein-
hold, New York, N. Y., 1950, p 241.
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TABLE 1

CO STRETCHING FREQUENCIES FOR
Ni(CO)L, CompLEXES (cM™1)

L Obsd, this work Lit.
P(CeH;) 2014,1954 2000, 1955
P(OCeHs)s 2040,1999 2040, 1995
P(n-CiHy)s 1995, 1935 1995, 1930
P(CH;:)(CsH:s o 2002, 1948 2000, 1940°

2007, 1940 2072, 1995, 1941 (sic)*
® 1.. 8. Meriwether, M. F. Leto, E. C. Colthup,
¢ Refer-

AS(C(;H.@):;
« Reference 1.
and G. W. Kennerly, J. Org. Chem., 27, 3930 (1962).
ence 4,

to a tetracarbonylnickel(0) concentration comparable to sub-
strate concentrations in the kinetic runs. After 48 hr reaction
was complete giving a spectrum in agreement with that pre-
viously reported for bis(ethyldiphenylphosphine)dicarbonyl-
nickel(0) (Table 1).

Carbonyl region ir spectra of reaction mixtures containing
Nip(CO).(C:Hs)s and tri-n-butylphosphine depend in a complex
way on both time and initial reagent concentrations (vide infra).
However, when thig reaction is carried out with a significant ex-
cess of tri-n-butylphosphine, the “infinite-time’’ spectrum corre-
sponds to that reported for Ni(CO[P(n-CiH;)l:. Moreover,
tlie band intensities under these circumstances are in quantita-
tive agreement with those expected by comparison with authentic
Ni(CO):[P(n-CsHy)sls assuming quantitative reaction according
to (1). The authentic complex was prepared 47 sifu from tetra-
carbonylnickel(0) and excess tri-n-butylphosphine in the manner
described above for the corresponding ethyldiphenylphosphine
complex. '

Isolation of Products from Reaction with P(C¢H;);.—To sub-
stantiate further the stoichiometry indicated by (1) and un-
equivocally establish that nickelocene is a product, the reaction
with triphenylphosphine was carried out on a preparative scale.
Thus, 0.561 g (1.85 mmol) of Niz(CO)(CsHs) and 0.985 g (3.76
mmol) of P(C¢H;); were covered with 60 ml of cyclohexane and
the mixture was vigorously stirred. After 6 hr the solution be-
canie dark green and a substantial quantity of colorless, crystal-
line precipitate was present. The solid was recovered by filtra-
tion, washed with additional cyclohexane, and dried under
vacuum to give 1.03 g of Ni(CO)[P(CeH;)sl: (879 vield based
on (1)) whose identity was confirmed by comparison of its
infrared spectrum to that of authentic material (KBr pellets).
The green filtrate was concentrated to dryness and the residue
was taken up in a minimum of toluene at room temperature.
The toluene solution was filtered and cooled slowly to —78°
depositing large green needles. These were recovered, washed
with cyclohexane, and dried under vacuum to give 0.233 g of
Ni(CsHs)e (679% vyield based on (1)) whose identity was also
confirmed by comparison of its infrared spectrum to that of
authentic material (K Br pellets).

Isolation of Ni(C;H;), from Reaction with P(7%-CsHy);.—1In view
of the complications observed with tri-n-butylphosphine, it was
deemed necessary to demonstrate that nickelocene is also pro-
duced in this case. Accerdingly, 0.607 g (2.00 mmol) of Nip-
(CO)%(CsHj)a was treated in 25 ml of toluene with 0.884 g (4.36
mmol) of P(n-CHg)s. After 7 hr the solution was concen-
trated to 5 ml and chromatographed on deoxygenated silica
gel. The chromatogram was developed with toluene, and a green
band, which was followed by a red one, was eluted first. The
green eluate was collected and concentrated to approximately
4 ml from which 0.105 g of nickelocene (289, yield based on (1))
was recovered and identified as described above. The modest
recovery of nickelocene in this experiment is attributed primarily
to losses incurred during work-up; nickelocene does not chromato-
graph well.

Isolation of Products from Reaction with As(CoH;);.—Attempts
to prepare bis(triphenylarsine)dicarbonylnickel(0) from tetra-
carbonylnickel(0) and excess triphenylarsine were unsuccessful.
The instability of bis(triphenylarsine)dicarbonylnickel(0) in
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solution has been noted previously.* However, the available
evidence indicates that bis(triphenylarsine)dicarbonylnickel(0)
is produced when triphenylarsine reacts with Niy(CO)2(C;Hy)a.
When the ir spectra of these reaction solutions are monitored
with time, bands appear at 2007 and 1940 cmi~! as the sub-
strate bands decay. To extents increasing with increasing time
and increasing temperature, the intensities of these bands subse-
quently begin to decrease and new bands at ca. 2060 and 2003
cm ™! appear in the spectra.

The bands at 2007 and 1940 cm™! are assigned to bis(tri-
phenylarsine )dicarbonylnickel(0). This is based on isolation of
products from a preparative-scale reaction. Thus 0.602 g (1.98
mmol) of Nip(CO)(CsH;)e and 1.22 g (3.98 mmol) of As(CeHjy);
were allowed to react in 15 ml of cyclohexane with continuous
stirring. After 24 hr the solution had become brown-green and
extensive precipitation of a colorless powder had occurred. The
powder was recovered by filtration, washed with additional cyclo-
hexane, and dried under vacuum to give 0.757 g (539 yield
based on (1)) of Ni(CO)[As(C¢Hj)s]2, whose composition was con-
firmed by elemental analysis. Anal. Caled for CsgHioAseNiOs:
C, 62.8; H, 4.16; As, 20.6; Ni, 8.07. Found: C, 62.1; H,
4,17; As, 18.5; XNi, 7.31. The ir spectrum of this material
agrees well with that of the initial product in the kinetic runs.
The filtrate was concentrated to dryness and the residue was
taken up in a minimum of toluene. Crystallization and iden-
tification of nickelocene (0.253 g, 689, yield based on (1)) was
effected as described above.

Results

The reactions of di-u-carbonyl-bis(cyclopentadienyl)-
dinickel(0) with triphenylphosphine, ethyldiphenyl-
phosphine, and triphenyl phosphite in decalin were
characterized by perfectly straightforward kinetic be-
havior. Spectra of these reaction mixtures displayed
only the characteristic absorbances of the reactant and
the products. In all three cases the kinetics were
strictly second order, first order in the ligand and first
order in Ni,(CO).(Cs;H;s).. Moreover, rate constants
were calculated from the decay of the Nip(CO)2(CsHs):
absorption at 1835 cm~! as well as from the growth of
the two Ni(CO):L, absorption bands. In all cases, the
rate constants calculated for decay of substrate and for
appearance of product were in good agreement.

In most cases these reactions were run with an excess
of the ligand present. However, reactions in which
triphenylphosphine was present at less than the stoi-
chiometrically required concentration ([P(CeHs)slo <
2[Niz(CO)2(CsHs)e Jo) still gave results corresponding to
quantitative reaction according to (1). Rate constants
calculated in these cases were in agreement with those
obtained when triphenylphosphine was present in ex-
cess. As discussed in detail below, this is in marked
contrast to the behavior observed when tri-n-butyl-
phosphine is the ligand.

The reaction with triphenylphosphine was also stud-
ied in THF. TUsing I-mm ir cells, only the substrate
band was unobscured by solvent absorptions. The
reaction was again first order in each reagent. In view
of the modest effect on the rate, solvent effects were not
studied further.

As noted above, study of the reaction with triphenyl-
arsine was complicated by further reaction of the initial
product, Ni(CO),[As(CsH;);).. For this reason and
due to the fact that absorptions in the terminal CO
region due to triphenylarsine were quite large for the
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high concentrations used in several runs, the rate con-
stant was evaluated solely from the rate at which the
substrate band decayed. The ultimate fate of the
Ni(CO);[As(CsHs)s]l: produced is not clear. The ir
bands produced upon further reaction of this material
do however correspond to those observed when tetra-
carbonylnickel(0) is treated with triphenylarsine under
similar conditions. A possibility is that some decom-
position occurs with Iiberation of carbon monoxide,
which then reacts with additional Ni(CO),[As(CeHs)s]o
to give Ni(CO)3;As(CeHs)s. In any event these kinetic
studies were carried out with at least a tenfold excess of
triphenylarsine so that the release or consumption of
As(C4Hs)s by the following reaction would have negligi-
ble effect on the observed rate of substrate consumption.

The rapid exchange of 4CO with the carbonyl groups
of Ni(C0)s(C;Hs)s in toluene solution has been pre-
viously investigated.!* The rate of carbon monoxide
exchange was found to be first order in both Nip(CO),-
(CsH;)2 and carbon monoxide. In the present work it
has been found that bubbling carbon monoxide through
a decalin solution of Nix(CO)s(CsHj), results in a slow
decay of the absorption due to starting material and the
concomitant appearance of a band at 2057 cm™!, at-
tributed to tetracarbonylnickel(0). In agreement with
this assignment, it is observed that an increase in the
rate of carbon monoxide bubbling can lead to a decrease
in the height of this new peak as tetracarbonylnickel(0)
is swept from the solution. No effort has been made to
determine an accurate rate constant for this reaction in
decalin. However, in an experiment at 22° with an
ambient pressure (ce. 730 Torr) of carbon monoxide
above a CO-saturated solution, the absorption due to
Ni3(CO)2(CsHs)s decayed with a first-order rate con-
stant of approximately 4.5 X 107% sec™!. - Taking the
concentration of dissolved carbon monoxide!* as 1.2 X
10~% M gives a second-order rate constant of approxi-
mately 4 X 107* M~1!sec™!.

A more accurate rate constant was determined for this
reaction in toluene to permit a direct comparison with
the carbon monoxide exchange results. In this case the
reaction was observed by following carbon monoxide
consumption. Since the carbon monoxide concentra-
tion could not be readily varied in the available appara-
tus, the order in carbon monoxide, presumed to be one
by comparison to the other ligands, was not verified.
At 30° the rate of reaction 1 with carbon monoxide is
slower by a factor of 70 than the rate of carbon mon-
oxide exchange,® kexy = 1.1 X 10~! M~!sec™!. Hence
very little reaction according to (1) would occur in the
time required for essentially complete exchange.

Rate constants and activation parameters obtained
for these ligands are summarized in Tables II and III.

The reaction of Nip(CO)2(CsH;): with tri-n-butyl-
phosphine shows several interesting features. The rate
of the reaction is dependent on the concentrations of
both reagents, but the rate is sufficiently great that it

(13) A. Wojcicki and F. Basolo, J. Inorg. Nucl. Chem., 17, 77 (1961).
(14) The value given for heptane!! was used.
(15) Estimated from the 25 and 0° data of ref 13.
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TABLE 117
RATE CONSTANTS OBSERVED FOR

103[N{e-
103{L], (CO)e- Temp, Sol- 103%,
Ligand M (CsHs)2l, M °C vent® A -1 sec—!

Cco 7.0 4.17 30 T 1.6/
Cco 6.48 3.82 40 T 4,89/
co 6.04 4.03 50 T 10.97
Cco 12.0 1.80 22 D 0.47
P(OCH,); 71.8 1.80 30 D 12.4
P(OCsHs)s 35.7 1.52 30 D 13.0
P(OCsHg)s 17.2 1.43 30 D 11.3
P(OCeHs)s 7.50 1.99 30 D 12.9¢
P(OCeH;)s 37.2 1.40 40 D 20.4
P(OCeH;); 18.6 1.26 40 D 31.9
P(OCsH;); . 18.6 1.18 50 D 72.9
P(OCHs)s 18.6 1.17 50 D 71.0
P(CsHs)s 19.2 1.98 30 D 31.5
P(CsHs)s 30.3 15.1 30 D 31.9%0
P(CeHs)s 35.9 1.12 30 D 30.6
P(CsHs)s 3.25 1.97 30 D 31.¢°
P(CsHs)s 21.4 0.74 30 D 30.4
P(CeHs)s 10.4 0.74 30 D 34.5
P(CeHs)s 2.37 7.53 30 D 31,
P(CsHs)s 25.4 0.98 30 D 30.0¢
P(CeHa)s 3.61 1.78 40 D 77.5°%
P(CsHs)s 8.65 1.78 40 D 76 . 5%
P(C¢Hs)s 3.96 1.28 50 D 151
P(CsHs)s 4.98 1.06 50 D 154
P(C¢Hs)s 14.5 1.07 30 F 16.1°
P(CeHs)s 29.6 2.08 30 F 17.0¢
P(CeHs)s 45.9 2.24 30 F 16.9¢
As(CeH;)s 29.8 1.56 30 D 3.44°
As(CeHs)s 67.2 1.07 30 D 3.49°
As(CeHp)s 146 1.09 30 D 3.50°
As(CeHs)s 28.6 1.60 40 D 8.52¢
As(CeHy)s 135 1.65 40 D 8.59¢
As(CeHs)s 16.1 1.50 50 D 21.9¢
As(CeHy)s 32.9 1.48 50 D 20.6°
P(C;H;)(CeHs), 3.72 1.28 30 D 62.3
P(CoH;)(CeHs)e 17.2 1.15 30 D 58.0
P(C.Hs)(CeHs)s 7.29 1.53 30 D 61.4

@ Caled from second-order integrated equation. * A 0.1-mm ir
cell. ¢ Caled from product bands only. ¢ Light excluded.
¢ Caled from substrate band only. / By gas absorption. ¢ Rate
constants are as defined by —d[Ni,(CO)(CsH;):] /dt = — (d[L]/
dt)/2 = E[Niz(COR(CsHihl[L]. Except as otherwise noted,
rate constants are average values calculated from appearance of
two product bands and disappearance of one reactant band.
» Abbreviations: T, toluene; D, decalin; F, tetrahydrofuran.

TasLE 111
RATE CONSTANTS AND ACTIVATION PARAMETERS FOR
Niz(CO)z(CsHs)z + 2L —> N1<C0>2L2 + NI(C5H0)2

AHF, as¥,
Sol- —10%, M1 sec™1— keal/ cal/deg
Ligand vent* 30° 40° 50° mol mol
CO T 1.6 4.8 109 17.4x2 Ca
As(CeHs)s D 3.5 85 21 1711 —14=x3
P(OC¢H;)s D 12.5 31 72 1641 —13=£3
P(CeHa)a F 16.7
P(CsHs)s D 31 77 153 149x1 —~16=£3
P(CH:)(CeHs)e D 61 Co e .
P(n-C4H9)s D 400 P PN R
¢ Abbreviations; T, toluene; D, decalin; F, tetrahydrofuran.
b See text.

was necessary to study the reaction under circum-
stances where the reagent concentrations were compara-
ble. As mentioned above, when this reaction is carried
out with a significant excess (25 X 107* M) of tri-
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Figure 1-—Spectra of reaction mixture as a function of time.
[Niz(COR(C:Hs)elo = 1.41 mM; [P(n-CiHo)lo = 4.27 mM.

n-butylphosphine, the infinite-time spectrum is that of
Ni(CO);[P(n-CsHy)sls. However, even under these
circurnstances, plots of the kinetic data appropriate for
a second-order rate law do not exhibit satisfactory
linearity.

In view of the known reactions of some phosphines
and phosphites with nickelocene at higher tempera-
tures,® 1% the possibility arises that the anomalies in this
reaction are due in part to further reaction between
nickelocene produced via (1) and additional tri-n-butyl-
phosphine. Two lines of evidence establish that no such
reaction occurs under the conditions of the kinetic stud-
ies. First, several kinetic runs were carried out in
which a large excess of nickelocene was present initially
(INi(CsHs)2Jo > 10[P(n-CsHy)slo). Experiments differ-
ing only by the absence of added nickelocene gave essen-
tially identical results. These experiments also effec-
tively exclude the possibility that reaction according to
(1) does not go to completion for thermodynamic rea-
sons when L is tri-z-butylphosphine. Second, a series
of solutions was prepared in which nickelocene and tri-
n-butylphosphine were present at concentrations ap-
proximating those in the kinetic runs. When oxygen
is carefully excluded from these solutions, their visible
spectra are those of nickelocene for times long compared
to the time required for consumption of Ni(CO),-
(CsHj)s in the rate studies,

It has been possible to collect good absorbance wvs.
time data in experiments where the initial tri-z-butyl-
phosphine to substrate concentration ratio varies from
0.52 to 4.3. While this is not a particularly wide con-
centration range, the variation in behavior observed
within this range is remarkable.

In all runs, the band at 18565 cm ™!, due to Niy(CO),-
(CsHj;)s, decreases in intensity while new bands appear
at 1995 and 1935 cm™!, the appropriate positions for
Ni(CO);[P(n-CyHy)s);. However, the intensity ratio
for these latter two peaks is not constant. (See Figures
land 2.) Tt must be concluded that an additional spe-
cies, which absorbs at either or both of these frequen-

(18) J. R. Olechowski, C. G. McAlister, and R. F. Clark, Inorg. Chem., 4,
246 (1965).
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Figure 2.—Spectra of reaction mixture as a function of time.
[Niz(COhC{,H;)z}o = 159 mﬂ{,’ [P(’P’L-Cqu)‘;}o = 195 mM.

cies, is present. For convenience, this species will be
referred to as “U.”" Now, the absorbance ratio [ab-
sorbance at 1995 cm~!/absorbance at 1935 cm~!] appro-
priate for Ni(CO)[P(n-CiHg)s]: is 0.64. At reaction
times short enough that the band at 1835 cm™! is still
present, the absorbance ratio for these two bands is
invariably greater than 0.64. While U could absorb
at both 1995 and 1935 em~!, the simplest possibility is
that it absorbs only at 1995 cm 1,

In addition, a relatively weak peak is observed to
grow at 1974 cm~1, reach a maximum absorbance after
5-12 min, and then decay away. This peak clearly
does not arise from either the reactants or the products.
Moreover, it cannot arise from the species U responsible
for the anomalous behavior of the product peaks. This
is established by the fact that when the reaction is car-
ried out with an excess of Niy(CO)»(C;Hj)s the ratio of
the absorbance at 1995 em™! to that at 1935 ecm™! is
significantly greater than 0.64 at times long enough so
that the band at 1974 cm™! has vanished coupletely
(Figure 2). Therefore, it is necessary to conclude that
the band at 1974 cm™! arises from a third, terminal
CO-containing species, which will be referred to as *'V.”

Further anomalies are associated with the time depen-
dence of the absorbance at 1855 cm™!, In experiments
run with an excess of ligand ([P(#-CiHg)slo > 2[Ni-
(CO)2(CsHs)z1o), this band decays rapidly to a small
residual absorption. This residual absorption then
decays to zero only very slowly. The conclusion that a
species containing at least one bridging CO group is
produced in these solutions seems inescapable. There
are two alternative possibilites. The first is that the
rate law for consumption of Ni,(CO):(C;H;)s involves a
higher power of the tri-n-butylphosphine concentration.
This possibility has been excluded on the basis that the
falloff in the rate of decay of the 1855-cm™! band is too
extreme to be accounted for by any reasonable order in
tri-n-butylphosphine concentration. The second alter-
native is that reaction 1 has a small equilibrium con-
stant where L = P(®-C.Hy);. As noted above this
possibility is excluded by the fact that addition of excess
nickelocene to reaction mixtures has a negligible effect
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on the course of this reaction. The simplest interpre-
tation consistent with these observations is that U ab-
sorbs at 1855 ecm~?! as well as at 1995 em ™1,

On the other hand, in experiments with an excess of
metal carbonyl ([P(#-CsHg)slo < 2[Niz(CO)2(CsHs)zlo),
the 1855-cm~! band decays to give a significantly lower
absorbance at long times than is calculated assuming the
stoichiometry of (1); hence, on the average, less than 2
mol*of tri-n-butylphosphine is consumed per mole of
Nip(CO)2(CsHs)z.  Assuming that the only carbonyl-
containing species present are Ni(CO)y[P(n-CiHy)slo
and U, it can be concluded that production of U con-
sumes less than 2 mol of tri-n-butylphosphine per
mole of ng(CO)z(C5H5)2

In summary, the minimal assumptions necessary for
interpretation of the observations on the reaction of
tri-n-butylphosphine with Niy(CO)2(CsHs): require the
presence of species of Uand V. U has absorption bands
at 1995 and 1855 cm~!, while V has a band at 1974
cm~!. In the presence of excess tri-n-butylphosphine,
both U and V are converted to Ni(CO);[P(n-CHq)s)s,
but in the absence of sufficient tri-n-butylphosphine, U
persists in these solutions for a considerable period.

Discussion

It is useful to observe that the reverse of reaction 1
occurs when L is carbon monoxide; indeed this is the
route by which Niy(CO)2(C;Hs): is prepared.® It isrea-
sonable to suppose that the reverse reaction is mecha-
nistically analogous to other substitution reactions of
diliganddicarbonylnickel(0) complexes in which case
the initial step involves dissociation of ligand to give
liganddicarbonylnickel(0).'—? Therefore by micro-
scopic reversibility it must be anticipated that the reac-
tions studied here lead to diliganddicarbonylnickel(0)
via the same three-coordinate species.

Cleavage to monomeric Ni(CO)(C;H;) radicals has
been postulated? to explain the products observed in
the high-temperature decompostion of Nip(CO).-
(C;H;),.  Since monomeric Co(CO)4 radicals are pro-
duced on vacuum pyrolysis of the formally isoelectronic
octacarbonyldicobalt(0),'® it might be anticipated that
the nickel radicals would be similarly accessible. Ap-
parently this is not the case; when Niy(CO)s(C;H;) is
subjected to treatment similar to that yielding Co(CO),
radicals, no epr evidence for the presence of Ni(CO)-
(C;H;) in the sublimate could be observed.’® Since,
moreover, it is difficult to imagine a mechanism involv-
ing this radical which is both plausible and consistent
with the experimental evidence, it will not be considered
further as a possible intermediate in the mechanism of
.

Also, by analogy to octacarbonyldicobalt(0),? it is
possible that a nonbridged isomer of Niz(CO),(C;H;)q
exists in equilibrium with the bridged form in solution.
There is no direct evidence for this equilibrium, but such

(17) G. G. Petukhov, V. I. Ermolaev, and R. V. Kaplina, Zh. Obshch.
Khim., 88,465 (1968).

(18) H. J. Keller and H. Wawersik, Z. Naiurforsch., 20, 938 (1965).

(19) A. H. Maki and R. Allendoerfer, private communication.

(20) K. Noack, Spectrochim. Acte, 19, 1925 (1963); Hely. Chim. Acla, 47,
1064 (1964).
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isomerism has been demonstrated for the analogous
compound bis(cyclopentadienyl)di(cyclohexyl isocyan-
ide)dinickel(0).?' It has recently been proposed that
interconversions of structures with bridged and non-
bridged carbonyl groups are facile processes.?? If this
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is the case, the experiments described here could not be
expected to detect the intervention of a nonbridged
isomer of Nip(CO)o(Cs;H;)2 in the mechanism of (1).

Direct evidence for the presence of intermediates in
these reactions has been obtained only in the case of tri-
n-butylphosphine. Even in this case it is probably
necessary to postulate a pathway with no detectable
intermediates (vide infra) in order to account adequately
for the experimental data. On this basis the simplest
possible mechanism for (1) is a single-step process ini-
tiated by direct attack of the ligand at a nickel atom.
This is consistent with the second-order rate law and
with the negative entropies of activation, which are
similar in magnitude to those observed for bimolecular
displacements of CO by w-acceptor ligands from other
other metal carbonyl substrates.” Moreover, the
order of ligand reactivity typically observed™ in such
cases is the same as is found for (1).
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Figure 3.—Summary of the mechanistic possibilities discussed.

Examination of molecular models suggests a facile
course for such a mechanism. If the attack by the
incoming ligand asymmetrically cleaves the CO bridges
such that both CO groups become bound to the same
nickel as the incoming ligand, the reaction complex can
rotate about the nickel-nickel bond in such a way as to
bring the migrating cyclopentadienyl ring within bond-
ing distance of the other nickel atom. This would lead
to a transition-state structure similar to that shown in
Figure 3. Similar transition-state structures have been

(21) Y. Yamamoto and N. Hagihara, Bull. Chem. Soc. Jap., 39, 1084
(1966).

(22) J. G. Bullitt, F. A, Cotton, and T. J. Marks, J. Amer. Chem. Soc.,
92, 2155 (1970).



238 Inmorgamic Chemaistry, Vol. 10, No. 2, 1971

postulated previously to rationalize the products oh-
tained in other reactions where a cyclopentadienyl
group is transferred intermolecularly to or from a nickel
atom.?

Now, if it is desired to modify this mechanism so as to
account for the exchange as well as the substitution
behavior of carbon monoxide by a single pathway, it is
necessary to introduce an intermediate species whose
formation scrambles incoming with bound carbon mon-
oxide and which can return to starting material as well
as go on to products. The bracketed structures repre-
sented in Figure 3 could be taken as possible formula-
tions for this intermediate.

The fact that the species labeled “U” is formed as a
relatively stable product in the reaction with tri-
n-butylphosphine constitutes an unfortunate complica-
tion. Since the composition of this species is unknown
while a complete mechanism must take its presence into
account, any mechanism suggested will rest upon a
more or less arbitrary assumption as to the composition
of U. On the other hand, V is clearly an intermediate
in this system. It is of considerable interest whether
V is an intermediate in the production of Ni(CO),[P(xn-
CiHy)s]o or merely an intermediate in a side reaction
leading to U. For this reason a vigorous effort was
made to find a mechanism which would quantitatively
account for the absorbance vs. time data collected.

The approach taken was to utilize a computerized
numerical integration scheme to test the compatibility
of plausible mechanisms with the observed kinetic data.
This involved assuming a reaction mechanism, includ-
ing compositions for U and V. If these assumptions
are correct and the true rate constants as well as the
extinction coefficients for U and V are known, numerical
integration would give calculated absorbance vs. time
data in agreement with that actually observed.?* Since
neither the rate constants nor the extinction coefficients
are known, a least-squares-based, iterative refinement
procedure was programmed. Starting from a guessed
set of values for the rate constants and unknown extine-
tion coefficients, the program adjusts the values of these
parameters to optimize agreement between calculated
and observed absorbance vs. time data. The test of a
given mechanism is, of course, whether there exists a set
of rate constants and extinction coefficients which yield,
by numerical integration, calculated absorbance vs. time
data within experimental error of the experimentally
observed values. This refinement procedure is similar
to a slightly more mathematically sophisticated pro-
gram previously described.?®

More possible mechanisms for this reaction have been
examined than can be discussed here. However, it has
not been possible to find a satisfactory mechanism by
which V was the only route to Ni(CO)2[P(12-C4Hy)s .
One reason for this failure lies in the fact that V was
present to a maximal extent at least 5 min after initia-

(23) P. M. Maitlis, A. Efraty, and M. L. Games, J. Am. Chem. Soc., 87,
719 (1965},

(24) D. F. DeTar, J. Chem. Educ., 44, 191 (1967).

(25) W, E. Ball and L. C. D. Groenweghe, Ind. Eng. Chem., Fundam., §,
181 (1966).
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tion of the reaction. However, appearance of product
began immediately; no induction period has been ob-
served for either of the product bands. If reaction ex-
clusively via V is satisfactorily to reproduce the time
dependence of the 1995- and 1935-cm™! bands, it ap-
pears inevitable that the time of maximal absorbance
at 1974 cm—* must be less than half of what is actually
observed.

In contrast, if it is supposed that an effectively single-
step process as envisioned above occurs, a relatively sim-
ple mechanism gives a good quantitative fit to the ob-
served kinetic data. This mechanism, (2)-(6), entails
parallel paths to the product Ni(CO); [P (#-CiHy); s, one
direct and one through the intermediate V. In this
interpretation U is assigned the composition Ni;(CO)-
(CaHs)zP(ﬂ-C4Hg)3 (OI‘, pOSSibly, N14(CO)4(C5HO)4P<7L—
Ni(CO)(CoHa ) + P(n-CiHy)s —>

Ni(CO%P(n-CsHq)s + Ni(C:Hi) (2)
Nip(CO)N(CsHs ) + P(n-CiHg)y —> V (3)
V + P(#-CiHyg)s —> Ni(CO)P(n-CsHo)s + Ni(CiHs)s +
P(n-CiHy)s (4)
V + Nig(COR(C:iH;), —> U + Ni(CHi), (5)

fast

Ni(CO}P(n-CsHyo)s + P(n-CiHy )z —s>
Ni(CO)[P(n-CiHy)sl: (6)
CiH,);). Figures 4 and 5 compare calculated absorb-
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Figure 4. —Absorbance vs. time data for the experiment of
Figure 1. Solid lines are calculated from the mechanism, rate
constants, and extinction coefficients given in the text. Points
are experimental: open triangles, 1855 cm™!; filled triangles,
1935 em~!; circles, 1995 cm~?!; diamonds, 1974 cm ™1

ance vs. time data to the experimental results for the
runs whose spectra are displayed in Figures 1 and 2,
respectively. Optimum rate constants for steps 2-5
are, respectively, 0.40, 0.40, 0.48, and 2.08 M~ sec™.
The optimum extinction coefficients for U are 4670 and
5760 M~! em~! at 1995 and 1855 cm™!, respectively,
while that of V at 1974 cm~! is 3840 M~ em™!. In
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Figure 5.—Absorbance vs. time data for the experiment of Figure
2. The conventions of Figure 4 apply.

comparison the extinction coefficient of Niz(CO)2(CsHs)a
at 1855 cm~? is 4500 M ! em~! while those of Ni(CO),-
[P(n-C4Hy)s > are 3950 and 6200 M ~* ¢m™! at 1995 and
1935, respectively.

The essential consequence of the fit of this mechanism
to the experimental data is that such a dual role for V is
compatible with the available evidence while mecha-
nisms in which V is the only route to Ni(CO),[P(n-
CiHy)s]» are not. The question then becomes: Is
there a comparably simple mechanism compatible with
the experimental data by which V does not lead to
Ni(CO):[P(n-C4Hy)s]:? Unfortunately, even within
the framework of tentative conclusions erected above to
explain the observations on this system, an answer to
this question has not been forthcoming; it has not been
possible to fit the experimental data to a mechanism of
this type. However, even if such a mechanism were
found, the anomalies observed with tri-n-butylphos-
phine would not necessarily be irrelevant to the mecha-
nism of (1) since the U formed in the presence of excess
tri-n-butylphosphine eventually disappears to form
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bis(tri-n-butylphosphine)dicarbonyldinickel and (pre-
sumably) nickelocene.

In summary, the mechanism of (2)~(6) is the simplest
which is demonstrably compatible with the experimen-
tal data. This mechanism can accontmodate the rapid
exchange of carbon monoxide either by the intervention
of an unobserved intermediate in step 2, as suggested
above, or by rapid equilibration with a species analogous
to V. The results with the other ligands are also read-
ily accommodated so long as the rate constant for step 4
is much larger than those for steps 3 and 5. Of course,
with this proviso, either (2) or (3) could be negligibly
slow.

Figure 8 describes the mechanistic conclusions arrived
at above in terms of some possible structures for the
various species. A variety of structures can be consid-
ered for an adduct of the composition Ni,(CO),(C;sHs),L.
If it is generally true that interconversion of bridged
and nonbridged isomers is rapid,?? any or all of the
structures in brackets could plausibly describe unde-
tected intermediates in the mechanism of (1). How-
ever, it is important to remember that, so long as an
analog of V is accessible with carbon monoxide to ac-
commodate the rapid carbon monoxide exchange, no
other intermediate is mecessary to explain the kinetic
data. The structure depicted for V has the advantage
that its reactions according to (4) and (5) are readily
rationalized. Since it could be considered to arise
through a transition-state structure similar to the sym-
metrical (when L is carbon monoxide), bridged structure
shown, this structure for V is capable of rationalizing
the exchange of carbon monoxide. On the other hand,
any of the other structures would represent more intui-
tively plausible species for explaining this exchange.

Finally, it must be noted that the role and structure
assigned to V in Figure 3 represent a structural rational-
ization of the fact that (2)-(6) gives a reasonably good
fit to the experimental results when L is tri-n-butylphos-
phine. It is possible that another mechanism could be
found which would give an adequate fit to the absorb-
ance vs. time data and which would permit assignment
of one of the bracketed structures to V.
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