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Octahedral Metal Carbonyls. XXX.! Mechanism

of the Reaction of Tetracarbonyl(2,2'-dipyridyl)tungsten(0)
with Lewis Bases

Sir:

The kinetics and mechanism of the reactions of (dipy)M-
(CO)4 (dipy = 2,2'-dipyridyl; M = Mo, W) with Lewis bases
have been studied by Graham and Angelici.> The rate law
proposed for these systems

~d[(dipy)M(CO)4]/dt = k4 [(dipy)M(CO)a] +
k2[(dipy)M(CO)4] [L] (1)

was attributed to two competing mechanisms. For the lig-
and-independent path, rate-determining dissociation of CO
followed by rapid attack by L at the resulting five-coordi-

nate activated complex or intermediate, (2) was envisioned.

k fast
(dipy)M(CO), TXO) [dipy)M(CO),] ::7 products 2)

For the ligand-dependent path a mechanism involving nucleo-
philic attack by L at the metal atom (3) was favored.> How-

k fast
(dipy)M(CO), + L > [(dipy)M(CO)(L)] — products (3)

ever, the kinetic results for the ligand-independent path were
unusual in several respects. For example, the values of k,
varied significantly with the identity of the phosphite (L), an
effect also observed to a lesser extent for M = Cr, for which
no ligand-dependent path was observed.> Further, surprising
values and large deviations were observed for the activation
parameters, particularly for L =P(O;CsHg). For example,
for its reactions with (dipy)Mo(CO), in dichloroethane and
with (dipy)W(CQ), in chlorobenzene, the entropies of acti-
vation were calculated to be =9.1 £ 2.8 and —12.5 £ 15.8 eu,
respectively, for a process which presumably involves more
bond breaking than bond making in the transition state.
Satisfactory explanations for such anomalies were not evi-
dent.?

Our attention was drawn to these results in that a recent
investigation of the kinetics and mechanism of the oxidative
elimination reaction of (dipy)W(CO), with diphenyltin di-
chloride (=TX)*

(dipy)W(CO), + (C¢H,),SnCl, —
(dipy)W(CO),(CH{SnCYC H;),] + CO “)

under the same reaction conditions as were employed by
Angelici and Graham for reactions of (dipy)W(CO), with L
also exhibited a term in the rate law which was independent
of the concentration of (C¢Hs),SnCl,; and which also was
attributed to rate-determining unimolecular dissociation of
CO (2). However, the rate constants determined through
the two studies differed appreciably and, for reactions of
(CsHs)2SnCl,, a positive entropy of activation was calculated,
quite reasonable in view of the proposed mechanism.* To
attempt to clarify the inconsistencies noted in the data for
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both reaction systems the kinetics of the reaction of (dipy)-
W(CO)4 with the phosphites P(OC,H;s)s and P(O3C¢Hy) in
chlorobenzene have been reinvestigated.

Experimental Part. The ligand P(O;C¢H,) was prepared
through use of the method of Verkade, et al.,’ was sublimed
twice under vacuum at 70°, was then triturated with small
quantities of n-hexane, and was resublimed. The trituration-~
sublimation process was repeated two additional times, after
which the ligand was finally sublimed under vacuum three
additional times. Triethyl phosphite was twice distilled
from sodium under nitrogen, and chlorobenzene was twice
distilled from phosphorus pentoxide. The substrate, (dipy)-
W(CO)a, was prepared and purified according to the litera-
ture method.®

Rates were determined as described by Angelici and
Graham® employing a Perkin-Elmer Model 621 infrared
spectrophotometer. Plots of In (4, —A4_) vs. ¢ exhibited
curvature after 1 or more half-lives (depending upon the
concentration of the phosphite employed) resulting from
the equilibration of reactant and products.? Thus values of
kopsa were determined from data taken over the initial por-
tion of the reaction for runs at low [L]. To obtain sufficient
data over this period of time for the faster reactions, samples
were removed from the reaction vessel at the required time
intervals and were stored at 0° in evacuated test tubes sealed
with rubber septa for subsequent spectral determination of
the relative substrate concentrations. Kinetic data were
treated employing a linear least-squares computer program.
Limits of error cited are one standard deviation.

Results and Discussion. The overall rate law to be ex-
pected for reaction of (dipy)W(CO), with Lewis bases must
be examined not only with respect to the two mechanisms
favored by Angelici and Graham? (eq 2 and 3) but also with
respect to an additional path which involves initial forma-
tion of an equilibrium concentration of a five-coordinate in-
termediate in which dipy functions as a monodentate ligand
and subsequent attack by L at this intermediate

N
< \ ;3 ~~ Ry N
W(CO), & -N N-W(C0O), —> -N N-W(CO),(L)
/ ky, +L
N fast (5)
products

Assuming a steady-state concentration of the intermediate,
the rate law

—d[(dipy)W(CO)al/dt = k3ks[(dipy)W(CO)4] [L]/(ks +
ks[L]) (6)

is obtained. In the limit k4 > ks[L], this mechanism is ki-
netically indistinguishable from (3). However, when k5[L]
becomes significant compared to kg4, plots of kgysq ¥s. [L]

are expected to deviate from linearity.

Kinetic data have indicated that all three mechanisms are
operative for reactions of various (bidentate ligand)M(CO),
complexes with Lewis bases. A consideration of the products
observed for the present reaction? also suggests all three
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mechanisms to compete. While cis-(dipy)W(CO)s(L) could
arise through mechanisms 2 and 3, the observed trans-(L),-
W(CO), is most reasonably attributed to mechanism 5. In-
deed, in all cases where (5) has been the favored mechanism,
products in which the bidentate ligand is lost have been the
only observed products.” Moreover, for reactions of (phen)-
M(CO), (phen = o-phenanthroline; M = Mo, W), in which the
rigidity of the bidentate ligand renders path 5 more improb-
able, only the (phen)M(CO)(L) product is observed.® It is
thus probable that mechanism 3 is the ligand-dependent
path for reactions of (phen)M(CO), with Lewis bases.®® The
similarity in bonding properties of dipy and phen in their
metal carbonyl complexes® indicates that mechanism 3 also
is operative in the (dipy)M(CO), systems.

That reactions of (dipy)M(CO), might proceed viz three
competing paths is not without precedent. For one other
system, for reactions of tetracarbonyl(ethylenediphosphine)-
molybdenum(0) with Lewis bases, it has been proposed that
all three of these mechanisms are competitive.*°

If all three mechanisms are operative, the pseudo-first-order
rate constant, kopeq. represents the sum of the contributions
of each path to the overall rate

Konsa =k + ko[L] + ksks[L]/(ka + ks[L]) (7
Rearrangement affords

o Raks + (o + Kiks + kakg[L] + koks[L]?
obsd k4 +k5[L]

Path 5 is most likely to be competitive and complex rate
behavior (nonlinear plots of kopgq vs. [L]; eq 8) is most
likely to be observed for strong nucleophiles, L, and at high
concentrations of nucleophile. Accordingly, for P(0;C4Hy),
which rate data indicate to be the strongest nucleophile
toward (dipy)W(CO),,? rates were determined over the
widest possible range of concentrations (45-fold variation,
0.03-1.45 M). These and other kinetic data are exhibited
in Table I; Figure 1 illustrates the corresponding plots of
konsq ¥S. [L]. Table II contains the rate constants for reac-
tions of (dipy)W(CO), with both ligands and the calculated
activation parameters.

For the reaction of (dipy)W(CO)4 and P(0;C¢Ho) at 102.0°
in chlorobenzene the plot of kgpeq ¥s. [L] is linear at rela-
tively low [L] (<0.2 M) but exhibits marked deviation from
linearity above this concentration, behavior consistent with
rate law 8 as ks[L] becomes significant with respect to k4
and k,ks[L]* ~ 0. Thus kinetic as well as product data in-
dicate that mechanism 5 is operative in this sytem; the non-
linearity of the plots of kgyeq vs. [P(03C¢Hg)] cannot be
rationalized on the basis of either mechanism 2 or 3.
Further, previous studies have eliminated aggregation effects
as a possible source of the observed deviation.? It is evident,
however (eq 8), that it is not possible to extract individual
rate constants other than &k, from the data.

A plot of kgpsq v5. [P(OC,Hs)s] for data at 102.0° (Figure

®)
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Table I. Rates of Reaction of (dipy)W(CO), with Phosphites in
Chlorobenzene at Various Temperatures

[L], M loakobsd’ sec™! [L], M 10“k0bsd, sec™!
Phosphite (L) = P(O,C,H,)

102.0 £ 0.05°
0.0321 1.06 = 0.01 0.500 5.63+0.05
0.0562 1.28 £ 0.01 0.599 6.24 + 0.06
0.0912 1.59 £ 0.03 0.750 7.70 £ 0.03
0.128 2.01 £ 0.02 0.899 8.80 £ 0.05
0.160 2.33+0.02 1.054 10.27 + 0.04
0.257 3.00 £ 0.04 1.191 11.39+ 0.12
0.278 3.47 £0.03 1.449 13.14 £ 0.07
0.400 4.49 £ 0.02

112.0 + 0.05°
0.0313 291 £ 0.05 0.1256 5.19 £0.03
0.0624 4.00 £ 0.05 0.1685 6.19 = 0.03
0.0936 4.37 + 0.05

122.0 + 0.05°
0.0246 8.94 £ 0.08 0.0755 11.51 £0.09
0.0500 9.93 = 0.08 0.1018 12.44 £ 0.13
0.0752 10.87 = 0.07 0.1257 13.37 + 0.11

0.1511 15.11 = 0.11
Phosphite (L) = P(OC, H,),

102.0 £ 0.05°
0.0518 0.94 = 0.01 0.432 2.55+0.03
0.1090 1.17 £ 0.01 0.648 3.48 £ 0.02
0.218 1.67 + 0.004

Table II. Rate Constants and Activation Parameters for Reactions
of (dipy)W(CO), with Phosphites in Chlorobenzene

10%k,, M-
Phosphite Temp, °C 10%k,, sec™! sec™!
P(O,C,H,)a 102.0 £ 0.05 0.723 £ 0.028 10.01 £ 0.27
112.0 £ 0.05 2.32 £0.17 22,99 + 1.58
122.0 £ 0.05 7.60 + 0.24 4793 £2.54
P(OC,H,), 1020+ 0.05  0.7170.010  4.26  0.03

@ For P(O,C,H,), AH, * =33.9 £ 0.6 kcal/mol, AS, * =12.5 £ 1.0
cal/deg mol, AH,* = 22.3 + 0.4 kcal/mol, and AS,*=-13.3207
cal/deg mol.

10%ppgg. seC
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L™

Figure 1. Plots of Zopgq vs. [L] for reactions of (dipy)W(CO),
with phosphites in chlorobenzene at various temperatures: A, L =
P(O,C,H,); B, L = P(OC,H,);.

1) is linear over the concentration range employed. This is
reasonable in that for this weaker nucleophile k5{L] will be
less important and that a smaller value of k5 also probably
will decrease the contribution of path 5 to the ligand-depend-
ent term (¢f. eq 8), rendering complex rate behavior less
observable. The kgpsq vs. [L] plots for the two phosphites
at 102.0° yield a common intercept, within experimental
errot, in contrast to the observations of Angelici and
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Graham? but fully consistent with the proposed ligand-in-
dependent path (eq 2).

From the data at low [P(O;C¢Hyg)] (<0.2 M) at three
temperatures were extracted activation parameters for the
path governed by %, (Table II). The observed positive en-
tropy of activation is consistent with the proposed dissocia-

tive mechanism (eq 2). Activation parameters for the ligand-

dependent path (linear portions of plots of kgpeg ¥s.
[P(03CsHy)]) are also presented in Table I1.

The data presented here demonstrate that the inconsisten-
cies observed by Angelici and Graham arose from the com-
petitive presence of mechanism 5, manifested for L =
P(0;C4Hy) by deviations from linearity of the plots of
kobsa ¥8- [L]. Indeed, a reexamination of the data of
Angelici and Graham confirms the curvature of their plots
of kopsg 8. [P(O3CsHg)]. It is also to be noted that the
values of kqnsq differ by ca. 25% in the two studies; it is
possible that deviations from linearity of these plots as the
result of equilibration of the substrate and products at longer
reaction times could contribute to the lower values of k4,54
as reported by Angelici and Graham.

The favored mechanism for reactions of (dipy)W(CO),with
(CHs),5nCl, (TX) in chlorobenzene at 95-115° is*

k k
(dipy)W(CO), + TX ;‘— (dipy)W(CO), TX :—T—; (dipy)W(CO),-2TX

7

k, —CO -CO,TX /fast ()]

fast
[(dipy)W(CO);] Ef (dipy)W(CO) (T)(X)

Employing the steady-state approximation, the rate law
—d[(dipy)W(CO)4]/dz = k[(dipy)W(CO)4] +
keks[(dipy)W(CO)][TX]
kqy +kg[TX] (10)
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is obtained. The rate law actually observed for these kinetic
studies®

—d[(dipy)W(CO).]/d ¢ = kp[(dipy)W(CO),] +
k.[(dipy)W(CO)s]{TX]? (11)

is consistent with the postulated rate law for k, > kg[TX].
The values of k; were determined through extrapolation of
plots of kopsq ¥8. [TX]?. However, rearrangement of (11)
in terms of k,psq affords

‘ _kiky + kiks[TX] + keks[TX]?
obsd ks + ks TX]

(12)

and thus, since k;kg[TX] will become important at very low
[TX], the intercept obtained through extrapolatiomn, ky, will
be greater than the true first-order rate constant, k;. A
comparison of the k; values obtained through reactions of L
and TX with (dipy)W(CO), does indeed show the latter to
be somewhat larger than the former for a given temperature.

Thus emerges a consistent picture of the rate behavior ob-
served for the reactions of these systems.
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