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Reaction of Di-p-phenylthio-bis(tricarbonyliron)(Fe-Fe) with Triphenyl-
phosphine: a Detailed Kinetic and Mechanistic Study

Marino Basato, Centro di Studio sulla Stabilita’ e Reattivita’ dei Composti di Coordinazione, C.N.R., Istituto di
Chimica Analitica, University of Padova, 35100 Padua, Italy

Di-u-phenylthio-bis(tricarbonyliron) (Fe—Fe) undergoes a two-step CO substitution reaction with triphenyl-
phosphine in decalin. The substitution does not go to completion in the presence of carbon monoxide and the
kinetics of the forward and reverse reaction for each step have been studied. The unsubstituted complex under-
goes direct attack by PPh, either on the predominant ant/-form or on the very reactive syn-form which is produced
in the rate-determining anti—syn-isomerisation. The monosubstituted complex, which is also present mainly in
the ant/-form in equilibrium with a reactive syn-form, reacts with carbon monoxide through an Sy2 mechanism,
but a CO-dissociative mechanism is involved in its reaction with the bulkier PPhs. The bis(phosphine) complex
so obtained is unable to undergo Sy2 displacement even by carbon monoxide and must previously lose one molecule

of phosphine. Relative rate constants for bimolecular attack on the co-ordinatively unsaturated intermediate by
carbon monoxide and triphenylphosphine have been obtained. Equilibrium and activation parameters for these

reactions are reported.

D1-p~-PHENYLTHIO-BIS(TRICARBONYLIRON) (Fe—Fe), (I), is
a metal-metal bonded carbonyl with two organosulphur
bridges. An X-ray study of its anti-form shows that the
two Fe atoms are at the centre of two octahedrons, which
share a face defined by the sulphur atoms and the bent
iron-iron bond. The Fe—-5-Fe bridge angles are ca. 67°
and the Fe-Fe bond distance is 2:516 A.1 These values
are consistent with those found in the anfi-di-u-ethyl-
thio- and p-(cis-stilbene-«,B-dithiolato-SS’.S’S)-ana-
logues.%3 syn—anti-Isomerism is possible for these com-
4031 W. Henslee and R. E. Davis, Cryst. Struct. Comm., 1972, 1,

¢ L. F. Dahl and C. H. Wei, Inorg. Chem., 1963, 2, 328.

8 H. P. Weber and R. F. Bryan, J. Chem. Soc. (4), 1967, 182.

plexes as a consequence of different relative positions of
the organic radicals at the sulphur atoms, and for the
methyl-, ethyl-, and benzyl-thio-derivatives both isomers
have been isolated by chromatography and characterised
by their n.m.r. and ir. spectra. Despite careful efforts,
no spectroscopic evidence has been obtained for different
forms of the phenylthio-derivative.# This complex is
also known to undergo substitution of one or two CO
groups by triphenylphosphine, giving derivatives sub-
stituted frans to the metal-metal bond.b

4 L. Maresca, F. Greggio, G. Sbrignadello, and G. Bor, Inorg.
Chim. Acta, 1971, 5, 667 and refs. therein.

5 J. A. de Beer and R. J. Haines, J. Organometallic Chem.,
1972, 36, 297 and refs. therein.


http://dx.doi.org/10.1039/DT9750000911

912

In contrast to the amount of information on the prepar-
ation of phosphine-substituted di-u-mercapto-hexa-
carbonyldi-iron complexes,® few data on the mechanistic
aspects of these reactions are available.* In principle,
the routes to substitution could offer examples of co-
ordinatively unsaturated  open-bridged ’ intermediates,
which are of interest in catalysis. This paper reports a
detailed mechanistic study of the reactions shown in
equations (1) and (2) in decalin as solvent. While this

[(OC)sFe(u-SPh),Fe(CO),] 4 PPhy ===
[(OC)Fe(u-SPh),Fe(CO)y(PPhy)] + CO (1)

[(OC);Fe(u-SPh),Fe(CO),(PPhy)] + PPh, ===
[(PhsP) (OC),Fe(u-SPh),Fe(CO),(PPhy)] + CO  (2)

work was in progress a paper appeared concerning the
mechanism of carbon monoxide substitution of a series
of bis(tricarbonylmercaptoiron) complexes with phos-
phorus- and arsenic-containing ligands.® That study was
carried out by following carbon-monoxide evolution, and
was limited to the forward reaction and to cases where
the first substitution was rate determining. The results
are, where comparable, consistent.

EXPERIMENTAL
| ——
The complexes [(OC),Fe(u-SPh),Fe(CO),], (I), and [(OC),-

| ——

Fe(p-SPh),Fe(CO),(PPh,)], (II), were prepared by the pub-
lished method.¢ Their i.r. spectra in decalin showed peaks
respectively at 2 075m—s, 2 038vs, 2 006s, and 1 984w, and
2 051s, 1 989vs, 1973w, and 1 942w cm™ (¢f. in n-hexane
2 075m—s, 2 039vs, 2 007s, 1998s, 1 991(sh), 1 986w and
2 052s, 1991s, 1975w, and 1 944w cm™).4 The complex

3

[(PhyP)(OC) Fe(u-SPh),Fe(CO),(PPh,)], (III), was pre-
pared by reaction under argon of (I) (0-412 g, 0-825
mmol) wrth PPh,; (0499 g, 19 mmol) in carefully
deoxygenated decalin (25 cm?). After 2 h at 130 °C
the solution was cooled and dark red crystals which
precipitated were filtered off, washed with n-hexane, and
recrystallised from methylene chloride-methanol, yield
>509%,. ILr. spectrum in decalin: 1996s, 1955s, and
1935m—s cm™ (¢f. in CH,Cl,: 1992s, 1 947m, and 1 928s
cm™).% Triphenylphosphine (Fluka) was recrystallised
from methylene chloride-methanol. Decalin (R.P.E.
C.Erba) was uscd as received. Argon and carbon monoxide
were high-purity SIO products. Certified Ar—-CO mixtures
were provided by S.I.LA.D., relative errors in their analysed
contents being always less than 0-59%,.

Procedures.—Solutions of PPh; were prepared by weight.
After careful deoxygenation by freeze-pump-thaw cycles,
these solutions were transferred under the appropriate gas
to the reaction vessel containing known amounts of the solid
complex. These transfers were made through stainless-steel
tubing inserted through Suba-seal rubber stoppers by apply-
ing a suitable pressure of gas. A small modification of this
procedure was adopted for the sparingly soluble complex

* 1M = 1 moldm™3, 1 atm = 101 3256 Pa, 1 cal = 4-184 J.

8 P.C. Ellgen and J. N. Gerlach, Inorg. Chem., 1973, 12, 2526.
7 M. Basato, J. P. Fawcett, and A. J. Po¢, J.C.S. Dalton, 1974,
1350.
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(III). Carefully deoxygenated suspensions of the complex
in decalin were heated under carbon monoxide at 70 °C with
vigorous shaking until some dissolution of the complex
occurred, after which the solid was filtered off. In all cases
the vessels, wrapped in aluminium foil, were immersed in
an oil-bath thermostatted within 4-0-1 °C and aliquot
portions were removed periodically, through stainless-steel
tubing, by an applied pressure of gas. For reactions below
ca. 70 °C, samples were ejected directly into an i.r. cell and
spectra scanned immediately in the C-O stretching region.
For reactions at higher temperature samples were collected
in small phials, cooled in ice, and their i.r. or visible-u.v.
spectra monitored with Perkin-Elmer 457 and Optica
CF4R spectrophotometers respectively. The pressure into
the reaction vessel was controlled with a manometer and
concentrations, at the various temperatures, of carbon
monoxide were calculated as previously stated.”

RESULTS

The reaction proceeds in two distinct stages, the first
being characterised by growth of the i.r. bands of [(OC)s-

| EE—
Fe(u-SPh),Fe(CO),(PPhy)], (II), and the second by decay of
these bands and growth of those characteristic of [(Ph,P)-

1
(OC),Fe(u-SPh),Fe(CO),(PPh,)], (III). Rather different
temperatures are required for the two substitutions, 30—70
°C for the first and 90—130 °C for the second. This fact,
together with favourable equilibrium positions, allowed a
kinetic study of the forward and reverse reaction for both
substitutions to be carried out.

The first stage in the presence of CO gave an equilibrium
mixture of complexes (I) and (II), whereas under Ar quanti-
tative formation of (II) was observed. The reaction was
monitored by following the variation of absorbance of the
bands at 2 038 and/or 2 051 cm™. Under psuedo-first-order
conditions, plots of log |4; — 4| against time were linear
over three half-lives. The observed rate constants, Zgps,
determined in this way, represent, under Ar, the rate of the
forward reaction (= Agar), whereas under CO, at equilib-
rium where A, = A, the sum of the forward and reverse
reaction (= kycoy + #;).5 In the latter case the two terms
can be separated by introducing the spectrophotometrically
determined concentration ratio, at equilibrium, of complexes
(I) and (II); consistent results were obtained by starting
from (I) or (II). The CO dependence of the reverse reaction
was studied also by following the disappearance of complex
(II) at various partial CO pressures without PPh, added.
Equilibrium was reached in these cases despite the low final
PPh, concentration (<3 x 10™m).* The reaction wascon-

k
sidered to be of the type A === B + C for which #(= %,
¥

in this case) can be determined by using equation (3) where
A, = initial absorbance.? Good linearity was obtained in
each case.

A2 — A4, [A,+ A )
1 0 e — 0 e k‘ 3
", —4,4, (Ao—Ae (3)

All rate data for this first stage, together with the equilib-
rium constants, are collected in Table 1. Values of the
equilibrium constant at various temperatures (Table 1) were
calculated from two experiments where the change in

8 A. A. Frost and R. G. Pearson, ‘ Kinetics and Mechanism,”
2nd edn., Wiley, Tokio, 1961, p. 186.
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equilibrium concentrations with temperature for the same
solution was observed, and are consistent with the observ-
ations under kinetic conditions.

The reaction under an atmosphere of argon followed the
rate equation Ayar) = {a/(1 + ¢/[PPh,])} + b[PPh;]. One
atmosphere CO pressure did not affect the rate of the for-
ward reaction and kg, values under CO, at 40 °C, were

913

(I)—(III) can be observed. The study of this stage was
complicated by some decomposition of both complexes (II)
and (III). Complex (II), for example, under Ar and in the
absence of PPh,;, decomposed, at the high temperatures
employed, giving some (I) as a result of substitution of a
PPh, by the carbon monoxide previously released. Com-
plex (III) is unstable also in the presence of PPh,, both under

TABLE 1

1 I
Rate and equilibrium data for the reaction [(OC),Fe(u-SPh),Fe(CO);] + PPh,; == [(OC),;Fe(u-SPh),Fe(CO),-

(PPh,)] + CO in decalin.

[Complex] ¢ = 2 X 104—5 x 10Mm

0. 103[PPhg] Pco 10%[(COj 10%¢ary  10%(Rycoy + Ar) [Ble 105k4co) 105k, K
°C M atm M s71 571 [Ale 51 sl
30-0 3-81 0-00 0-00 3-72
6-60 0-00 0-00 5-30
14-2 0-00 0-00 813
35-3 0-00 0-00 12-56
655 0-00 0-00 15-2
140 0-00 0-00 17-2
231 0-00 0-00 195
278 0-00 0-00 20-6
416 0-00 0-00 23-2
566 0-00 0-00 26-6
40-0 0-29°% 0-55 3-2 5-50¢
0-34? 1-10 6-4 9-50 ¢
7-86 0-00 0-00 15-4
7-86 1-10 6-4 21-4 2:0 14-3 7-13
20-2 0-00 0-00 28-0
202 1-10 64 340 50 28:3 567
491 0-00 0-00 39-8
49-1 1-10 6-4 45-0 10-0 40-9 4-09
88-5 0-00 0-00 50-0 1:654
88-5 1-10 6-4 550 18:6 52-2 2-81
138 0-00 0-00 52-5
216 0-00 0-00 58-1
3156 0-00 0-00 64-0
432 0-00 0-00 71-0
561 0-00 0-00 81-0
561 1-10 6:4 87-2 ca. 100 86-3 ca. 0-90
50-0 0-23 % 0-55 32 9-87¢
0-69° 1-10 6-3 20-8¢
7-40 1-10 6-3 45-2 1-7 28-5 16-7
7-95 0-00 0-00 33-0
8:06 1-10 6-3 44.0¢ 2-4 311 12-9
19-5 0-00 0-00 66-6 1-654
48-7 0-00 0-00 106
136 0-00 0-00 156
214 0-00 0-00 172
312 0-00 0-00 192
429 0-00 0-00 216
556 0-00 0-00 243
60-0 0-392 1-10 6:2 37.2¢ 1-514
70-0 0-13°? 0-053 0-29 3:54¢
0-24 % 0-106 0-69 5-90¢
0-26 2 0-276 1-54 15:7¢
0-24°% 0-55 3-1 35-0¢ 1-404
0-568 ¢ 1-10 6-1 63-0¢

# [(OC)Fe(u-SPh),Fe(CO),] (= A), [(OC)sFe(u-SPh),Fe(CO),(PPhy)] (= B).

B; all other runs started from A. 4 Sece text: AH® =

always greater, at the same PPh,; concentrations, than
corresponding values under Ar. This difference, at con-
stant 1 atm CO pressure, decreased with increasing [PPhy],
and was not negligible with [PPh;] = 0-561M, as shown by
the presence of some complex (I} at equilibrium. The re-
verse reaction followed the rate equation %, = {d[CO}/
(1 + f{PPhy)} + ¢[COl.

The second stage under Ar gives the product (III), whereas
in the presence of CO an equilibrium mixture of complexes

—5 kJ mol™’(—1 keal mol?), AS® = —12 J K mol™* (—3 cal K1 mol)

¢ Approximate final concentration. ¢ Starting from

argon and under 1 atm carbon monoxide, and slowly decom-
poses to give unknown products. The second stage was
monitored by following the decreasing intensity of the band
at2051cm™. Plots of log |4; — 4| against time, for runs
under argon, were linear only with [PPh,] > 0-1M; atlower
[PPh,] an initial rapid reaction was observed followed by a
curve in the plots, the gradient decreasing as the reaction
proceeded. Evaluation of the rate of approach to equilib-
rium was possible only for [PPh,]/[CO] == 2 x 103, because


http://dx.doi.org/10.1039/DT9750000911

914

only in this case is formation of complex (I) negligible. The
quantity 4, was determined by graphic extrapolation and
data treated as for the first stage. The rate of the reverse
reaction in the absence of added PPh,, which gave for
[CO] = 2 x 107w the product (I) without visible accumul-
ation of (II), was monitored by following the decreasing in-
tensity of the peak at 414 nm. Plots of log [4; — A
against time were linear over three half-lives and were con-
sistent with semiquantitative data obtained from the low-
absorbing peak of the product at 2 038 cm™.

All rate data and equilibrium constants are collected in
Table 2. Comparison of the data obtained for the forward
reaction under Ar and under CO, together with the behaviour
under Ar at low [PPh,], suggests a rate equation of the type
ky = g[PPh,]/([PPh,] 4+ A[CO]). Finally the rate of the
reverse reaction, i.e. substitution of PPh, by CO in the com-
plex (III), is expressed by the rate law k. = i[CO]/([CO] +
I[[PPh,)).

DISCUSSION

The kinetic data are consistent with the reaction
scheme shown below (where the subscripts a and s refer
to the anti- and syn-forms respectively) in the assumption

J.C.S. Dalton

against 1/[PPhg] should be obtained and values of i,
and k-1,/kss be derived therefrom. Good linear plots
were indeed obtained. Values of %1, and kg, are given in
Table 3 together with the corresponding activation
parameters. The values of %1, and %2, were obtained by
linear least-squares analysis of the dependence of gy
on [PPhy] for [PPh,] > 1-36M, each value of &gar) being
assumed to have the same percentage standard deviation
at a given temperature  Values of %1, and k_y,/kes were
also obtained by making use of equation (5). Values of
1/(ksary — kea[PPhg]) were weighted in accordance with
standard deviations calculated from those already found
for kgar and kg, (Table 3). All listed uncertainties are
standard deviations that have been corrected for the
number of degrees of freedom, so that estimates of the
959, confidence limits can be obtained by doubling the
uncertainties. The agreement between the two sets of
values for ki, is good, as is that for their activation
parameters (Tables 3 and 4). Rate equation (4) is also
consistent with the observation that there is no appreci-
able CO effect on the rate of the forward reaction if it is

1

anti-[(0C);Fe(u-SPh),Fe(CO);] Smmmemrse ati-[(OC)Fe(u-SPh)gFe(CO),(PPhy)]

kia k—la

kgs, + PPhy

kul k—lll

syn-[(OC)sFe(u-SPh),Fe(CO);] ssmmm——=== syn-[(OC)sFe(u-SPh),Fe(CO)y(PPhy)]

k_zs, + CO

anti- or syn-[(OC);Fe(u-SPh),Fe(CO),(PPhg)]

kPPhs, + PPhy

k-co T ]
———===[(OC),Fe(u-SPh),Fe(CO),(PPhy)]

kco, + CO
—

[(OC)yFe(u-SPh),Fe(CO),(PPhy)] m———== [(PhyP)(OC),Te(u-SPh),Fe(CO),(PPhy)]

k_yph'

that both the complexes (I) and (II) are present at
equilibrium mainly in the anti-forms and that the syn-
species can be treated as reactive intermediates. This
assumption is in accord with previous observations 48
on the reactivity of these complexes and with the
isolation of the anti-isomer of complex (I).! The second
CO substitution takes place at higher temperatures and
does not interfere in the study of the first.

The rate equation of approach to equilibrium for the
first substitution is given by (4) [subscript p referring

kln

assumed that A_1,/ko[PPhs] > k_1.%_2[CO]/kesk1,[PPhs],
i.e. k-gs[CO] < kgp.  The validity of this assumption is
confirmed by the observed rate law for the reverse reac-
tion and it simply means that, at the low CO concen-
tration employed, the syn-mono(phosphine) complex
undergoes substitution at a rate much lower than its rate
of syn—anti-isomerisation. The kinetic parameters A,
koa, and k_1p/kes obtained also justify a posteriors the
kinetic treatment of the reverse reaction in the absence
of PPhyadded. Infact, with the low PPh; concentration

Rovs. = ks + Fr = {1 T (F /P PPhgl) T (P12 CO] a1, PPhy]

{1 + (h-25[COJ[k—1p) + (kes[PPhs]/k1a

to mono(phosphine) substitution], where the terms in
braces represent respectively the rate of the forward and
the reverse reactions. It can be easily seen that in the
absence of appreciable amounts of carbon monoxide (4)
reduces to the form found experimentally under Ar.
Furthermore, in this case equation (4) can be rearranged
to give (5), so that linear plots of 1/(ksarn — k2a[PPhy))
1/(ksar) — k2a[PPhs
o [ 2 (1/k1s) + (R-ra/krakes[PPhg])  (5)

) + kZa[PPh:i]} +
k1pk—25[CO][k-1p

i+ k_za[CO]} @)

reached during the reaction, % is almost constant and %;
is well approximated by [PPhglk1# 2s/k-1a.

All %, values obtained in this way were divided by the
CO concentration and the results pooled, assuming the
same percentage error in each one, to give the activation
parameters (Table 3). Uncertainties listed have the
meaning previously described. In order to separate the
terms due to both paths, that inhibited and that not
inhibited by PPh,, one may use the data at 40 °C related


http://dx.doi.org/10.1039/DT9750000911

1975

915

TABLE 2

]
Rate and equilibrium data for the reaction [(OC);Fe(u-SPh),Fe(CO),(PPhy)] + PPhy === [(PhyP)(OC),Fe(u-SPh),I'e-

(CO),(PPh,)] + CO in decalin.

[Complex] = 2 x 107%—5 x 10™%¢®orca. 2 X 107°m?

Oc 103(PPh,] Pgo 103(CO] 10%1ary  10%(Rycoy + ki) [Ble 10%%¢«co) 104,
C M atm M s7! st [Ade s st 102K
90-0 0-02¢ 1-10 5-8 1-004
0-02 ¢ 1-10 5-8 1-06 4
100-0 0-02¢ 1-10 56 3-604
0-02¢ 1-46 7-5 3-824
110:0 0-02 ¢ 1-10 54 12:04¢
0-02°¢ 1-10 5-4 13-24
923 0-00 0-00 111 ¢
92-3 1-10 54 2-06 0-63 0-80 1-26 3-69/
323 0-00 0-00 1.26
323 1-10 5-4 1-48 2-46 1-05 043 4-117/
526 0-00 0-00 1-25
526 1-10 54 1-33 5-15 1-11 0-22 5297
120-0 95-0 1-10 51 7-53 0-82 3-39 4-14 4-407
320 0-00 0-00 4-44
320 1-10 51 5-567 2-83 412 1-45 4517
521 0-00 0-00 444
521 1-10 51 4-81 5-52 4-07 0-74 5401
130-0 91-5 0-00 0-00 12-0 ¢
91-5 1-10 4-8 230 0-62 8-8 14-2 3-257
317 0-00 0-00 13-3
317 1-10 4-8 14-8 2-60 10-7 41 3-94 1
516 0-00 0-00 13-4
516 1-10 4-8 16-5 5-70 14-0 2-5 530

N
@ Starting complex = [(OC);Fe(u-SPh),Fe(CO),(PPh,)] (=
(=B). ¢ Approximate final concentration.
of kinetic parameters.

 e——
A). ?Starting complex = [(Ph,P)(OC),Fe(u-SPh),Fe(CO),(PPh;)]
4 Starting from B; all other runs started from A.
S AH® >~ —4 k] mol? (ca. —1 kcal mol™), AS® ~ —30 J] K™ mol™ (—8 cal K™ mol™).

¢ Low value not used in computation

TABLE 3
Kinetic parameters ¢ obtained from the rate equations kyar = k1, + Rea[PPhg) ® and k. = {(k_ysk p/k_sp) + k_44}[CO]

—

- 1 | L
for the reaction [(OC) Fe(u-SPh),Fe(CO)s] + PPh, =g== [(OC),Fe(u-SPh),Fe(CO),(PPhy)] + CO

10%{(A_gskrp/Ro1p) + E_za}/
1 molts™

6./°C 10%,/s™t 104 5,/1 mol™t s o(kian) /%

30-0 1-43 4- 0-04 2-18 4 0-12 1-7

40-0 4-35 4 0-10 6-66 + 0-31 1-6 1-58 ¢
50-0 12-8 + 0-1 20-7 4 0-2 0-4 3:18¢
60-0 6-00¢
70-0 10-7 ¢

AHyb = 867 4= 1:0 k] mol™? (20-7 4 0-3 kcal mol™)

ASit = —382 + 3] K1mol? (—8 4 1cal K2mol?)

AHgd = 90-1 4 1-9 k] mol™ (21:6 4 0-5 kcal mol™?)

ASgt = —18 4+ 6 J K1mol1 (—4 4 2cal K1 mol™)
AH{(_gs1p/-1p) + (—209}} = 53°9 + 2:0k] mol™* (12-9 4 0-5 kcal mol™)

AS(Casipiipy + (2}t = —107 + 6 J KL mol? (—26 + 2 cal K™! mol™)

a(%) /% = 90

@ Uncertainties are standard deviations (see text).

TABLE 4

Kinetic parameters ® obtained from the rate equation
V(ksary — k2a[PPhy)) = (1/A1a) -+ (h-1a/R1ake,[PPhg]) ®

8¢/°C 108, /s 102(k_1a[kas) fmol I
30-0 1-56 4 0-:02 1-29 4+ 0-04
40-0 4-99 4 0-07 1-79 4- 0-07
50-0 15-2 4- 0-1 2-87 4 0-03
AH b = 90 + 1kJ mol™ (21:5 4+ 0-2 kcal mol™?)
ASy;it= —20 4+ 2J K*mol? (—5 4 1 cal K mol™)

AH 1.t — AHpt = 33 + 2kJ mol™ (8-0 L 0-3 keal mol™)
AS_ 13t — ASyt = 74 + 4 J K2 mol™ (18 4 1cal Kmol™?)

@ Uncertainties are standard deviations (see text); the stan-
dard deviations take into account the covariance of the para-
meters 1/k;, and %_ja/k1ak4 Obtained from least-squares analy-
sis according to equation (§). ? Values of kg, from Table 3.

® For [PPh,} > 1:36m.

¢ k_ggkiplk sy > ca. 10 k_g,.

to the [PPh,] dependence of k. Plots of 1/(k —
k-2,[CO]) against [PPhy] should be linear with intercept
ko1p/k1ph-2[CO] and gradient ypkes/kipk_osk1,[CO], from
which the value of kys/k, can be derived. The best
consistency with the value of kgy/k_1, already determined
with accuracy in the study of the forward reaction under
Ar was obtained by assuming %-2,[CO] = £, for the run
with [PPhy] = 0-56IM. In fact at this high PPh,; con-
centration only the uninhibited path is likely to be im-
portant. Good linearity was obtained for the data at
40-0 °C, using £-9,[CO] ~ 0:90 % 1075 s1 from which a
value of 1-85 x 102 mol Il can be determined for
k_1a/kes compared with the value of 1-50 x 1072 mol 11
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already found. Greater values for k_i,/kss and marked
curvature in plots were observed with decreasing esti-
mated values for k-2,[CO]. An upper limit of ca.
107 k_gek1p/k1y can be defined for ks, at 40-0 °C. Such a
relation is approximately valid also at the higher
temperatures studied, as can be inferred from the kinetic
and thermodynamic data listed in Tables 1, 3, and 4.
The rate equation of approach to equilibrium for the
second CO substitution is given by (6). The agreement

Robs. = Bt -+ By = kfoo[PPha}

~ [PPhg] + (kco[CO]/kpes,)
k-PPh, [CO] ( 6)
[COJ + (kppn,[PPhy)/Aco)

with the experimental rate laws is evident. Kinetic
parameters were derived assuming the same percentage
standard deviation for each observed rate constant and
are collected in Table 5. Values of the competition

TABLE 5
Kinetic parameters® obtained from the rate equations
hyary = koo and 1/k, = {1 + (kppn,[PPhy]fkco{COl)}/
[ ——
k_ppn,® for the reaction [(OC);Fe(u-SPh),Fe(CO),-

1
(PPhy)] -+ PPh, === [(Ph,P)(OC),Fe(u-SPh),Fe(CO),-
(PPhy)] + CO

6./°C 10%k_co/s™  10%_ppp,[s™* kepng/koo
90-0 1-02

100:0 371

110-0 1.26 12-6 0-52 4 0-05 =4

120-0 4-44 0-43 4 0-04 d¢

130-0 13-4 0:39 4 0-04 &

AH oot = 148 4+ 3 k] mol™(35-5 +
AS_cot =66 + 7 J K1 mol™? (16
449,
AH _ppp,} = 142 4 4 k] mol™ (33-9 £ 0-9 kcal mol™?)
AS _ppn,t = 68 + 10 J K*mol™ (16 4 3 cal K™*mol™?) a(k) = 6-4%
AHeppp,! — AHgot = —19 4 9k]J mol™ (—4 £ 2 kcal mol™)
K1 mol? (—13 4+ 6 cal K

0-7 kcal mol™?)
+ 2cal K 1mol?) o(kyan) =

ASppn} — AScot = —54 + 22 ]
mol™?)

¢ Uncertainties are standard deviations (see text). 2 Assum-

. 1
ing k_ppn, = A for runs using [(Ph;P)(OC),Fe(u-SPh),Fe-
(CO),(PPh,)] as the starting complex, which gives a ca. 2 X
107%M final PPh, concentration. ¢ Determined using the listed
k_ppn, value. 9 Assuming o{k) = 10% for equilibrium reac-
tions. ¢ Determined using an extrapolated k_pen, value.

parameter kppy,/kco for bimolecular attack by triphenyl-
phosphine and carbon monoxide on the unsaturated
intermediate were calculated from equation (7). Good

1/ke = {1 + (kppn,[PPh]/kco[CON)}/k prn, (7)

linear plots were obtained for the dependence of 1/ on
[PPh;]. The values derived for Appn/kco (Table 5)
are also consistent with the small CO effect on the rate of
the forward reaction at the high PPh; concentration
employed.

The present results are in good quantitative agreement
with those obtained by Ellgen et al.8 for a one-tempera-
ture study of the first CO substitution by PPh; in com-
plex (I). In fact one can extrapolate values of 2-39 X

? A. Rauk, L. C, Allen, and K. Mislow, Angew. Chem. Internat.
Edn., 1970, 9, 400.
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107 571 for %3, and 410 x 1074 1 mol™ s for kg, at 35 °C
in decalin, compared with the reported values of 2-4 x
102 s1 and 49 x 10?1 mol? s in toluene at the same
temperature. The present interpretation of the results
also agrees with Sy2 attack on the anti- and syn-forms of
complex (I). The good linearity observed in the rate
plots suggests that the reactive syn-species is present at
equilibrium, 7.e. at the beginning of the reaction, in very
small concentration compared to the anti-form. If one
assumes a ratio [anti] : [syn] > 20: 1, it means also that
k12 = 20k1, and by introducing this inequality in the
obtained competition parameters #_j./k2 a lower limit of
2:23 x 10711 mol? s can be estimated, for example, at
30 °C for kgs. The syn-isomer thus reacts more than 100
times faster than the anti-isomer compared with factors
of 40 and 20 found for the corresponding benzyl- and
methyl-thio-derivatives, respectively.® Furthermore the
extrapolated value of kg >2:6 x 10 1 mol™? st at
35 °C for the phenylthio- as compared to the value of
2-3 x 1072 1 mol? s for the benzylthio-derivative sug-
gests that for the syn-form some inductive effects should
be effective.

The activation parameters obtained for bimolecular
attack on the anti-form of the phenylthio-derivative by
PPhy can be compared with corresponding data for iron
carbonyl complexes containing sulphur bridging atoms
bonded together by the rigid organic groups 3,4-tolyl and
1,2-ethyl. In the present case the higher activation
enthalpy (20-7 compared with 12-5 kcal mol™ for sub-
stitution with PPh, in the 3,4-tolyl derivative) and much
less negative activation entropy (—8 compared with —31
cal K1 mol?) indicate much less order requirements and
less pronounced bond making in the activated complex.
This different behaviour is not easily attributable to
steric effects in view of the very similar structure of

R |

)
[(OC) Fe(u-SPh),Fe(CO);] and [(OC)zFe(u-SoPhyCy)lie-
(CO)4), the latter being characterised by the sulphur
atoms being bonded through the cis-stilbene moiety.
But some specific role of small structural differences
cannot be ruled out, considering, for example, the
different reactivity of the structurally very similar anti-
and syn-forms.

The activation parameters for the anti-syn-conversion
are consistent with a mechanism in which bond breaking
occurs to some extent. In fact, a much higher activation
enthalpy is expected for conversions involving planar
transition states.® This syn—anti-isomerisation can be
compared with the pyramidal inversion in sulphoxides,
which goes mainly through a planar transition state with
AHY = 36—43 kcal mol™? and ASt ~ 0 cal K1 mol?.10
The values found are close to those reported for a series
of cis- and trans-[(R,S),PtCl,] complexes 1* and a similar
mechanism is thought to be operating. For the inversion
at sulphur in these complexes a mechanism was proposed
in which the sulphur retains a distorted tetrahedral con-

10 D. R. Rayner, A. J. Gordon, and K. Mislow, J. Amer. Chesm.

Soc., 1968, 90, 4854.
11 p, C, Turley and P. Haake, J. Amer. Chem. Soc., 1967, 89,

4617.
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figuration and the platinum atom forms a o-bond
alternately with the two sulphur lone pairs. The same
behaviour was postulated in the anfi-syn-isomerisation
of [(cp)(OC)Fe(u-SPh),Fe(CO)(cp)] (cp = n-cyclopenta-
dienyl) despite the different activation parameters,
AH* = 30-68—31-84 kcal mol™? and AS* = 24-6—21-5
cal K1 mol, with a large positive entropy which would
suggest a much more extended bond breaking.!2

Complex (II) undergoes PPhy substitution by carbon
monoxide with Sx2 displacement. The syn-form is, also
in this case, much more reactive than the ants-form, and
from arguments similar to those previously outlined it
can be seen that at 40 °C k_g; should be greater than
316 x 1011 mol!s?and at least 200 times greater than
k.. It should be noted that the rate at which carbon
monoxide attacks the complex (II) is close to the rate of
attack of PPh; on (I). Very few data are available on
Sx2 substitution by carbon monoxide, being mainly
related to CO exchange.’®15 The scarcity of data is
probably a consequence of unfavourable equilibrium
positions at the low CO pressure available in kinetic
studies. This low CO concentration together with
experimental difficulties could well explain why carbon
monoxide is suggested to exchange mainly by a Syl
mechanism.4"15  Interpretation of the activation para-
meters must be extremely careful, considering the equilib-
rium involved, and it can only be pointed out that they
fall in the range characteristic of bimolecular attack on
an unhindered complex with a high degree of bond
making.1%

Complex (II) is unable to undergo CO substitution by
PPh, via direct attack on the metal. The rate law and
activation parameters are consistent with a CO-dis-
sociative process and the values of AH? and AS? are very
close to those found for dissociative substitution reactions

of [L(OC);Co(u-CyPhy)Co(CO),] (L = PBun, or CO) 16
and [L(0C);Co(u-GePh,)Co(CO),] (L = PPh, or CO).
Similar behaviour has been noted in the reaction of

[{(OC)3Co(u-CyPh,)Co(CO),] with tributylphosphine, where

12 M. Dekker, G. R. Knox, and C. G. Robertson, J. Organo-
metallic Chem., 1969, 18, 161.

13 G. Innorta, G. Reichenbach, and A. Foffani, J. Organometal-
lic Chem., 1970, 22, 731.

4 . Basolo and R. G. Pearson, ‘ Mechanisms of Inorganic
Reactions,’ 2nd edn., Wiley, New York, 1967, p. 540.

1 R. J. Angelici, Organometallic Chem. Rev., 1968, 8, 173.

16 M. Basato and A. J. Poé, J.C.S. Dalton, 1974, 456.
50"CA§ J. Po& and M. V. Twigg, J. Organometallic Chem., 1973,

, C39.
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substitution with one phosphine makes attack of the
second molecule of phosphine much more difficult.!6
This different behaviour between first and second sub-
stitution seems to be mainly due to steric effects, it being
usually accepted that carbon monoxide is not a better
nucleophile than triphenylphosphine. On the other
hand it has been observed that with the less bulky tri-
butylphosphine bis(mercaptoiron) derivatives undergo
second substitution at a rate approximately equal to that
of the first.® The importance of steric effects in bi-
molecular substitution of metal carbonyls is well estab-
lished, for example, in the substitution of PPh; into the
complexes Ruy(CO);,,17 Mo(CO)g and W(CO),,!8 and of
tricyclohexylphosphine into [Co(CO)4(NO)] and [(cp)-
Rh(CO),].19

Complex (III) is unable to undergo direct attack also
by carbon monoxide. The activation parameters, to-
gether with the nature of the retardation of the rate by
PPh,, are in good agreement with a reversible PPhg-
dissociative mechanism. Values of ca. 28 kcal mol™ and
ca. 7 cal K1 mol™ have been reported for phosphine dis-
sociation in #rams-tricarbonyl(halogeno)bis(triphenyl-
phosphine)manganese complexes.20

The ratio of the rate constants for bimolecular attack
by carbon monoxide and triphenylphosphine on the co-
ordinatively unsaturated intermediate involved shows
that CO attacks the vacant site somewhat more readily
than does PPh,. Similar values have been obtained for
kcolkpey, In the dissociative substitution reactions of

[L(OC),Co(u-CoPh,)Co(CO),] (L = CO or PBuy) and for

koo/kppn, With [(OC)3ICO(;L—CO)(u-Geth)Clo(CO)a] and
[(PhyP)(OC)4Co(p-GePh,)Co(CO),].»1¢ The ratio mark-
edly changes in favour of the phosphine for Sx2 attack
on the less hindered [Mo(CO),(PPhs)] and Ni(CO),

complexes. 2,22
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