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[. INTRODUCTION

In Part I! of this serics we studied, by means of NMR, the temperature-
dependent behaviour of the x-allyl group in systems containing reaction mixtures of
the dimeric complex [(n-C H,)PdCl1], and a ligand L (L. = PPh,. AsPh,. SbPh, ct)
in CDCl, in order to obtain information on the influence of the ligands b on the char-
acter of the metai-allyl bond. It was found that the allvl group of the monomeric
complexes (n-C,H,)PdCI(L). which is immediately formed by the reaction of the
dimer and the ligand L, can perform movements at the metal atom. One of the move-
ments, which is observed as an interchange of protons between sites 1 and 4 (and hence
also between 2 and 3) is a rotation of the n-methallyl group in its own plane, as pro-
posed for the triphenylarsine system?:>:
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Another movement, by which, on the one hand, protonsin sites | and 2 and, on
the other, protons in sites 3 and 4 become magnetically equivalent, involves the forma-
tion of a short-lived a-allyl intermediate**, as proposcd by us'** and others® "2
This so-called n-a reaction may be either monomolecular as for L, CLRh{z-C it )"
or bimolecular, as in the triphenylarsine system?:*.

In Part 11? a detailed quantitative study has been reported of the reictions in
the triphenylarsine system. From the rates at which protons in sites 2 and 3 (or in |
and 4) became magnetically equivalent (rotational movement) it was deduced that
when dimer is present three reactions occur : a dissociation of the monomer according
to egn. (1), and the reactions between the dissociated AsPh% and the monomer and
the dimer, eqns. (2) and (3) respectively.

+ Present uddress: Vrije Universiteit, Amsterdam, The Netherlinds,
=% [nformation about the a-allyl mtermediate has been obtiined, not only trom NMR but also from
infrared'? and optical activity mensurements”,
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(T['C4H7)PdC](ASPh;) - (n'C4H T)PdCl +ASPh§" 5
(n'C¢H7)PdC](ASPh3)+ASPh:;‘( i= (TC‘C4H7)PdCl(ASPh3*) +A5Ph3
[(n-CH,)PACI];+2 AsPh¥ = 2 (2-C,H,)PACl{ASPh )

When an excess of AsPh is used {i.e. when nc dimer is present), then, whet the
excess is small, only reaction (2) is observed, while at a larger Ph,As/Pd ratio a ligand.
exchange reaction (4) takes place, which proceeds via a short-fived o-allyl inter-

mediate* :
(n-CH,}PdCH{AsPh;) +AsPh; &= (0-C,H,)PdCI{AsPh,;), ‘(4)

At a high PhAs/Pd ratio (=3), and at very low temperature. reaction (5)
becomes noticeable, which involves the formation of an ionic species:

(n-C4H,)PdCH{AsPh,) +AsPh} = [(n-C,H,)Pd(AsPh,),]*Cl" (5)

In this paper we will discuss the kinetic study of the triphenylphosphine system.
Although the quahtauve temperature dependence of the NMR spectra of the AsPh;
and PPh, systems is roughly analogous!, the kinetics are quite different, which is
probably due to the fact that dissociation of the Pd-P bond is very difficult as compared
with that of the Pd-As bond,

I EXPERIMENTAL

Thedirmer f (n-C 4H ;) PdC1], was obtained according to well known methods*?
and recrystallized several times from chloroform. Triphenyiphosphine (from commer-
cial sources) was very carefully purified by repeated recrystallizations from ethanol
under oxygen-frce nitrogen. As the solid phosphorus ligand slowly oxidizes on
standing. recrystallization is necessary after a few months.

The NMR spectra were measured with a Varian Spectrometer (DP 60 or
HA 100): CDCH, was used as solvent. Low temperatures were obtained with the Varian
variable dewar inserts. TMS (tetramethylsilane)} was employed as an interna) standard.
The solutions were degassed before use, to prevent oxidation of free phosphine, if
present.

For esch measurement we used the dimer and triphenylphosphine as reaction
components. They were weighed in 4 sample tube and after that the necessary volume
of CDC, was added.

The rates of exchange for PPh,/Pd > | (see Fig. 1 and the kinetic analysis) were
calculisted in the slow exchange limit'* from the width of components A and B of
doublet 2, and in the fast exchange limit'* from the width of the collapsed signal

3). For PPh,/Pd < | the rates could be calculated for comparatively low tempera-
tures from the width of components A and B of doublet 2, and for higher temperatures
from the dimer signals and the methyl signals of monomer and dimer (see Fig. 2). In
the case of appreciable overlap of components A and B of doublet 2 the component
hine width e.g. of coiponent A was estimated by using a line shape analysis of two

* L a discasson of the activation parameters and the molecular mechanism, sce refs. 2 and 3.

4. Organometal Chem, {1 {(196R) 353-3175
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Fig. 1. The temperature dependence of the allylic proton signals of (z-C H ) PACHPPh ) (= ML) as a
function of [ PPh, ] (= [Ly])und T. Figs. 1b- le show the coalescence of protons in sites Hand S and also, of
protons in 2 and 1.

overlapping Lorentz curves, which gave excellent results®,
The conductivities were measured with a Philips Philoscope G.M. 4249 using
Pt electrodes. The solvents employed were CH,Cl, and CHCl,.

» The observed line widths were corrected-—with respect 1o the widths in the absence of enchange by
o value of 1.5 1o 2.5 cpy, dependent on the temperature.

J. Organomeral. Chem, 11 {1D68) 353 374
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Fig 2 The temperature dependence of the allylic peaton signals of {(n-C H ;) PACH{PPh, ) (= ML) and dimer
[(r-C HAPECH], { = M) ([ML] = 0.25 molel, [M; ] =0.10 mole/l) in CDCH, as a function of T. Fig. 2b
shaws the conlescence of signals 3 and 4, Figs. 2¢-2d the coalescence of signals 1, 2, 3 und 4 of ML, Fig. 2e
the collapse of the CH, signals of ML and M.

11 KINETIC ANALYSIS

A PP Pd >
In this case no dimer s present in solution. The spectrum of the monomer
(n-C H ) PACKPPhy) (it 307, Fig. 1a} consists of a doublet at 4.50 ppm (8) (Jp- ;= -

4 thegancmetal. Chem , 1 (196H) 153375
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6.8 cps; each component of the doublet shows a small long-range coupling between
protons in sites 1 and 4%, J, _, =29 cps), a doublet at 3.60 ppm (Jp_, =9.8 cps), a
singlet at 2.78 ppm and a doublet at 2.89 ppm (J, _ , = 2.9 cps), which have been assign-
ed to protons in sites 1, 2, 3 and 4 respectively (Fig. 1a). The CH; signal occurs at
1.96 ppm from TMS.

4

At temperatures between — 25 and + 23°, with a small excess of PPh ; (Figures
1b—e), a phosphine exchange reaction is observed, which results in the coalescence of
absorptions 2 and 3 on the one hand, and of 1 and 4 on the other, to two signals (1, 4}
and (2, 3)at 3.19 and 3.66 ppm respectively, i.e. at the weighted means of the original
peaks. It is important to note that the P-coupling has disappeared, which is an indica-
tion of phosphine exchange.

It was found that the easiest way to study this interchange between 1 and 4 and
between 2 and 3 is by measuring the width of components A and B of doublet 2
(at 3.62 ppm) in the slow exchange case, and the width of the collapsed signal (2, 3)
(Fig. 1e) at 3.19 ppm in the fast exchange limit. Assigning to the two components of
doublet 2 and to singlet 3 the symbols A, B and C respectively (Fig. 1a), the protonsin,
for example, A may jump to B (spin reversal of P nucleus of spin $) or to C (interchange
between 2 and 3). This is a three-site problem, which deserves special attention because
it may give rise to complications in the interpretation of the spectra. In Appendix |
the correct treatment for the most general case is given. This complete analysis leads
to the conclusion that two constants occur in the relation between the experimental
quantity dv, ex(line width) and the rate values 1/t, namely:

in the slow exchange limit: in the fast exchange limit:
dviex(Ap* = P/t Aviex(2, 3p* = Rt

The constants P and R are fairly complicated functions of two parameters, /2
and b/z (see Appendix I). The parameter a/z represents the fraction of the total number
of events which gives rise to spin reversal due to phosphine exchange without rotation
ofthe n-allyl group in its own plane. The parameter b/z represents the fraction of events
which is accompanied by a rotation of the n-allyl group in its own plane. Both para-
meters a/z and b/z depend on the reaction mechanism involved.

At this stage a precise mechanism is not known, so that conclusions about
velocities cannot be drawn immediately. The order of the ligand exchange rcaction,
however, can be obtained as usual from the log 4v,ex versus 1/T plots as a function
of the concentrations, since P and R are only proportionality constants. After the

* The long-range coupling was obscrved independently also by Ramey and Statton®. This coupling
disappears at higher reaction tates.

** gy, ex{A)and dv,ex(2, 3)are the contributions to the line widths ol signul {A) {in the slow exchange) and
of the collapsed signal {2, 3) (fost exchunge) due to exchange,

J. Organometal. Chem., 11 (1968) 353375
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determination of the reaction order a reasonable reaction mechanism can be adbpwd 3
next, values of a/z and b/z can be calculated and, finally, the 1/t values (seeAppendlx
and discussion). :

B. PPhy/Pd< | e

If, besides monomer (n-C,H,)PdCI{PPh,} (=ML) also dimer [(n-C4H«,)
PdCI}, (=M,) is present in CDCl,, the NMR spectrum consists of the monomer
signals of protons in sites 1, 2, 3 and 4 (see section A) and of the dimer signals (1,4) at
3.85 ppm and {2, 3) at 2.86 ppm (8). At higher field the methyl signals of monomer and
dimer appear at 1,96 and 2.12 ppm respectively (Fig. 2a) (at —40°).

At higher temperatures the signals 3 and 4 coalesce to one peak at 2.84 ppm,
while no perceptible broadening is observed on the doublets of 1 and 2 of ML. The
reaction rate for this process cannot be determined because of the closeness of the
signals 3 and 4. It seems very likely, however, that the rate will increase with increasing
dimer concentration, as also found for other phosphines such as P(n-C,H,)y and
PE1,Ph* etc. Neither the dimer signals nor the monomer CH ; signal broaden in thls
temnperature region.

Between —20 and +25° the ML signals ! and 2 also broaden and ﬁnally
coalesce with 3 and 4 to one broad band. Again, neither the dimer signals nor the CH,
signals of ML and M, change in line width (Fig. 2b-2d). Thus up to + 25° there isno
exchange of M or L between M, and ML.

The Bloch equations including exchange for sites A, B and C of ML become,
when 15 = 154 = 0 (since there is no PPh;, exchange):

d
T GA"’QA’GA: —~i

dr 7T H Mo pa—13t -Gy +1¢a - Ge
d . . : - -
a7 Uytap Gy = —iv Hi-Mypy — 1t G +tep - Ge

i My pe+1ad Ga+ 1’!#0l Gy~ (TEAl +TC—BI)'GC

i

" Get ap-Ge
dp T

In the slow passage approximation we find for the slow exchange case:
VLAY = 1/TYA)+
VTyB) = 1/T3(B) + 14
VTAC) = /THC) + 16!
1,.~1

As tad +1ad = 18d +18) =18, the rates are thd = tad =47c " and ¢ =
mAvyex(A or B).

Between +25 and +80° all the dimer signals broaden, and so does the CH,
signal of the monomer (Fig. 2e). In this case there is o chemical exchange between M,
and ML The rates can be calculated from the CH y peak of ML (at 1.56 ppm)}and either
the dimer signals (2, 3) or (1. 4), or the CH; peak.

In the slow eachange limit the width of the methyl peak is:

VTCH i e 1/TICH gy + 0 H{CH )y,

4 Organometal. Chem., 41 {1968) 153-175
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while for the dimer:
1/T,(CH;)u, = 1/T$(CH3)u, + 1~ (CH;5)y,

The monomer signals 1,2, 3 and 4 coalesce to one very broad flat band and this
band cannot therefore be used for the measurement of rates (Fig. 2¢)in this temperature
region.

1V. RESULTS

Addition of PPhj; to the dimer [ (n-C4H,)PdCl], yields (n-C,H,) PdCI{PPh;):

4 4

H H H

L | )

H Ci H-—=C - PPh
5N N TS (7" PP
Hac—c\. Pd\ Pa ;/C——Cr—c, + 2PPhy ——w= 2HC - C\l‘ Pa

Comm CI/ H—¢ o \C.

| ? f | 2

H 2] s

¥ !

If more than two moles of PPh, are added. the presence of an ionic species
[(m-C4H,)Pd(PPh;),]*Cl~ becomes noticeable, as originally observed by Shaw and
co-workers!® from conductivity measurements on aqueous acetone solutions. The
ionic species is formed by the slow reaction:

(n-C4H,)PdCI(PPh;) + PPh; s [(r-C,H-)Pd(PPh,),] ' CI
hvyenia e P VOry xR
LU q ot

a 4
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Fig. 3. The temperature dependence of log Av, ex(A) and of log 1/4v, ex(2, 3) for [ML,] = 0.45 mele/l and
[Lﬂ] = 0.02' mOlC/l.

J Organometal. Chem., 1L (1968) 353375
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This equilibrium, which for the AsPh, case lies far on the left and has no appre
influence on the kinetics®-?, is here very important.-
"0 - In the following sections we will discuss various reactions mvolvmg
monomer (n»C4H-,)PdCl(PPh3)( ML), jonic species [(n-C,H,)Pd(PPh;);]
(=ML3CI7), dimer [ (z-C,H,)PdCl], (=M;) and PPh; (=L), for PPh /Pd>
PPh;/Pd< 1 respectively.

A. PPhy/Pd > 1

1. 1< PPh,/Pd < 1.1 and temperatures between —30 and +20°. Betwee
and + 20° the absorptions 1 and 4 and, also, 2 and 3 coalesce to the weighted mi
the ariginal peaks with the simultaneous disappearance of the P-coupling (Fig. 1b=
In Fig. 3 are shown the values of log 4v,ex(A) for the slow exchange case and of
log[1/dv,ex(2, 3Y] for the fast exchange case as a function of 1/T for one concentration:
of [ML(J and [Ly]*. To obtain the order of the reaction the values of [ML,] were
varied between 0.20 and 0.50 mole/l, while [Lo] was varied between 0.005 and 0.050
mole/I**. Fig.4 shows (from the fast exchange regions of the experiments), that 1/4v ex

(';fgr on cz.sl]‘ 1o RN (FAST EXCHANGE LIMIT)
P

. . . . "
3T 508 D06
FHEE {Lo} moialt

Fig. 4. The dependence of [1/4v, ex42, 3}}Y on [L,] for [ML,] = 0.45 mole/l.

(2,3) is second-order in [1.,] for [MLO] is constant. If [Ly] is kept constant, however, :
! /Av,cx(z 3) decreases with increasing [ML,] (Fig. Syexs, i
* *‘mmmg concentrations of ML und L, Lo the weighed-in umounts.

#* A1 higher concentratians of L, the reaction is too fust to be followed by NMR.
#¢+ The vame dependences are obtgined from the slow exchange limit region.

4. Grgunametal. Cheor, VL (1968) 153-375
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{16y ex 12,31]+7R™ (FAST EXCHANGE LIMIT)
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Fig. 5. The dependence of {1/4v, ex(2. 3)] on [MLg] for [Ly]=0.0375 mole.l.
The concentration dependences can be understood if we include the reaction*:
ML +L = ML; +CI~

besides a bimolecular ligand exchange reaction:
ML +L* = ML*+L

We can combine these two reactions into the following reaction scheme:

k-1n kia
ML+L* == ML, = ML*+L
"ln k~ln

i

ML} +Cl1-

L4
We further assume that the ionic species is formed from a short-lived intermediate
species (n-C4H,)PdCNPPh;),, in which the Pd is five-coordinate, via the side reaction
(1b). It was observed by Shaw and Powell** and by us that k,, <x k,, [L], the time
needed for (1b) to reach equilibrium being 15-30 minutes¥**

If, moreover, k_,, »k,,-[L]. the reaction rate becomes:
/(ML) = k,*{L]
The equilibrium concentration of L will be determined by the equilibrium constant
- MLIT-[CI] _ ([Lo] ~ [L]
[ML]-[L]  ([ML¢]-[Lo]+[L])[L]

* 1If no ionic specics were formed, 1/4v, ex(2,3) or Av,cx{A)} would be independent of [ ML} for {1 s

constant.
= B, L. Shaw and J. Powell, private communication.
*#* [n each measurement we waited 30 minutes to be certain to work under conditions of equilibrium,

J. Organometal, Chem, 11 [1968) 353. 378
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where the starting concentrations of ML {=[ML,]) and of [L] (=[Lo]) are:-
[MLo}=[ML]+[ML;]=[ML]+[Lo,]—[L] and
[Lo] =[L}+[ML}]

Itwas deduced from conductance measurements (see next section) that between
—~30and +20° the constant X varies roughly between 2 and 0.5. It can be shown by
solving the above equation of K for [L] that for K between about 0.1 and 10, and for
[ML,] and [L,] between 0.1 and 0.5 mole/l and between 0.01 and 0.06 mole/] respec-
tively, the equilibrium concentration of L can be approximated to*:

[P
[L] = &MLy

The rate 1/1(ML) becomes :
1/e(ML) =k, [L] = ky, [LoJ*/K-[ML,]

IF[ML ] is kept constant, then 1/1(ML)and, hence. 1/4v,ex(2.3) [or Av ex(A)] also,
are proportional to [L,]? (Fig. 4). For [L,] is constant, i/7{ML)and, hence, 1/4v ex-
(2.3) also, are proportional to 1/[ML] (Fig. 5). The reverse of I/t(ML} is:

t* (ML) = K- [MLy)/kya [Lo]?

In Fig. 6 is shown the dependence of dv, ex(2,3) on [ML] for (L] is constant. The
Jine in Fig. 6 does not pass through zero, which is probably due to the inaccuracy in

LW, e 0N g JEEART [ NCmANGE LiMIT
‘.

. R —
o @ a4 o6 B
[m_o] mone /|

Fig 6 The dependence of [ Av,ex(2, 3} on [ML] for [1,] = 60373 mole/!,

* This waschecked by numerical calcalations waing the non-uppreximated formula for { L], und substituting
varinns values for K. (ML} and [L,}. .

£ Organometdd. Chem., 13 (1968) 353375
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the rate measurements for small concentrations of [ML, ] and in the estimation of the
natural linewidths (i.e. the linewidth in the absence of exchange).

2. PPhy/Pd > | and temperatures between —100 and +40°. The presence of
ionic species ML ; Cl~, which cannot be observed for very low concentrations of free
PPh;, begins to become noticeable at high L/Pd ratios as a single absorption at
3.68 ppm (at about the shift of doublet 2) besides the signals of ML already present.
The absorptions of the syn-protons and anti-protons 1, 2, 3 and 4 of ML Cl~ appear
even at —80° as one signal, which is due to a fast exchange reaction of ML ; Cl~ with
L (n-o reaction)*:

ke
MLICI™ +L !k==== ML;ClI™ +L (via a o-allyl intermediate)
e

With increasing PPh;/Pd ratio (x 2j the four absorptionsof 1, 2, 3and 4 of ML
also coalesce to one signal at 3.43 ppm, which is the weighted mean ; the ionic species
ML 7 Cl~ is still visible scparately (at 20°} as one signal at 3.68 ppm. which grows in
intensity with increasing PPh,/Pd ratio. At higher temperatures the two signals
coalesce and the collapsed signal moves to higher ficld, up to 3.43 ppm. It is clear that
the equilibrium:

ML +L = ML; +CI~

moves to the right with decreasing temperature and increasing L/Pd ratio.

These conclusions, reached on the basis of NMR data, were fully confirmed by
conductivity measurements in CH,Cl,. which is sufficiently close to CIDCI in prop-
ertics to permit comparison. Conductivities of mixtures of ML and L in the ratios 2
to 3 as a function of temperature (Fig. 7) showed that the amount of ionic species
increases with increasing PPh;/Pd ratio and decreasing temperature. In Fig. 7 these
conductivity curves are compared with the temperature-dependent conductivity curse
of a well-defined uni-univalent electrolyte, viz. [(DP),Rh]'Cl [DP - 1. 2-usidi-
phenylphosphino)ethanc].

From this comparison we can estimate the concentrations of ML Cl ™ at each
temperature. Thus we can calculate the equilibrium constant K =[ML; J-[Cl™ ]/
[ML]-[L].

The equilibrium constant K is roughly 2.0 to 0.5 in the temperature region of
—30 to +20°.

Though these values are, naturally, not very accurate. they are nevertheless
important, as we now know the influence of the above equilibrium reaction on the
equilibrium concentration of [ L.] provided that the conclusions drawn for CH,Cl; as
solvent also hold for CDCl;, in which we measure the kinetics.

3. PPhy/Pd > 1 and temperatures higher than +40°. A reaction between ML
and L which involves the formation of a2 o-methallyl intermediate complex ts observed
* In this connection it is of interest to mention that also in the case of PPh Me, for | < PPh,Mc:Pd._
the allylic protons 1, 2, 3 and 4 of [(r-C,H ;) Pd(PPh,Me), [ Cl absorb ot one magnetic field ; on the
signul no P-splitting is present’ . 1n contrast, we found that phosphines with more alkyl substinents | oy
P(n-C4Hy)s, PPREt;, PPhMe,] give two signals : one single peak for protons in site {I. 4} and one triplet for
(2, 3) (due to coupling with two equiviient P-nuclei). NMR measured s 4 function of L/Pd indicated that
the three latter compounds sre more stabie beth thermodynamically und kinetically (i.e. with respect 1o
PPh, exchange).

J. Organometal, Chem., 1] (1908) 353-378
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B ulemt oom™ mots™
[ )

L1

yut

T 3 u .
TEMPERITURE “C

Fig ? The corductivites us u junction of the wemperature for: & [{PhyPCH T8, PPh R Cl-
H A maxturg of ML and L so that L/Pd =3 C A mixmte of ML and L so that L/Pd = 2.

as ihe collupse of the four signals 1, 2, 3 and 4 of ML. We have not measured this
resiceion because of overlap of bands. Cotton and cu-workers'™®, who studied this
process with infrared as well, found for large PPh,/Pd rutios absorptions at stretching
lrequencies, which are typical for C=C bonds, indicating o-allyl-bonded groups in zhe
intermedinte of the reaction.

. PPhyjPic |

t. Temperatures befow —20°. There is only a collapse of signals 3 and 4 of ML.
This process could not be studied lor the PPh, case because of the smull chemical shift
dillerence {Fig. 2). The raie of this #-a reaction, hmx-ew:r, was found to be first- nrd-er
ift the dimer concentration {M; ] for L=PF(n-C, H,);!’

2. Temperatures berween — 20 and +20°. The absorptions of protons in sites
and 2 of ML nfso browden, but the dimer signals and the CH , signals of ML and M, da
not (Fig. 2b- 2d). The exact nature of the movements of the methallyl group of ML js
net known in this cese. However, ns we observed, a collzpse 1o one broud bund of the .

£ Cleguremretal Chem, 1] (1963} §53--47%




NMR STUDIES IN COORDINATION CHEMISTRY. IlI 365

1ML}

w

60}

40
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e b -
4.5 10

L3
[M’l I

Fig. 8. The dependence of 1/1,{ML) on [M,] for [ML] = 0.20 mole |

signals 1,2, 3 and 4, the movements very likely are a combination of a n-¢ rcaction and
a rotational type of movement of the allyl group in its own planc.

From a concentration dependence study it was found that the rite of iutra-
molecular exchange of the allyl group of ML, as measured on doublet 2 in the slow
exchange limit, is proportional to [M, J([ML] = constant)and independent of [ ML T+
{{M,] = conslant) (sce Figs. 8 and 9). The dimer species is thus involved in a reaction
with ML, but after the “association™ the dimer is “formed™ back without exchange of
M or L having taken place.

/T, UML)
60
JoF

P L

? T 210
20F
- o 50’
1 J e
cn O a 1 [M } maesL

Fag 9, The dependence of I/t,lMl yon [MUL}Hor [M,]=0078 mole/)

* l‘hc slurtmg concentrations [M, ], and [ML], are equal to the equilibrium concentrations {M ;] and
[ML] respectively.

. Organemetal. Ciem,, 11 {1968) 353375
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The rates are:
iy, 3(Mz) 0
1/t,(ML)=k-TM,] k= 10317300 T [.mple~* -sec™?

A possible reaction model is:

k-4
M, == M//M
ki
M//M+M*L =5 M//M+M*L

In this case, when assuming the pre-equilibrium to rationalize the high frequency factor
of k, the rates are (see Appendix):

1/1,(ML) =k,- K, [M;]=k[M,]
1/12.5{M3) =0 (as no chemical exchange occurs)

Vgt
LMy

jals] (

[>Te Rl

PR ), P
4
an b A

1 '} b i —
k] 0% (2R 1¥] e R 0?20
iM } mola/s|

Fig. 11t The dependence of /e (CH )y, on [M,] for [ML] = 0.20 mole/l.

provided that k_ >k, [ML] and k,,<k.,.

The species M//M may be a dimer with one chloride bridge broken, ora
so-called “solvent-caged monomer™*.

3. Temperatures between + 20 and +80°. In this temperature region the dlmer

* ‘mlvcm-cngcd manamers hive been proposed for AL(CH,), in kinetic studics, using NMR, of CH,
group eachanges by Willinms und Brown'*

2 Chrgunometal Chem, 1) (1968) 353-375
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signals broaden and so do the CHj signals of M, and ML, owing to a chemical
exchange of M (or L) between M, and ML (Fig. 2e).
Rate studies showed that:

1/1(CH )y = k- [M,]* *  (Fig. 10)
1/1(CHo, = k" [MLY[M,}* (Fig. 11 and 12)
k'~ k" o~ 1014 @~ 20500/RT 1. mole 4 -sec !

VAT (M)

sap T

ap}

20k

L

o i - 4 1 1 "

) «‘iw;,l

Fig. 11. The dependence of Tre(M,) on {ML] for {M, ] 0075 mole L

~ {,\
T~

-..?
e

Ji—.% ‘‘‘‘‘‘ *;——-+— 6o

i J a —
o) Qob [s2&) [E15 0en
CM;»);nme/l

Fig. 12. The dependence of 1/t{M ;) cn [M ;] for [ML] = 0.20 mole.t. e broken hine has been caloulated
on the basis of the | r{M;} - [M,] ! dependence.

0

* 1 /2(CH ) isindependent of [ ML ], as was shown by measurements for [ M, } = 0 Hmole ) while | ML )
was varied between 0.14 and 0.40 mole/l,

J. Orgeenneral. Chem,, 11 (1968) 353375
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These concentration dependences can be rationalized, consistently with ihe
reaction model in the previous section, if it is assumed that the species M // M dissoci=
ates into a small amount of two monomer species M. The reaction model is:

ko, k-
M, == M//M === 2 M*
ky ks

M*+ML = M+M*L

ka
Pl’OVided lhal k.ﬁ_g'[M‘] >>k+4[ML] and k-l'k_:;'[M*]»k.,.l'(k_a'
[M*]+k,,), the ratcs are {see Appendix 11):
t(CH )y = k4 (K, 'Kl)i'[M2]§ = kl'[sz
1T(CH ), = 4 ko (K K3 [MLY/[M, ]} = &7 [MLY[M, ]

(LB, The factor 4 results from the fact that only one half of M, arrives in ML.)
We have tried to derive other reaction models, but none of them gave the ex-
perimental concentration dependences.

V., DISCUSSION

The results obtained from the kinetic measurements in CDC; solution are
surnmarized below. The first part of the discussion will be concerned with the reactions
for PPh,/Pd > 1, the second with those for PPh,/Pd< 1.

q

1

Kig 1
\ ‘L - . 2] + i
e U0 " h
T - 3 Cl
v 41
+
F
=3 L
- g + C!
2 L
i+t

Very fast ktt Vig Q g*-aliyl
intermeaqate

+ L

S Orgimomesal Chem | 11 {1268) 333-375
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PPh,/Pd > |

The reactions occurring for 1 < PPh;/Pd < 1.1 at temperatures below +20°
are shown in the scheme* on the previous page.

The horizontal reaction represents the coalescence of the signals of protens in
sites 1 and 4 and also of protons in 2 and 3. (The methallyl group remains 7-bonded to
Pd; no n-o reaction.) This bimolecular reaction between (n-C4H,)PdCI(PPh;) and
PPh, manifested itself as pseudosecond order in PPhy**. This phenomenon was
caused by the equilibrium involving the slow formation of the ionic species:

ML +L ‘~h==$ ML, === ML, +CI~

I kin
Because of the particular range of values for K(0.5~2) and the concentrations used for
[ML,]and [L,], the equilibrium concentration of [ L] is approximately proportiona!
to [Lo]*/K-[ML,].

It is reasonable to assume that the mechanism of the fast ligand exchange
reaction:

(r-C,4H,)PdCYPPh,) + PPhY% & (n-C,H,)PdC{PPh}) -+ PPh,

is similar to that proposed for the reaction of (z-C ;H ;) PACHAsPh ;) with free AsPh ;2.
The PPh, ligand attacks the complex {n-C H,)PdCI(PPh;) (A} along the negative
X -axis, which is sterically the most favourable path (Fip. 13:see alsoref 3, Fig. 1V In

CH,
4
CH3 " \C/‘/ H s
o / 4 H2 R
H,\C/KC/H“ / . \C/“
Wi/ 4 My
- ,\Edr'f{"-, d H '\E{,/QCH,
+X y ], . H;/ \ A
| +PPhy PPhys
A B C

Fig. 13. Interconversion of the syn-protons (in sites t and 4) and of the anti-protons {in sites 2 and 3} via
a five-coordinate n-allyl form [either activated complex or intermediate) in the bimolecular reaction of
(m-C H,)PACIPPh; with PPh,. (The attack of the PPh; molecule is along the negative X-axis)

the resulting short-lived five-coordinate intermediate {n-C H.)PdCI(PPh,), (B).
which has pseudotrigonal symmetry, the n-methallyi group may rotate in its own
plane. Depending on whether the original ligand or the second ligand leaves (B), a new
complex (C) or the original complex (A} is formed (Fig. 13). In this mechanism the
number of interchanges of protons between sites 1 and 4 (or between 2 and 3) is equal
to the number of PPh, exchanges, so that a/z =0 and b/z = 1*** (as deduced easily from
Fig. 13). If we introduce these values for a/z and b/z into P and R (sce kinetic analysis
* For convenience, in this scheme we have numbered not the sites, as we usually do, but the protons.
** je. in the starting concentration [L,] of PPh;,

ww If we substitute these values of a/z and b/z into P and R of Fig. 3, we find that the resulting 1/ values
for the slow and the fast exchange cases lie on one line, us should be.

J. @rganometal. Chem., 11 (1968) 353375
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and Appendix I} and calculate 1/t we find:
k —_ ]0!2 ~14000/R-T

where k= k“/K

Comparison with theAaPh3 system for I./Pd > 1 shows that the only d:ﬁ'erencc
lies in the amount of ionic species formed. In the case of AsPh; the K value (for the
equilibrium ML + L 5 ML; +CI™)is smaller than 0.05, so that 1/t(ML)(L = AsPh,)
for the hgand exchange reaction:

ML+L* & ML*+L

is first-order in [Ly] since [L] & [Ly], as was checked by numerical calculanonb for
the concentration ranges of [ML]J and [L,] used in the AsPh, system?>.

Reaction (1b) is very slow compared with the others, since it takes 15—30
minutes to reach equilibrium. Reaction {1c), which is a ligand exchange reaction of
ML ; ClI™ with L, and of which the order could not be determined, is again fast, as is
indicated by the complete coalescence of the absorptions due to protons in site (1,4)
and (2, 3) of the symmetrical complex*. The movement of the allyl group in reaction
(lc) is a m-o one; it takes place even at ~80° in the ionic complex ML Cl~ whlle at
that temperature no n-o reaction takes place in ML.

At temperatures higher than +20° and/or at higher L/Pd ratios we observed
ligand-dependent n-a reactions for ML as evidenced by the complete coalescence of
signals I, 2. 3 and 4. No kinetic studies were carried out.

PPhy/Pd< 1

When dimer is present the situation is completely different, since the amount of
free PPh,. which can only originate from dissociation of ML, is virtually nil. Thus we
observed the following reactions, which are different from those found for the AsPh,
case {see Introduction).

Below —20° the only observable movement of the allyl group of ML is the
intramolecular interchange of protons in sites 3 and 4, ¢is to PPh,, via a short-lived
a-allyl intermediate, undoubtedly due to a reaction with the dimer M,.

Between — 207 and + 80° several reactions occur:

M, =5 M*//M* = 2 M*
ks k.‘
(~20 1o +80)M*//M*+ML tzs M*//M*+ML ; nochemicalexchange;signals
1, 2, 3 and 4 of ML collapse.
(+20°10 +B0°) M*+ ML &= M*L+M ; chemical exchange.
L7

Theformation of a reactive intermediate M // M is only proposed to rationalize
the observed high frequency factors in the 1/t formulas. If it exists it probably is a

¢ rnm mgnul-z ire separate when @ fresh solution is made of the originaf complex, as wis shawn by Shaw
nnd co-workers (private communication). After 30 minutes standing these scparate signals conlesce. This
in due to the slow partial dissociation of ML Cl™ into ML and L und to the subsequent fast exchange
reactions of the dissociuted L with ML [reaction (1a)] and ML CI~ [reaction (1¢c)] respectively.

4. Organarterad. Chem., 11 {19685 353-375
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dimer with one chloride bridge broken:

i "
H an H
e
H3C Pa\ Fa CH4
H Cl/ H
' W H

No mechanisms are put forward for these very unusual reactions, in which
especially the n-¢ movements of the allyl group, caused by interactions with the
dimer, are an interesting feature, since they occur at much lower temperatures than in
ligand (L)-dependent 71— reactions { >20°).

It may be that the attack of the non-bridging Cl atom of both M//M and
(n-C, H;)PdClalong the positive X -axison the complex {n-C ,H-)PACH{PPh ;) (Fig. 13.
A) is the driving force. We hope to be able to give s more detailed discussion in the
future.

An important result which can be deduced from the kinetic data is that PPh;,
is bonded much more strongly to Pd than AsPh; and that. as a resuit, when dimer
is present, the amount of free PPh, is very small. Therefore reactions are found
which were not observed for the AsPh; system, since in the latter the dissociation of
ligand from Pd is less difficult and the concentration of frecc AsPh; larger.

Itis relevant to remark that there are now strong indications that for the AsPh,
system similar reactions may occur to those for the PPh; casc. They are, however,
much slower than the ligand (AsPh;) exchange reactions.

APPENDIX 1

In this appendix the compiete derivation is given for the relation between 1y
and the line width in the slow and the fast exchange limit for the special three-sue
problem (peaks A, B and C of Fig. 1}, which was qualitatively discussed in the kinetic
analysis.

The Bloch equations for the three-site system, including exchange, are. in
standard notation'”:

d , B . . . -
dr GataaGo=~i'y H ‘Mg pa~(tan +TaC) Ga+ tha Gp+ 104 Ge  (1a)

d i i T ol
dar Gp+ay Gy = —i*7 Hy Mo py+ 148 -Gpr— (tga + tad ) Gpt+ tad "G (1b)

aq; Ge+acGe = =iy H My pc+ tad Uat tad " Gu~ (184 + 18 ) G (1)
ay = HTIX)+2m i (vx—v)

vx is the chemical shift {cps) of signal X (X=A, B, C)

Tyy is the number of times a proton jumps from site X to site’Y (X, Y = A, B, ()
px  is the fraction of protons in site X. The fractions p,. pp and pe are §, § and
k respectively.

J. Organometal. Chem., 1L {196K) 353 175
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The three-site problem discussed here is of a rather special type, as the number
of jumps from A to B or rice versa (i.e. spin reversals, due to PPh; exchange) may.in.
principle be much larger (or smaller) than the number of A—C (or C—A) jumps. If
we assume that an arbitrary number of z protons 2 ¢ present in site A, there must be z
and 2z protons in B and C respectively. If  of the z protons jump from site A to B an"
a fraction b/z from A to C, it will be clear, from symmetry arguments, that, also, a.
fraction a/z jumps from B 10 A and a fraction b/z from B to C. From detailed balancmg:
at chemical equilibrium it follows that then a fraction b/2z has to jump back from
C to B and, also, a fraction b/2z from C to A.

We define a time t so that:

tid =t = (a/z) e (24)
15d =158 = (b/z) 1! (2b)
Tea =18 = (b/2z) 17! (2c)
It now follows from equation (2a)--(2c), that*:

Ty =ta +1ad = Hatb)z}r7! (3a)
75! = 1l + 7t = {la+b)fz} ! (3b)
¢! =108+t = (b/z) 7! (3c)

Writing equations(la)-(Ic)in the slow passage approximation and substituting
(2a)-{3c) yields:

Saprt+(a+ b)Yz} Ga—(a/c) Gy ~(b/22) G = —iy HyMg-part  {4a)
~(a/z) Gp+ [op-t+{a+ b)Yz} Gp—(b/22) Ge= ~i v H,-My py't  (4b)
—(b/z) Gy = (b/2) Gy + [ac T +{b/2)) Ge= =iy Hy-Mg-pc-t {4c)

In the limit of slow exchange the width of signals A, B and C is given by:

LAY = 1/THA)+ {{a+byz} o = 1/TYA)+a P! (5a)
L Ty(B) = 1/T3(B) + [{a+ b)Yzt -t = 1/TEB)+n- P71 (5b)
VTAC) = 1/THC) + (h/z) 1 (5¢)
where (u+b)/., =nP and g Prv'=n Avyex*x of signal A, (5d)

1/T%(X) is the natural line width of X in the absence of exchange. In the limit
of fust exchange the determinant A determines the line shape for the case in which 7
is 50 small that tcrms containing 72 can be neglected (not where these terms are mul-
tiplicd by fuctors 2, a, which may be lurge):

2a-h+ h?
A = """f‘z"‘””“““ [r-(aa + ot + 20)

+ 12 fan oy (bfz) + oa e (@ + BY/z +ay-ac- (a4 bYz]] (6)

* For the usund three-site (or more) problem + is defined us the mean time between reorientations or site

changes', and r,= /) p,=1/(1 ~ p,). The rates 1, *. 15 "und t¢ ' are then Jt 7, {27 and §r ! respectively;
i

inutead of the more generw formutas (3a) -(3c). '

#® Av,en i the contribution (o the line width owing to exchunge (cps).

4 Grgaometal. Chem, 1 (1968) 353-375
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When the exchange is very fast the second term may be neglected. The line
width of the collapsed signal (2,3) is then determined by the first term:

YT =Tt '"A)+ T3 '(B)+2 T4 HC)]
while the signal is centred at:
@ = §{woa +wop + 2 Wc)

which is observed experimentally.

If the exchange is less fast, the second term aiso contributes to the line width.
Neglecting products T3~ '(X) T~ '(Y) (X, Y =A, B, C). the real part of the sccond
term divided by 4(2a-b+ b?)-7/22% is:

{2z2/(8a b+ 4b%)} -1-[ — (b/z) {wos — )} (wop — w)

— [ta+ b)/z] - (wop — wHwoe ~@) ~ [(a+b) /2] {wop— @) (g — )]

Substitution of the chemical shifts vy, * (=364.5 cps). voy (=354 cps). voc
(=278 cps} and the shift v( =319 cps) of the collapsed signal (2, 3) (at 100 M) into
this expression gives the correction in the transverse relaxation time 75:

YT, =T} + [222/(2a'b+h2)]'n2'1:'[- 1615 b7z + 3320{u+ b)/2] =
=1/TY+nR-t. (7a)

where R ={[2:%/(2a-b+b?)}-n[ — 1615h/2 +3320(a + h)/z]
and n-R-1 = n-4v ex of the collapsed signal (2, 3). (7b)

APPENDIX It
Consider the following reaction scheme:

A o= B
Ly
B*+(C == B4+(C*
LY

Givenisthat A and C arc observed by NMR . while B” 1s an nmtermediate, which
may or may not be observed. The kinetics for this system can be obtained by regarding
it as a formal three-site problem, analogous to the examplc given in Appendix
of ref. 1. It can then be shown, by using Bloch equations including exchange, that if A
and B* are in the fast exchange limit, while C is in the slow exchange limit with the
collapsed signal** of A and B*, the contribution to the line width of the collapsed
signal of A and B due to slow exchange with C is:

| 'k+;‘[C]/k_,
The contribution to the line width of signal C owing to slow exchange with the collaps-
ed signal (A, B) is:

k+|'k+2'[A]/k-l

* vexepfd AL
*+ For the sake of convenience one NMR signal is assigned 1o each specics ALB U cte 10 reality twao o
more signals belong to one specics tis will not change the results, but will only lead (o trivial comphicutnions

J.Orqanomeral. Chem | 11 (1908) 353 375
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If, on the other hand, the signals B and C are in the fast exchange limit, while
signal A does not overlap with the collapsed signal (B, C)the line broadening of A due
1o slow exchange with (B, C) is:

ki,
while the line broadening of the collapsed signal (B, C}is:

k., [A]/[C]

Expansion of the above reaction scheme to:

ko, K.
A t——3 B t=——3 2D*
ko] ko3

D*+E == D+E*
ka
yields the following results. If A, B and D are in the fast exchange limit (B and D being
intermediates), while E is in the slow exchange limit with the collapsed signai (A, B, D),
it can be shown that for k_5-[D*]s>k,-[EJand k_,-k_,-[D*] >k, -(k_;-[D*]+
ke . 3) the line broadening of the collapsed signal (A, B, D)owing to slow exchange with
E is:

(k,'kj)"k,,'[E]/(k,,'k__‘)*'[A]
while the line broadening of signal E is given by*:
tky -k3)*-k4-[A]§/(k,,*k,J)*

SUMMARY

Kinetic studies, using NMR,, of the rates of interchange (temperature < +20°)
between the syn-protons and between the anti-protons of the z-allyl group in the
complex (n-C,H,;)PdCH{PPh;) showed that when this monomeric complex and free
PPh, are present in CDCl,. a bimolecular reaction occurs of the monomer with one
molecule of PPh,. For this reaction a one-step mechanism via a five-coordinate
intermediate (n-C,H,)PdCI(PPh,), is proposed. From NMR and conductivity
mcasurements it was deduced that. in addition, an tonic complex, [(»-CH,)Pd-
(PPh,),]*Cl", is slowly formed.

At temperatures higher than +20° all four syn- and anti-protons become
magnetically equivalent via the formation of a g-allyl intermediate. Quanmanvc‘
studics of this reaction were not possible.

Studies of reaction mixtures of (2-C H,)PdCI{PPh,) and [(n-C4H T)PdCI]Z
showed that dissociation of PPh; in the first complex does not occur, in contrast to
the behaviour of the AsPh, system; instead, reactions were found which between
40 und +20° involve the interaction of the phosphine complex with a dimer -
species, and between +20 and +80° a reaction of the phosphine complex with a
species {t-CyH4)PdCl {from dissociation of the dimer) with exchange of (n-C,H , )PdCl
(nr PPh J)

= ln ourcase E=ML and A =M,

£ Orgunometal, Chem., 11 (1964) 353-375
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The kinetic parameters and the molecular mechanism of the various reactions
are discussed and compared with the results for the triphenylarsine system.
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