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Abstract: The kinetics of the reaction of PhPdI(AsPhs), (formed via the fast oxidative addition of Phl with
Pd°(AsPhg),) with a vinyl stannane CH,=CH—Sn(n-Bu)s has been investigated in DMF. This reaction (usually
called transmetalation step) is the prototype of the rate determining second step of the catalytic cycle of
Stille reactions. It is established here that the transmetalation proceeds through PhPdI(AsPhs)(DMF),
generated by the dissociation of one ligand AsPhs from PhPdI(AsPhs),. PhPdI(AsPhs)(DMF) is the reactive
species, which leads to styrene through its reaction with CH,=CH—SnBus. Consequently, in DMF, the
overall nucleophilic attack mainly proceeds via a mechanism involving PhPdI(AsPhz)(DMF) as the central
reactive complex and not PhPdI(AsPhs),. The dimer [PhoPd,(u?-1)2(AsPhs),] has been independently
synthesized and characterized by its X-ray structure. In DMF, this dimer dissociates quantitatively into
PhPdI(AsPh3)(DMF), which reacts with CH,=CH—SnBus;. The rate constant for the reaction of PhPdI-
(AsPh3)(DMF) with CH,=CH—SnBujs has been determined in DMF for each situation and was found to be
comparable.

Scheme 1. Initial Mechanism
precursor

The mechanism of the Palladium-catalyzed Stille rea&tion
(cross coupling of aryl halides and organostannanes derivatives, c,oL2
eq 1) has been widely investigated. The original mechanism reductive oxidative
proposed by Stillé2 in the case of monodentate ligand L, e”m’”a;’>/' addtion
included four steps: oxidative addition, transmetalation, trans
cis isomerization and reductive elimination (Scheme 1), involv- Ar-pd L Ar- pd X

(cis) L 1_ (trans)
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ing saturated 16-electron aryl‘Pdomplexes, all ligated by two
phosphine ligands.

Pd
ArX + RSnR'; — AIR + XSnR'3 Q)

This initial mechanism has been progressively modified to
rationalize the effect of ligands (ex: AsPks PPR) on the
efficiency of catalytic reaction’:* Much attention has been paid
to the transmetalation step, which was very early identified as
the rate determining stép" Because this step is retarded by
excess ligand;#° aryl-Pd' complexes, ligated by only one
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Scheme 2. Updated Mechanism (L = AsPhg)324b
precursor
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Scheme 3. Mechanism of the Oxidative Addition in DMF8
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(Scheme 3) upon following the original proposal of Farina in
THR® (the structure of the complex in chloroform will be
discussed at the very end of this paper). In DMF, the equilibrium
constantK, = [PhPdI(AsPhk)(DMF)][AsPhg)/[PhPdI(AsPh),]
was determinedK, = 3.1 x 104 M at 25°C 8 a value which
is not very different from that determined by Farina and
Krishnan K. = 8.6 x 1074 M) on the basis of their investigation
of the kinetics of the catalytic reaction 2 in THF at 50.3

We wish to report here new investigations on the kinetics of
the transmetalation step performed from PhPdI(AgRwhich
establishes that PhPdI(AsftDMF) is the actual species which
reacts with CH=CH—SnBuw in DMF. A second approach of
the reactivity of PhPdI(AsRNDMF) with CH,=CH—SnBu
is also reported which involves a route initiated through the
dimer [PhPd:(u?-1)2(AsPhs)2], whose full and fast dissociation
in DMF generates PhPdI(AsRDMF) prior its reaction with
CH,=CH—-SnBu.

Results

Kinetics of the Transmetalation Step from PhPdI(AsPh),
in DMF: Principle of the Kinetic Method. Although the
complex PhPdI(AsP, had been isolated and fully character-
ized® we preferred to investigate the reactivity of GHCH—
SnBy with PhPdI(AsPB)2 generated in situ by reacting 1 equiv
Phl with Pd@(dba) associated to 2 equivs AsPim DMF (Eq

ligand L, have been proposed as key intermediates in the 3,4)€ to mimic more closely the situation which occurs during
transmetalation and henceforth in the reductive-elimination step a real catalytic cyclé?

(Scheme 2§:34b9

In the course of our investigation on the effect of the arsine
ligand AsPh on the rate of the oxidative addition of Phl, which
is the first step of a catalytic reaction between Phl and the tri-
n-butyl(vinyl)tin in DMF (eq 2), we established that GHCH—
SnBuw coordinates the active€Pd(AsPh), complex prior to
its oxidative addition to Phl, thereby leading to the unreactive
(7?-CH,=CH—-SnBw)Pd(AsPh), species (Scheme 8).

Pd%(dba), + 2AsPhs
- >

DMF

PhCH=CH, + ISnBus

Phl + CH,=CH-SnBus 2

Due to this side route, which stores part of the catalytic charge

under an unreactive form, the oxidative addition of Phl is slower

when performed in the presence of the nucleophile, i.e., under

the conditions which prevail in a real catalytic reaction. The
complex PhPdI(AsP), formed after oxidative addition to
SPdP(AsPh),, was shown to dissociate one AgAlgand in
chloroform and DMP This decomplexation was observed to

Pd%dba), + 2AsPh, —> Pd’(dba)(AsPhy), + dba  (3)

Pd%(dba)(AsPhy), + Phl ——> PhPdI(AsPh;), + dba (4)

At the initial Pd(dba) concentration ofCo = 2 mM, the
oxidative addition (eq 4) was sufficiently fadi,f = 8 s at 25
°C) for the transmetalation step to be investigated without any
kinetic interference, once the oxidative addition was total.

The reaction of Cl=CH—SnB; was first monitored byH
NMR spectroscopy by reacting two equiv. &HCH—SnBuw
with PhPdI(AsPB), in DMF-d; at room temperature. This
reaction clearly produced styrene in quantitative yield (eq 5).

DMF
PhPdI(AsPhg), + CH,=CH-SnBuz —>

(3)
Ph-CH=CH, + "+ *SnBu; + Pd°(AsPh;),
No intermediate complex(es) could be detected in ‘tHe
NMR spectrum. Moreover!H NMR spectroscopy did not
permit to monitor the kinetics of the transmetalation step with

proceed in appreciable extents in both solvents. This led to the g ficient time resolution. Conversely, we observed through

concomitant formation of a new PhiPchoiety ligated by only
one AsPB, which was assigned to be PhPdI(AsRR8 complexX

(9) Louie and Hartwig have reported that stoichiometric reactions of orga-
nostannanes with 16-electroansArPdXL, (L = PPh) complexes proceed
in toluene via the reaction of 14-electron ArPdXL complexes formed by
dissociation of one ligand L (Scheme A)L4-electron diorgano ArPdRL
complexes are then formed, which undergo a fast reductive elimination
(Scheme A}

+RSNR',
—_— Ar-PId-R — AR

L
Ar-Pd-Br == Ar-Pd-Br
L - BrSnR', L

T
(trans)
L=PPhs, Ar=p-Tol, R=Ph, SAr,St-Bu, R'=Me, Bu
Scheme A. Mechanism of the transmetalation proceeding by prior dis-
sociation of one phosphine ligand L, followed by reductive elimination.

conductivity measurements that, in DMF, and over the whole
range of millimolar concentrations investigated here, ISnBu
which is a product of the reaction, was completely dissociated
into I~ and *SnBwy (eq 5). Because ISnBuis generated
concomitantly with the coupling product, this observation
suggested a facile and very accurate way of monitoring the
kinetics of the reaction 5 in DMF with the required time
resolution.

(10) Farina has used P(dbay as precursot.We used P¢dba) because it
was used in our previous wdrko allow a comparison of the reactivity in
oxidative addition of Ptlligated to AsPhwith that of Pd ligated to PPk
For a review on Pi{dba) as precursor, see: Amatore, C.; JutandCAord.
Chem. Re. 1998 178-180, 511-528.
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Figure 2. Reaction of CH=CH—-SnBy with PhPdI(AsPB). (2 mM) in
DMF at 25°C. Determination of the reaction order in @HCH—SnBug:
plot of kyss determined as in Figure 1b, versus £4€H—SnBy concentra-
tion. PhPdI(AsP¥, was preformed in situ by the reaction of Phl (2 mM)
with Pd’(dba) (2 mM) and AsPb (4 mM).

—kobd. Kopsvaried linearly with the Ch=CH—SnBy concentra-
tion (Figure 2), thus establishing a reaction ordet-afin CH,=
CH—SnBu.

The effect of AsPhk concentration on the kinetics of the
transmetalation step was tested in the rangel@ mM, by
addition of AsPl to PhPdI(AsPH)2 (Co = 2 mM) prior to the
introduction of CH=CH—-SnBy (20 mM). PhPdI(AsP¥), was
generated in situ by reaction of Phl (2 mM) with%iba) (2
mM) associated tm equiv. AsPh (2 < n < 7). The reaction
proceeded slower and slower as the AsBtncentration was
Figure 1. (a) Kinetics of the reaction of C}4CH—SnBu (30 mM) with made larger and larger (Figure 3a) suggesting a decomplexation
PhPdI(AsPE)2 (2 mM) in DMF at 25°C, as monitored by conductivity  of one ligand AsPffrom PhPdI(AsPH), either before of after
measurements of 14+ *SnBy (eq 5). PhPdI(AsPj), was preformed in reaction with CH=CH—SnBu,.

situ by the reaction of Phl (2 mM) with Pgiba) (2 mM) and AsPh (4 o . )
MM). kexs €Xperimental conductivity a, «o: residual conductivity (3 Kinetics of the Transmetalation Step from [PhPda(u*-

uScmt) measured before the addition of @HCH—SnBu; (indicated by 1)2(AsPhg);] in DMF. Because the dimer [BRcb(u?-1)(As-
the arrow) to the preformed PhPdI(Ash (): conductivity of an — ppy ] 3 could be considered as a potential source of PhPdl-

oc

1
-

o

In((x -x)x )

'
-
[9,]

1 " " " " " 1 ]
0 10 20 30 40 50 60 70
t(s)

authentic sample of ISnBY2 mM) in DMF. (b) Plot of In(kw—rx)/k«) = I . .
Inx versus time#: conductivity of I" + *SnBu att, k.: final conductivity). (ASPh?)(DMF.) 2 through the equ'“b.”um in eq 6, the d'mer
IN((kro—K)/k0) = — Kobd- was synthesized by reacting Phl with®@tba) and one equiv

) ) o AsPh; in THF. THF was chosen as the solvent to facilitate the
It was first checked that, in DMF, the conductivity of the \yorkup by simple evaporation. Brown yellow crystals were
solution obtained after reaction of 15 equiv. of £+CH-SnBu isolated and submitted to X-ray analysis, which revealed the
with PhPdI(AsPB). (2 mM) (Figure 1a) resulted identicat & structure of the dimetrans{PhPdh(u?1)2(AsPhy)z] 3 (eq 7,
76 + 5 uS.cnt at 25°C) to that measured for an authentic Figure 4, Table 1}2
sample of ISnBgI(2 mM) in DMF (¢ = 75uS.cnt! at 25°C).

It has also been checked independently that€EH—SnBw Ph_ _ I~ _hsPhy
Pd

did not exhibit any conductivity in DMF. This ensured that the Pd
presence of other reactants and products (eq 5) did not alter the Ph3As/ N7 Nph ©)
kinetic measurements when monitoring the progress of reaction 3
5 by conductivity measurements. Therefore, the kinetics of DMF
reaction 5, i.e., of the overall transmetalation step could be OME. K ph-Pd-l + AsPhs
investigated extremely accurately through the measurement of ‘ AéPh3
the rate of formation of 1+ "SnBuw by conductivity measure- 2
ments.

In the presence of an excess of £&+CH—SnBuw, the Pd°dba), + AsPhy + Phl ——» @
variation of Inx versus timeX(= (ko—«)/kw); k: conductivity 2

) . ! . - 1/2 [PhyPdy(u-1)o(AsPh + 2dba

of I- + *SnBuw at t, k.. final conductivity determined in Figure Pha 2(“3 J2(AsPha)a]
1a) which characterizes the advancement of the reaction, was
linear (Fl,gure 1b). This ESt?lbIISheS a reaction ordet ffor (11) Some deviation from the linearity was observed (Figure 1b). This is due
the reactive Ph-Pdcomplex!! The observed rate constant for to a variation of the ligand concentration during the course of the reaction.

i + —1 i The exact kinetic law is given in eq 14 in the discussion part with 2.
the formation of I + *SnBuw, kops (S™!) was then determined (12) For the synthesis of related dimer pPkb(u?1),(PPh),]: see: Grushin,

from the slope of the regression line (Figure 1b), viz., #x V. V.; Alper, H. Organometallics 1993 12, 1890-1901.
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Figure 3. Influence of AsPhconcentration on the kinetics of the reaction
of CH;=CH—-SnB (20 mM) with PhPdI(AsP¥), (2 mM) in DMF at 25
°C. PhPdI(AsP¥, was preformed in situ by the reaction of Phl (2 mM)
with PdP(dba) (2 mM) andn equivs AsPl (a) conductivity measured as
in Figure 1a, withn = (—) 2; (---) 7. (b) Plot of @ — 1 + B/Cp)Inx — X
+ 1 versus time (eq 14) with = (+) 3; (@) 4; Q) 5; (x) 6; (@) 7 (x =
(ko—K)/Kkw; k: conductivity of IF + TSnBuw att; «w: final conductivity).

(c) () ks values calculated from the slope of the straight lines obtained in

Figure 3b for eachm value; (- - -) ks value calculated for the reaction of
PhPdI(AsPB)(DMF) (generated from the dimer [BPh(u2-1)2(AsPh)2])
with CH,=CH—-SnBu; (Figure 5).

To determine whether Gi4+CH—SnBy; reacts with PhPdI-
(AsPh)(DMF) or with [PhePdh(u?-1)2(AsPhy)2], the kinetics of
the reaction of [PsPcb(u2-1)2(AsPh);] 3 (1 mM) with 2 equivs
CH,=CH-SnBu in DMF was monitored by the conductivity
measurements of I+ *SnBy generated during the reaction,
as for PhPdI(AsP), (vide supra)3 Plotting 1& = kw/(ke—k)

versus time gave a straight line with an intercept equal to unity

(Figure 5) ¢: conductivity of I + TSnBw at t, x«: final
conductivity): 1k = kapd + 1, attesting a kinetic rate law

corresponding to a 1:1 reaction between two reagents present

in stoichiometric amounts.

Figure 4. X-ray structure of the dimeric complex [BPch(u?-1)2(AsPh)2]
synthesized by reacting Phl with ®dba) and AsPh (1 equiv).

Table 1. Crystallographic Data for [PhaPda(u?-1)2(AsPhs),]

molecular formula: GgHgoAs4l4Pdy
molecular weight: 2466.48
crystal habit: brownish cube
crystal dimensions (mm): 0.18 0.18 x 0.18
crystal system: monoclinic
space groupC2/c

a(A): 30.404(5)

b(A): 15.008(5)

c(A): 19.672(5)

A(°): 102.970(5)

V(A3): 8747(4)

Z 4

d(g-cnm3): 1.873

F000: 4736

u(cm™1): 3.768

maximume: 30.03

HKL ranges:i—42 42;—21 19;—-27 27
reflections measured: 22625
independent reflections: 12753
rint: 0.0357

reflections used: 8922

criterion; > 2sigmal()

refinement type: Fsqd
hydrogen atoms: riding
parameters refined: 487
reflections/parameter: 18

wR2: 0.1015

R1: 0.0402

weights a, b1: 0.0486; 0.0000
GoF: 1.014

difference peak/hole (eBk 2.250(0.152)+1.417(0.152)

Discussion

Transmetalation Step from PhPdI(AsPh)(DMF) Gener-
ated from [PhoPdx(u?-1) 2(AsPhg);] in DMF. From the kinetic
law shown in Figure 5: X/= kapg + 1, one deduces that the
reaction order in Plis clearly notl/,, which should be the
case whenever the dim8rwould be in rapid equilibrium with
its reactive monomeric speci@sPhPdI(AsPE)(DMF) (eq 6).
Indeed, for a reaction of C4+CH—SnBu with the monomeric

(13) At the end of the reaction, the final conductivity did not reach the value of
ko = 75uScm~ expected for a concentration of 2 mM of # *SnBu,

but a lower value of 4&Scm™1, although the dimer was totally converted
into styrene. We rationalized this lower conductivity by remarking that
due to the lack of AsPh(only one AsPh per palladium is available) the
P formed in the reaction could be stabilized by complexation of the
released iodide ion to afford an ionic complexX@dPh)l~.14 The intrinsic
conductance of this species is necessarily less than that of the fokee|

to the increased ionic radius. This should account for the observed smaller
value of the final conductivity. To test the effect of the complexation of
P by 1= on the conductivity value, Pgiba) (2 mM) was added to a
solution of I + *SnB (2 mM) in DMF at 25°C. The initial conductivity

of I~ + TSnBuw, x = 75uS.cn1! dropped to 63:Scm~* when Pd(dba)

was added to the cell, evidencing the complexation of the low ligatéd Pd
(dba) generated in solution in DMFby |-, to form an anionic complex
PdP(dba)l- more bulky than the free|

J. AM. CHEM. SOC. = VOL. 125, NO. 14, 2003 4215
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Scheme 4. Mechanism of the Reaction of [Ph,Pdz(u?-1)2(AsPhs),] and CH,;=CH—SnBus in DMF

Ph\

P

DMF
d/l\Pd/ASPh3 fast 2 on ;Dd |
Ph3As/ ~ “pPh |
2 AsPh,

3 Tl
rds
o k4l *27 snbug

fast
2 Ph-r’d + 21SnBuj W 2(1™+ +SnBu3)
5 AsPh,

fastl

2 Ph” + 2 Pd°L

specie® (rate constarky) involved in such an equilibrium with ~ monobridged complex in which one Pis ligated to CH=
the dimer, the rate law would be: X¥2 = ksKCot/2 + 1. The CH—-SnBy as in: [PhPdL§2-CH;=CH—SnBuw)(«*-)Pd(Ph)-
rate law: 1% = Kkapd + 1 characterizes a rate determining step IL] 6 (L = AsPh) and then a fast reaction of the latter species
involving a 1:1 reaction between two reagents present in 6 with a second C=CH—SnBu (rate constank,) to form
stoichiometric amounts. Consequently, in DMF the dirBer  two molecules of (reaction order of 1 for Cl+=CH—SnBu;
may: (i) dissociate upon dissolution to give PhPdI(AgPh  in each step). Ik, > k; so that the steady-state approximation
(DMF), which reacts with Cl=CH—SnBu; (rate constank may be applied to comple the rate law is then /= k;Cy(2

in Scheme 4) or (ii) be the reactive complex.

+ ki/kp)t + 1. This law is compatible with that found

Let us first discuss route_(ii). At Ieast_ two mechanisms may experimentally (vide supra) witkyyp, = ki(2 + ki/ko)Co. If we
be envisaged for the reaction of the din&rOn one hand, a  consider now the route (i) (Scheme 4), the concentration of the
sequential reaction of the dimer with two molecules of,€H monomer?2 is twice that of the dimer, and the rate law is

CH—SnBu, the first one giving an equilibrium displaced by  evidently identical to that observed experimentally v, =
the second one to form two molecules4adt once. This would 2k4Co.

lead to a reaction order of 2 for GHCH—SnBw. This
mechanism is ruled out because the corresponding rate Iawd
would be: 1%%2 = 8kCy%t + 1. On the other hand, a sequential
reaction of the dimeB with one molecule of Cl=CH—-SnBw;
reacting irreversibly (rate constarl) to form a iodide-

2r

15F

Km/(K -x)

05F

On the basis of the kinetic law, it is therefore impossible to
iscriminate between the dim8ror the monomeric compleX
as the reactive species involved in the reaction with-€68H—
SnBu.

To solve this conundrum, one needs therefore to assess if
upon dissolution in DMF, the dimer dissociates almost irrevers-
ibly or not. If it dissociates, then the rate law features the reaction
of the monomeric PhPdI(AsBR(DMF) with Kapp = 2kaCo. If
it does not dissociate, the experimental rate law features a
sequential attack of the dimer witkypp = ki(2 + ka/ko)Co.
Spectroscopic investigations were thus performed on solutions
of the dimer3 in DMF, a coordinating solvent as well as in
noncoordinating solvents such as Chl@hd CHCl,. The UV
spectra of the dimer [BRd(u?-1)2(AsPhs)z] 3in CHCl; or CH,-

Cl, were similar (Figure 6a). However, in DMF, a different UV
spectrum was observed with a shift of the maximum of
L absorbance of 40 nm to lower wavelengths, indicating that a

0 | I—— |
0 § 10

15 20 25 30 35 new species was generated. Moreover, the spectrum in DMF

t(s)

was not concentration dependent. Consequently, in DMFk; [Ph

Figure 5. Kinetics of the reaction of CH=CH—SnBu; (2 mM) with [Ph- Pcb(u?-1)2(AsPh),] is fully dissociatedo the monomeric spe-

Pab(u?-1)2(AsPh)z] (1 mM) in DMF at 25°C, as monitored by conductivity ; 16,17a Thi
measurements of I+ *SnBuy; formed in the reaction. Plot ofe/(ke—x) cles I.:’hP(':iI(Ast)(I.DMF) 2 (eq 8): This occurs by a fa.ls'[
= 1/x versus time & conductivity of I + *SnBy at t, x: final reaction irrespective of the fate d. In other words, in

conductivity). 1k = kCqt + 1.

chloroform the dimer3 exists as such whereas in DMF, the

4216 J. AM. CHEM. SOC. = VOL. 125, NO. 14, 2003
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(—) 2.2 mM in DMF.
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300 350

dimer3 does not exist in appreciable amount. Therefore, in DMF

one observes the reactivity of the monomeric compkx

generated upon its dissociation (eq 8).

Ph | AsPhy
Sea”” Npg”

DMF
Phsas”” N1 Npp

fast

12

3
DMF ®
I
Ph-l?d-l + AsPh3
AsPh3

2

Consequently, the kinetics observed in Figure 5 characterizes

the reactivity of PhPdI(AsR)DMF) with CH,=CH—SnBu
(Scheme 4). The rate constdnt= 15 M~1s7%, calculated from
the slope of the straight line @~ kCot + 1) is then: k = 2ky
(Scheme 4). The intrinsic reactivity of PhPdI(ASgEBDMF) with
CH,=CH-SnBuy can then be determined by this procedure.
This gives: ky = 7.5+ 0.5 M~1s71 (DMF, 25 °C).
Transmetalation Step from PhPdI(AsPh)(DMF) Gener-
ated by Dissociation of AsPh from PhPdI(AsPhs), in DMF.

(14) Itis well established that low ligated Pcbmplexes are stabilized by halide
jons to form anionic species RX~ (X = Cl, Br, I.; L = PPh) with the
order of stabilization: 1 > Br~ > Cl~. See: Amatore, C.; Azzabi, M.;
Jutand, A.J. Am. Chem. S0d.99], 113 8375-8384.

(15) Amatore, C.; Jutand, A.; Khalil, F.; M'Barki, M. A.; Mottier, lOrgano-
metallics1993 12, 3168-3178.

(16) Lo Sterzo et al. have reported the irreversible dissociation of a related dimer
into the corresponding monomer in DMF (as evidenced by the shift of 30
nm of the absorption band toward lower wavelengths explained by the
converﬁsion of the dimer to the monomer upon switching from@lkito
DMF).

Because the dimer [BRch(u?-1)2(AsPh),] does not exist in
solution in DMF (eq 8), the only equilibrium operating in DMF
when starting from PhPdI(AsB) involves PhPdI(AsPH(DMF)
(eq 9), as written in our previous paper (Schemé 3).

DMF, K~ DMF
PhPdI(AsPhz), =—= Ph-Pd-l + AsPhy ©)
AsPh;
1 2

This has been confirmed by the UV spectrum of PhPdI-
(AsPPh), in DMF (Figure 6b) which exhibited the same
absorption band at 310 nm as that observed in Figure 6a in
DMF, characteristic of PhPdI(AsRDMF) generated from the
dimer3 (eq 8)1"° Consequently, in DMF, under these conditions
only two species are prone to react with £+CH—SnBu:
PhPdI(AsPB)(DMF) or PhPdI(AsPP¥)..

According to Faring® and Espinet? although their results
apply to THF, we need to consider two limiting mechanisms
for the transmetalation step: (i) reaction of &FCH—SnBuw
with PhPdI(AsPh), 1%0 via a pentacoordinated Pdransition
state [PhPdIk(1?>-CH,—CH—SnBuw)]*" (Scheme 5, route A in
which however comple® must be taken into account because
of the partial dissociation of complein eq 9 before reaction
of 1 with CH,=CH—-SnBuw) or (ii) reaction of CH=CH—
SnBy; with PhPdI(AsPE)(DMF) 2 formed from1 by the prior
decomplexation of one ligand Asg*h(Scheme 5, route BY

Because no intermediate complex(es) could be detected by
IH NMR spectroscopy during the course of the reaction up to
the styrene formation (vide supra), neither the intermediate
complex 4 nor 5 could accumulate in significant amount
(Scheme 5). Therefore, their concentration represents at most a
few percent of the palladium concentration and they behave as
transient species obeying steady-state kinetics. This establishes

(17) (a) ThetH NMR spectrum of PhPdI(AsR{DMF) complex generated from
the dimer [PBPch(u?1)(AsPhy);] (eq 8) exhibited two broad signals (Figure
7a and Experimental Section), which are assigned to the protons of the Ph
linked to the P in PhPdI(AsPE)(DMF). In that case thg-H and m-H
could not be distinguished and no coupling detected. This may be due to
a fast exchange of the DMF ligand or to a fast isomerization of PhPdI-
(AsPhs)(DMF) complexes as suggested in eq A.

DMF Ph
Ph-éd-l — Pths—P:d-I
AsPhy DMF
2 2a

(A)

The complex in which the ligands Ph and AsRiould be in a trans position

on the P4 center is less probable because of titaasphobiad® of Ph and
AsPh; ligands. The reaction of both complex2and2a with CH,=CH—
SnBuy will generate complexes of typk in which the ligands ChH=CH—
SnBy and iodide are in a cis position in favor of an easy elimination of
ISnBus. (b) TheH NMR signals of PhPdI(AsR® in the absence of excess
AsPh; were not well resolved in DMF (Figure 7b, and the Experimental
Section). A broad signal was observed for ] and a unique broad
signal for them-H andp-H of the Ph group linked to the Pdittesting the
existence of an equilibrium involving PhPdI(AsfPh Upon addition of 6
equivs AsPhto PhPdI(AsP¥), in DMF-d;, a well resolved spectrum was
observed for PhPdI(AsRBh similar to that observed in Figure 7c, showing
that the equilibrium relating PhPdI(Asphto PhPdI(AsPE(DMF) and
AsPh; (eq 9) was then completely shifted towards PhPdI(AEPMAS
expected for the equilibrium in eq 9, the protons of the Ph group linked to
the Pd in PhPdI(AsPB), in the absence of AsRIfFigure 7b) are located
between those of PhPdI(AsR{DMF) (Figure 7a)’2and those of PhPdI-
(AsPh), observed in the presence of excess Asffigure 7c).

Vivente, J.; Arcas, A.; Bautista, D.; Jones, P.@ganometallics1997,

16, 2127-2138.

Very recently, Lo Sterzo et &bstablished that the transmetalation of BhC
C—SnBy in a Stille-type reaction in DMF may occur by the two
mechanisms postulated by Fadhand Espinet? that is involving the prior
dissociation of the ligand L (& PPh) or not. In the latter case, the related
pentacoordinated Pccomplex postulated as a transition state by Casado
and Espinéf has been characterized and demonstrated to be a true reaction
intermediaté.

(18)
(19)
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Scheme 5. Possible Mechanisms for the Formation of Styrene

from PhPdI(AsPhz), and CH,=CH—SnBus in DMF: Reaction of
CH,=CH-SnBus with Either PhPdI(AsPhs), 1 (route A)* or with
PhPdI(AsPhz)(DMF) 2 (route B)® Formed by Dissociation of One
Ligand AsPhz from 1

PhPdI(ASPhy), KL~ ool .
1 -L
' + L \\
\
+7 " SnBu, oMF ‘
! \
Ph'rd" - Route! B
2 AsPh, ;
kq PN
/\SHBU3 + = SnBu3
| 7 ®)
Ph-Pa- prermnarnene o -
; 4 AsPhy }
v v
oo lks
(
PhPd + ISNBU; —rm |~ + *
- nBu — e SnBuj
5 AsPh,
(8) lks
aun L, db:
Ph +PL 5 Pd°(dba)L,

that the rate of appearance of the + *SnBuw species is
identical to that of the generation of complexXesnd5. In other

words, the conductivity measurements reflect exactly the kinetics

experimentsk, /L then varied from 0.15 to 0.03. Consequently,
eq 10 may simplify to eq 12K/4 = K14k _4) at high L
concentration viz. for [L]> 6 mM.

K'vaks[1]ISN]  ksK'4[1][Sn]
L] + kslK4

—d[1)/dt (12)

K.4ll] + ks

Noteworthy, eq 11 (always true) and 12 (valid for [k] 6
mM) have the same mathematical structure, so that routes A
and B could not be distinguished in the basis of the observed
rate law at high L concentrations. Both laws can be expressed
as in eq 13 witho. = kK andg = K for eq 11 andx = ksK'4
andpg = ks/k' 4 for eq 12.

of1][Sn]
L] +B

—d[)idt = (13)

Due to the limiting solubility of AsPhin DMF (14 mM),
AsPh; could not be added in larger excess. Therefore, the AsPh
concentration could not be considered as being constant during
the reaction. Taking that into account, integration of eq 13
afforded eq 14 with = (k»—«)/k andn being the initial equiv
of AsPh; added to P#{dba) before the generation of PhPdI-
(AsPhy)..

a[Sn]t
Co

(n-1+pBICoIx-x+1=~- (14)

A value of 8 = 3.2 x 10~* was determined so that all unified

of the transmetalation step. The fact that the rate of formation plot of (n — 1 + B/Co)lnx — x + 1 versus time was linear

of I~ + *SnBuw obeys a first-order reaction in GHCH—SnBw;

irrespectiven (Figure 3b). These experimental kinetics thus

also confirms the hypothesis made just above, i.e., that reactionagree with eq 14. Furthermore, treating each series of experi-

7 in Scheme 5 is much faster than the formation of the
intermediate compleA.
The kinetic law for the mechanism A (Scheme 5) is given

ments corresponding to a singhevalue established also the
validity of eq 14, and afforded identical values for the individual
slopes (Figure 3b). Consequently, the experimental kinetics of

by eq 10, upon considering steady-state approximation for the transmetalation step is in agreement with the framework of

complex4 and taking into account the partial dissociation of
PhPdI(AsPP¥), to PhPdI(AsPP§)(DMF) in eq 9 (L: AsPh;
Sn: CH=CH-SnBuy).?°

" sk ]ISnIIL + K
o[Vt = d[*SnBuslidt =— d[1)dt = —— ML)
(K4[L] + ks)[L]

The factor ([L]+ KL)/[L] represents the contribution of the
partial dissociation of PhPdI(AsPghto PhPdI(AsPPH)(DMF)
(eq 9), wherek; = 3.1 x 1074 M in DMF (25 °C)38

The kinetic law for the mechanism B (Scheme 5) is given
by eq 11. ComplexX cannot obey a steady state because we
observed previously that the AsPdissociation occurred up to
ca. 32% in DMF K. = 3.1 x 10~*mol L™1).8 The mechanism
B proceeds then through a Michaelislenton type kinetic¥¢
with the rate law given in eq 14:20¢

kaKL1][SN]

d[r)/dt = d[*SnBus)/dt =— d[1}/dt =
rl [ 3] (1] 0+ K

(n

the mechanism B (Scheme 5) since eq 14 was shown to be valid
all over the range of AsRhconcentration added to PhPdI-
(AsPhy)2 (2—10 mM). This would not be the case for the
mechanism A because eq 12 is valid only for high AsPh
concentrations X6 mM). Therefore, these kinetic results
disprove the mechanism A and sustain mechanism B. Conse-
quently, 3 = 3.2+ 0.1 x 104 M (DMF, 25 °C) affords a
second determination &f_ in agreement with the value &§_

= 3.1 x 104 M (DMF, 25 °C) determined in our previous
work 2 becausgs = K| for mechanism B (see above).

An average value oft can be calculated from the average
slope of the straight lines of Figure 3b or by averaging the slopes
obtained for each values. Because = kK|, thenk, = 8.3+
0.5 M Is7L This value ofks is extremely close to that
determined from the kinetics of the transmetalation skap~
7.5 M~1s71), investigated upon starting from PhPdI(AsPh
(DMF) generated by the fast dissociation of the dirBdvide
supra and Figure 3c). Moreover, it is compatible with that
reported by Farinaky = 108 M1s™! in THF at 50 °C)
considering the change of solvent and temperature.

The kinetics of the transmetalation step has been investigated At this stage, we have thus shown experimentally that the

for added AsPhin the range 210 mM. In our series of

(20) (a) Gellene, G. 1J. Chem. Educ1995 72, 196-199. (b) Andraos, JJ.
Chem. Educl1999 76, 1578-1583. (c) Jencks W. RZatalysis in Chemistry
and EnzymologyDover, Ed., John Wiley & Sons: 1987; p 571.
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mechanism B in Scheme 5 is coherent with the kinetics of the
transmetalation step, whereas that in mechanism A is not
coherent except at large [L] values. The corresponding rate law
(eq 11, 14) is obeyed and the values of the coefficikenand
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ks determined on the basis of this rate law are fully coherent
with the values oK andk, determined independently by two
different strategies applied to different series of experiments,
since PhPdI(AsP)(DMF) could be generated in DMF either
from the dimer [PBPch(u?-1)2(AsPhy),] (eq 8) or from PhPdI-
(AsPhy)2 (eq 9)®

The same value ofK_. was determined: (i) from the
observation of the partial dissociation of PhPdI(AgRHo
PhPdI(AsPk)(DMF) in DMF (eq 9, previous work)and (ii)
from the kinetics of the transmetalation step performed from
PhPdI(AsPH), (this work). Similarly the same value &f, which
characterizes the reactivity of PhPdI(ASRPMF) with CH,=
CH—-SnBu;, has been determined (i) from the kinetics of the
reaction of CH=CH—-SnBuy with PhPdI(AsPE)(DMF) gener-
ated by the fast dissociation of the din&in DMF (this work)
and (ii) from the kinetics of the transmetalation step performed
from PhPdI(AsPE). (this work). This definitively proves that,
mechanism B alone is able to sustain kinetically a rate equal to
the one determined experimentally in DMF. This evidences that
whenever mechanism A occurs in DMF, it may only accounts
for a minor contribution in parallel with the major route B. Such
a minor contribution may actually exist and be the explanation
why ks, as determined from PhPdI(Asgh viz. ks =
M~1s71, is slightly larger (10%) tharks, as determined from
the dimer route, vizk, = 7.5 M~1s™1. However, this participa-
tion may account at maximum for 10% of the reactién.

Transmetalation from trans-PhPdI(PPhg), in DMF. The
reactivity of CHh=CH—-SnBu (50 equiv) withtransPhPdI-
(PPhy), generated in situ by the oxidative addition of Phl (1
equiv) with Pd(dba) and PPh (2 equiv}® in DMF has also
been monitored through the conductivity measurements of |

+ *SnBy because those species are formed in the cross-.

coupling reaction (eq 15).

PhPdI(PPhy), + CH,=CH-SnBu; —2W% .

(1)
Ph-CH=CH, + I + *SnBuj + Pd’(PPh;),

The reaction was found to be 670 times slower than that with
PhPdI(AsPE), at 25°C. This confirms that the higher efficiency
of AsPh; compared to that of PRhn the catalytic reaction in
DMF is due to the faster transmetalation step as initially
proposed by Farina in THF22

Equilibrium between [Ar ;Pda(u?-1) 2(AsPhs),] and ArPdl-
(PPhg)z in Chloroform. The dimer [PBPd(u?-1)2(AsPhy);] 3
exhibited in CDC} the same well resolvetH NMR spectrum

(see the Experimental Section) as that of the complex generated

from PhPdI(AsP¥), after dissociation of one AsRIFigure 5a

(21) This ratio (10%) has to be considered as the maximum relative participation
of mechanism A. Indeed, one may consider alternatively that the measure-
ments involving the dimer afforded a slightly lower valuekafthan the
true one, whenever the dimer dissociation was not irreversible enough to
afford instantly a concentration exactly double for the reactive monomer.
Thus,k = 2(1 — €)ks, wheree may not be exactly zero at initial time. This
would not be apparent in a plot such as that in Figure 5, provideds
small (=10%) but may affect correspondingly tkevalue determined from
the measured value.

(22) (a) To the best of our knowledge, the dissociation of ong; BBim PhPdI-
(PPh), has never been observed in chloroform, nor in DMF. However, in
DMF the partial ionization of PhPdI(PB)a to trans-PhPd(PP¥),(DMF)*
and I~ has been observég? A conductivity of 10uS was measured for
the solution of PhPdI(PRJ (2 mM) in DMF, before the addition of Ci+=
CH—-SnBu. Consequently, a reaction of GHCH—SnB; with the cationic
complextransPthg P$H(DMF)* is not excluded, leading to an inter-
mediatetrans-PdPdf*-CH,=CH— SnBLg)(PPh;)z complex (b) Amatore,

C.; Carfe E., Jutand, AActa Chem. Scand.998 52, 100-106.

in our previous papef)which was assigned to PhPdI(Asfrh

S8 However, one referee of this work drawn our attention to a
work (still unpublished at that time) which reported that in
CDClg, the species involving only one AsPper Pd center
could not be PhPdI(AsR)S due to the poor coordination
properties of chloroform, but the dim@i(eq 16)2% We therefore
checked (Figure 6a) that the dim@rexhibited the same UV
spectrum in CHG and in CHCI,, which is an even less
coordinating solvent. The spectrum in DMF was different (vide
supra, Figure 6a) due to the irreversible formation of PhPdI-
(AsPhy)(DMF). Consequently, the dime8 most presumably
does not dissociate in chloroform. So that the complex formed
by the partial dissociation of PhPdI(Asfhin chloroform that
we observed byH NMR® is most certainly the dime8 (Eq
16).

chloroform
PhPdI(AsPh;), ——=
2 (16)
12 - Pd + AsPh,
PhaAs ™~ / “\Ph

3

This was confirmed by the UV spectrum of PhPdI(AsBPh
in chloroform (Figure 6b), which exhibited the same absorption
band at 350 nm as that of the dimer in chloroform (Figure 6a).
The equilibrium (16) is slow compared to the time scale of the
NMR, since thin well resolved signals were observed for the
protons of the Ph attached to the'Renters in both complexes
2 and3 (Figure 5a in our previous pape).

On the basis of the spectroscopic data reported in this paper,
it appears that in chloroform PhPdI(AsfPhdissociates to form

the dimer3 (eq 16)2* whereas in DMF, it gives gives PhPdI-
(AsPhy)(DMF) (eq 9). Whatever the structure of the complex
in which the Ph-Pd' is ligated by only one AsPh i.e.,
monomer in DMF or dimer in chloroform, this evidences that
PhPd(AsPh), easily releases one ligand Asfih appreciable
amount in both sakents.

The dissociation of one AsRIin chloroform has also been
observed for g§-Z—CgHs)PdI(AsPh), complexes (Z= CI,
OMe), formed in situ by the oxidative addition pfZ—CgH4-|
to Pd(dbay and 2 equivs AsPhin CDCl; (eq 17) and
characterized byH NMR spectroscopy (experimental part).

Pd%(dba), + 2AsPh; + p-Z-CeHs-l —>
(p-Z-CgH,)PdI(AsPhy), + 2dba

(a7

chloroform
P —

(p-Z-CqH,)PdI(AsPhs),
112 [(p-Z-CqHa)2Pda(1?-1)2(ASPhy);] + AsPhg

(18)

Besides the two major thin doublets of the aromatic protons
of p-Z—CgH, of the saturated complep—CsH4)PdI(AsPh),,
two minor thin doublets were detected and assigned to the
aromatic protons gb-Z—CgHy in the dimer [p-Z—CgHa4)P bl 2-
(AsPhy);] (eq 18). They disappeared when AgRhas added
into the NMR tube. Only the two doublets of complex@s (

(23) This suggestion was further clarified through a personal communication
with Prof. P. Espinet (Poster at the ISCH 13 Meeting in Tarragona, Spain.
3—7 September 2002). Casares, J. A.; Espinet, P.; Salash&n. Eur. J.
2002 8, 4844-4853.
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Scheme 6. Mechanism of the Stille Reaction in DMF: Cross-coupling of

Phl with CH,=CH—-SnBu3; Catalyzed by Pd°(dba), Associated to

AsPhs (2 equiv.) (the steps indicated by the dashed arrows are too fast for their kinetics to be monitored here)

precursor
Pd°(dba), + 2AsPh,
- dba

J— Pd°L,
%&"5 Bu;Sn

Pd%dba)L, K, //7/ DMF (20 °C)
—dba 2 -
AN o KiKz =0.21
> PdL, Kiks = 6.6x102s™
e /z/’+ L k
. q/ )
III
! L
Ph-Pd-I
K L DMF (25 °C)
Ph-Pd A KL
| L / - -4
L -L K. =3.1x10"*M
A\ D:VIF
\
N Ph-Pd-|
- ke=75M"s"
K a= oS
(\\\ /l\/SnBu3
1SnBug "-Ph-I'Dd-l /\SnBu3
L
Z—C¢Hy)PdI(AsPh), were then detected in agreement with Conclusion

the shift of the equilibrium in Eq 18 toward its left-hand side.
The AsPHh dissociation percentage did not depend significantly
on the substituent Z investigated here (16% for2OMe and
18% for Z= CI). This is consistent with the fact that the aryl
ligand cannot exert any trans effect on the dissociation of the
AsPh ligand due to the trans structure gb-Z—CgH4)PdI-
(AsPhy),.

(24) The reactivity of the dimer [BRd:(u?1)2(AsPh);] has been investigated
in chloroform. Its reaction with 4 equivs GHCH—SnBy was first
monitored by!H NMR in CDCl; at room temperature. Styrene was formed
in a fast reaction, which thus excluded the possibility to detect any
intermediate complex(es). [FPh(u?-1)2(AsPh),] was totally converted in
that reaction. The kinetics of the reaction of jPth(u?-1)2(AsPh)] (0.5
mM) with CH;=CH—-SnBy (1 mM) in chloroform was then monitored
by UV spectroscopy at 290 nm. The plot ok Mersus time was linear:
1x = kepg + 1 (x = (D — Da)/(Dg - Dw); Do: initial absorbance, D
final absorbance, D: absorbance)atvith kapp= 0.005 st at 25°C. This
confirms that in chloroform, the dimer Is not involved in an uphill
equilibrium with a monomer (equilibrium constag} which would be the
reactive intermediate. Indeed, the rate law would then b2 & kKCot/2
+ 1 (vide supra). Consequently, the dinreacts directly with Ch=
CH—SnBu in chloroform. Again two mechanisms are possible as discussed
above for the reaction in DMF. The mechanism compatible with the kinetic
law is the one in which the dimer reacts first with one molecule op€H
CH—SnBu; to form the transient complex [PhPd{%CH,=CH—SnBu)-
(u2-1)Pd(Ph)IL] 6 (irreversible reaction with a rate constaa, which then
reacts with a second molecule of gHCH—SnBu; (rate constanky) to
form two molecules of compleA. The rate law is then 1/% k;Co(2 +
kllkz)t + 1 with kapp: k1(2 + kl/kz)Co. Then k1(2 + k1/k2) =10 M1sL,
If ko > ki, as it is most presumable, th&n= 5 M~1s~1 (CHCl,;, 25 °C).
This establishes that the dimer fPlab(u?-1)(AsPh),] is the reactive species
in chloroform whereas PdPdI(AsPDMF) is the reactive species in DMF
(vide supra). It is noteworthy that the value of the rate constaist close
to that ks = 7.5 M1s™1) determined for PhPdI(AsB{{DMF) in DMF.
The followed route does not really stem from the intrinsic reactivity of
each species but rather from their relative concentration, which is imposed
in each solvent by the ability of the dimer to dissociate or not. The reaction
of PhPdI(AsPh), with CH;=CH—SnBW was monitored by!H NMR
spectroscopy in CDGI This reaction produced styrene in quantitative yield.
Because we have shown in this work that PhPdI(AjHb involved in an
equilibrium with [PhPd(«?1),(AsPh),] (eq 18), it could have been of
interest to determine whether GHCH—SnBu; reacts with PhPdI(AsR)
or with [PhPch(u?1)2(AsPh);] in chloroform. However, because Stille
reactions are never performed in chloroform, this investigation has not been
undertaken.
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In DMF, at 25 °C, the transmetalation step of the Stille
reaction involving CH=CH—SnBu; as the nucleophile has been
found to proceed mainly via the 1:1 reaction of the tin derivative
with PhPdI(AsPk)(DMF) formed by the dissociation of one
ligand AsPh from PhPdI(AsP§),. This is in agreement with
Farina’s conclusions for the same reactants and ligand, despite
the change of experimental conditions (THF, 350). The
complex PhPdI(AsP)(DMF) is therefore the reactive species
which affords styrene following its reaction with the nucleophile
CH,=CH—-SnBuw. The same complex PhPdI(AsitDMF) is
also generated in DMF from the dimeric complex JPth(12-1) -
(AsPh),], which has been independently synthesized and
characterized by its X-ray structure. The intrinsic reactivity of
PhPdI(AsPk)(DMF) with CH;,=CH—SnBuw in DMF has been
characterized through two different kinetic routes and led to
the determination of the same rate constant= 7.5 M~1s71
(Scheme 6).

We established in a previous work that the role of AsPh
compared to PRhis to accelerate the oxidative addition by a
10-fold factor in DMF8 However, this effect is partly canceled
out in the presence of the nucleophile £+#CH—SnBuw, which
interferes in the catalytic cycle prior to the oxidative addition.
This results in a decelerating effect due to the partial complex-
ation of the reactive complex FésPhy), by CH,=CH—SnBw
to form the unreactive P¢2-CH,=CH—SnBug)(AsPhy),.8:25
Consequently, in DMF at least the mechanism of the catalytic
Stille reaction is much more complex than classically reported
(Schemes 1 and 2). This is examplified in Scheme 6, where the
rate constant¥iks,® ky and the equilibrium constants;K5,2
andK_ 2 for the ligand dissociation, have been determined in
DMF.
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Figure 7. 'H NMR (250 MHz, DMFd;, ppm vs TMS): (a) PhPdI-
(AsPh;)(DMF) from [PhPcb(u?-1)2(AsPh)z] (3 mM); (b) PhPdI(AsPE)®
(4 mM); (c) [PhPdb(u?1)2(AsPh)2] (3 mM) and AsPh (5 equivs). The
spectrum observed upon addition of AsRB equivs) to PhPdI(AsRp®
(3 mM), is identical to that in (c).

As established in this work, the greater efficiency of the Stille
reaction, when catalyzed by a Pcomplex ligated by AsPh
instead of PP§) is thus due to an easier dissociation of AsPh
from PhPdI(AsP§), in THF and DMF. Therefore, besides
establishing the central involvement of PhPdI(AgFDMF) in

a KappaCCD diffractometer at 150.0(1)K with graphite mono-
chromated Mok radiation ¢ = 0.71073 A). Crystallographic
results are summarized in Table 1. Full details of the crystal-
lographic analysis are described in the Supporting Information.
Materials. Dimethylformamide was distilled from calcium
hydride under vacuum. Tetrahydrofuran was distilled from
sodium-benzophenone. Triphenylarsine, phenyl iodide, 1-chloro-
4-iodobenzene, 1-methoxy-4-iodobenzenentbiutyl(vinyl)tin
and trin-butyltin iodide (Aldrich) were commercially available.
Pd(dba) was prepared according to a described procedfure.
General Procedure for Conductivity Measurementsln a
cell thermostated at 25C containing 15 mL DMF was added
successively 17 mg (0.03 mmol) ®dba), 18.4 mg (0.06
mmol) AsPh and 3.4uL (0.03 mmol) Phl. The residual
conductivity ko (3 uS.cnt) was measured. &7L (0.3 mmol)
CH,=CH—-Sn(n-Bu); was then added and the conductivity
recorded versus time using a computerized homemade program,
until it reached a constant final value (Figure 1a).
[PhoPdo(u?-1) 2(AsPhg),]. 100 mL of anhydrous THF was
added ¢ 1 g (1.74 mmol) of Pd(dba)0.532 g (1.74 mmol) of
AsPhy and 0.39 mL (3.48 mmol) of Phl. After 2 h, THF was
evaporated. After addition of ethyl ether, brown yellow crystals

the Stille reaction in DMF, thereby confirming Farina’s proposal were collected 0.9 g (84% vyield). Monocrystals were obtained
in THF, this work demonstrates the essential kinetic role of such by vapor diffusion from CHCIy/Et,O. Anal. Calcd for GgHao-
species on the efficiency of Stille reactions performed with As,l,Pd: C, 46.7; H, 3.3. Found: C, 46.44; H, 3.35 NMR
AsPh; ligated palladium catalysts. It is noteworthy that within (250 MHz, CDC}, TMS): 6 6.63 (t, 1H,J = 7 Hz, p-H), 6.66
the range of AsPhconcentrations investigated here, even if (t, 2H,J =7 Hz, mH), 7.10 (dd, 2HJ = 7 and 1.2 Hzp-H),

PhPdI(AsPB)(DMF) is no longer detected in thtH NMR
spectrum in the presence of the highest excess of AGHgure

7.26 (m, 6H, H of AsP¥), 7.31 (t, 9H, H of AsP¥) (addition
of AsPh into the NMR tube afforded the signals of PhPdI-

7¢), it remains the reactive complex, which is then present at a (AsPhy), already reported.

lower concentration and is at the origin of the slower trans-
metalation step®

However, when considering aryl iodides, which are highly
substituted by electron-withdrawing groups such asg@l&F-3-
I, Espinet et al. have established that ArPdI(AgPbomplexes
are the reactive species in THFThis shows that the structure
of the reactive complex (ligated by one or two L ligands) is
highly dependent on the aryl group.

Experimental Section

[PhPdI(AsPhg)(DMF)] from [PhPcb(uo—1)2(ASPhy)] (3 mM
in DMF-d7):H NMR (250 MHz, DMFd;, TMS): ¢ 6.62 (br
s, Avip = 14 Hz, 3H,p-H and m-H), 6.99 (br s,Avy, = 18
Hz, 2H,0-H), 7.43 (m, 15H, H of AsP¥) (Figure 7a). Addition
of 4 equivs AsPh per dimer leads to the formation of pure
PhPdI(AsPB), with a well-defined spectrum (vide infra and
Figure 7c).

[PhPdI(AsPhg);]® (4 mM in DMF-dy) in the absence of
AsPh;: the signals of PhPdI(AsBh are not well resolved in
DMF-d; due to its dynamic equilibrium with PhPdI(Asgh

All experiments were performed under a dry atmosphere of (DMF) and AsPh. *H NMR (250 MHz, DMFd;, TMS): 6

Argon by following conventional Schlenk techniquéld. NMR

6.47 (m, 3Hm-H andp-H), 6.83 (m, 2H,0-H), 7.43 (m, 30 H,

spectra were recorded on a Bruker spectrometer (250 or 400y of AsPhy) (Figure 7b).

MHz). Conductivity was measured on a Radiometer Analytical
CDM210 conductivity meter (cell constant 1 cnt?). Crystal-
lographic data for [PiPd(u2—1)2(AsPh),] were collected on

(25) In a real catalytic reaction where Phl is in large excess compared to the

palladium catalyst, the half-reaction time of the oxidative addition will be

considerably shorter than that (8 s) determined in the present work under

stoichiometric conditions ([PH= [Phl] = 2 mM, vide supra). For example,

for [Pd’] = 2mM and [Phl]= 80 mM, t, = 0.2 s. However, in the presence
of CH;=CH—-SnBy; (80 mM) (the highest concentration investigated in
this work) the oxidative addition will be slower than that latter, with a
half-reaction time of ca. 1s, as estimated from our previous Work.

Nevertheless, this still corresponds to a very fast reaction in comparison to

the rate of the overall catalytic reaction. Indeed, the reaction of=€H
CH-SnBy with PhPdI(AsPk), (2 mM) investigated here was found to
be slower than the oxidative addition performed under the catalytic
conditions, i.e., in the presence of &HCH—SnBu;, since the fastest
transmetalation, observed with @HCH—SnBW; (80 mM), exhibited a half-
reaction time of 9 s. These results confirm that the reaction ofF€EH—
SnBy with PhPdI(AsPE), via PhPdI(AsPE)(DMF) is the rate determining
step of the catalytic cycle also in DMF, as previously established by Rarina
in THF, via the investigation of the kinetics of the catalytic reaction.

[PhPdI(AsPhs),]® (3 mM) in the presence of 6 equivs AsPh
or generated by addition of 5 equiv. AsPto the dimer
[PhoPdh(uo-1)2(AsPh);] in DMF-d7: *H NMR (250 MHz,
DMF-d;): 6 6.37 (t, 2H,J = 7 Hz, mH), 6.46 (t, IH I =7
Hz, p-H), 6.78 (d, 2H,J = 7 Hz, 0-H), 7.42 (s, H of AsP¥)
(Figure 7c).

[(p-MeO—CgH,4)PdI(AsPhz),]. 0.5 mL of CDCE was added
to 5.8 mg (0.01 mmol) of Pd(dbaand 6 mg (0.02 mmol) of
AsPh; followed by 2.3 mg (0.01 mmol) op-MeO—CgHa-I.
IH NMR (400 MHz, CDC}): 6 2.19 (s, 3H, Ei3), 6.07 (d,
2H,J = 8.7 Hz), 6.52 (d, 2HJ) = 8.7 Hz), 7.30 (tJ = 7.5 Hz,
m-H of AsPh), 7.38 (m,p-H of AsPhy) 7.47 (m,0-H of AsPh).
TheH NMR spectrum also exhibited the signals of the dimer
[(p-MeO—CgH4)2Pd;l 2(AsPhg);] (16% dissociation)d 2.23 (s,

(26) This is an application of the steady-state approximation for a reactive moiety (27) Takahashi, Y.; Ito, Ts.; Ishii, YJ. Chem. Soc. Chem. Commur@7Q

involved in a fast equilibrium with a non reactive species.

1065-1066.
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3H, CH3), 6.72 (d, 2HJ = 9 Hz), 7.60 (d, 2HJ = 9 Hz), 7.30

(t, 3 = 7.5 Hz,mH of AsPhy), 7.38 (m,p-H of AsPh) 7.47
(m, o-H of AsPh). The signals at 2.23, 6.72 and 7.60 ppm
disappeared upon addition of AsPto afford only that of -
MeO—CgH,)PdI(AsPh), described just above.

[(p-Cl—CgH4)PdI(AsPhsz);]. 0.5 mL of CDCE was added to
5.8 mg (0.01 mmol) of Pd(dbaxnd 6 mg (0.02 mmol) of AsRh
followed by 2.4 mg (0.01 mmol) op-Cl—CgHg-I. TH NMR
(250 MHz, CDC¥): ¢ 6.30 (d, 2H,J = 8.4 Hz), 6.55 (d, 2H,
J=28.4Hz), 7.30-7.38 (m, H of AsP}), 7.40 (m, H of AsP}).
TheH NMR spectrum also exhibited the signals of the dimer
[(p-Cl—CgH4)2Pd2l 2(AsPhs),] (18% dissociation) 6 6.64 (d,
2H,J= 8.4 Hz), 6.99 (d, 2HJ) = 8.4 Hz), 7.36-7.38 (m, H of
AsPhy), 7.40 (m, H of AsPh). The signals at 6.64 and 6.99

4222 J. AM. CHEM. SOC. = VOL. 125, NO. 14, 2003

ppm disappeared upon addition of AgRt afford only that of
(p-Cl—CgH4)PdI(AsPh), described just above.
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