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Palladium-Catalyzed C—S Bond Formation: Rate and Mechanism of the
Coupling of Aryl or Vinyl Halides with a Thiol Derived from a Cysteine
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The mechanism of the palladium-catalyzed coupling reaction
of aryl or vinyl halides with a thiol derived from a protected
chiral cysteine 1 (RSH), leading to C-S bond formation, has
been investigated in the context of catalytic reactions. All
palladium complexes involved in the catalytic cycle have
been characterized, successively, as PhPdI(dppf),
PhPdI(SHR)(n!-dppf) and PhPd(SR)(dppf). The oxidative ad-
dition reaction which generates PhPdI(dppf) is followed by
the metallation of 1 whose mechanism has been investigated.
In the case of the weakly acidic cysteine 1 (RSH) studied
here, the anions RS~ are not generated in detectable concen-
trations in the reaction with the NEt; base. Even if the classi-
cal transmetallation reaction of PhPdI(dppf) by RS™, present
at a very low concentration, cannot be entirely excluded, we
propose that an alternative mechanism, complexation of the
thiol, leads to the previously unreported PhPAI(SHR)(n'-
dppf) (observed by 3'P NMR spectroscopy) after decomplex-
ation of one of the phosphorus atoms of the dppf ligand, fol-
lowed by the easier deprotonation of the coordinated RSH by

the base, which generates PhPd(SR)(dppf). A classical re-
ductive elimination reaction delivers the coupling product
PhSR. The kinetics of all the steps have been investigated
independently, one after the other, starting from Pd,(dba);
and dppf, using the initial concentrations of the reagents
used in the catalytic reaction. Under the experimental condi-
tions used in the catalytic reaction involving phenyl iodide
and NEt; as the base, the reductive elimination reaction is
the slowest step which mainly limits the rate of the catalytic
cycle up to approximately 80 % conversion. The metallation
reaction of RSH is very slow when propylene oxide was used
as the probase. The reductive elimination is the slowest step
in the cross-coupling of a vinyl iodide. Diastereoisomers of
the vinyl-PdX(dppf) (X = I, SR) complexes were observed as
a result of the atropisomerism induced by the bulkiness of
the investigated vinyl group and the chiral center present on
the vinyl or on the SR group.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2005)

Introduction

In an ongoing project towards the total synthesis of
Griseoviridin, it was planned to construct the nine-mem-
bered thiolactone by a palladium-catalyzed cross-coupling

o} -
? (o]
N
/zgk H NS
O__N
O NH
NN
OH OH Pd-Coupling

(-)-Griseoviridin
Scheme 1. Retrosynthesis of (—)-Griseoviridin.
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reaction of a vinyl iodide with a thiol derived from a D-
cysteine (Scheme 1).[1-2!

In this context, the palladium-catalyzed cross-coupling
reaction of vinyl or aryl halides with a cysteine-derived thiol

Esterification

COOH HO
— HQN—& o
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=

(D)-Cystein O~ OR

1 has been optimized (Scheme 2).['-?1 The most efficient Pd°
precursor is Pd%(dba);*CHCI; (dba = trans,trans-dibenzyli-
deneacetone) associated with the bidentate ligand dppf
[1,1'-bis(diphenylphosphanyl)ferrocene].l* !

When considered independently of each other, each step
in a catalytic cycle has its own reaction rate. But in a cata-
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Scheme 2. Pd-catalyzed cross-coupling reaction of aryl or vinyl halides with a cysteine-derived thiol 1.
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Scheme 3. Pd-catalyzed cross-coupling reacion of phenyl iodide with cysteine-derived thiol 1.

lytic cycle, these steps have the same rate because of the
steady-state requirement.[! It would, however, be of interest
to investigate the kinetics of each step in a catalytic cycle
independently of each other to determine the intrinsically
slowest reaction that mainly limits the rate of the catalytic
cycle. We report herein the mechanism of the cross-coupling
reactions shown in Scheme 2. The rate and mechanism of
each step of the catalytic cycle have been investigated sepa-
rately, one after the other, under the experimental condi-
tions used in the catalytic reactions, starting from the same
precursor, the same ligand and the same solvent.

Results and Discussion

Mechanism of the Palladium-Catalyzed Cross-Coupling
Reaction of Phenyl Iodide with the Cysteine-Derived Thiol 1

The cross-coupling reaction reported in Scheme 3[?! gives
the sulfide 2 in refluxing acetone in 79% yield in the pres-
ence of NEt; and in 47% yield in the presence of propylene
oxide. The mechanism of this catalytic reaction has been
elucidated by means of electrochemical techniques com-
bined with 'H and 3'P NMR spectroscopy performed in
acetone.

The Rate and Mechanism of the Oxidative Addition of
Phenyl Iodide to Palladium(0o) Generated from Pd,(dba);
CHCIl; and dppf (Pd/dppf = 1) in Acetone

The reaction of Pd,(dba);*CHCI; and dppf (Pd/dppf =
1) in acetone was monitored by 3'P NMR spectroscopy and
cyclic voltammetry. The air-sensitive Pd(dba)(dppf) was
quantitatively generated five minutes after mixing (as in the
reaction of Pd(dba),’® with 1 equiv. of dppf)"® and char-
acterized by two doublets: 17.7 (I P, Jpp = 9 Hz) and
20.1 ppm (1 P, Jpp = 9 Hz) (Scheme 4).17"!
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Pd%(dba), + 2dppf — 2Pd%dba)(dppf) + dba

add.ox.

PdO(dba)(dppf) + Phl —~— > PhPdi(dppf) + dba

Scheme 4.

The complex Pd®(dba)(dppf) completely disappeared af-
ter the addition of 1.1 equiv. of Phl, which led to the quan-
titative formation of PhPdI(dppf), characterized by two
doublets at 7.7 (d, Jpp = 34 Hz, 1 P) and 26.2 ppm (d, Jpp
= 34 Hz, 1 P), similar to those of an authentic sample
(Scheme 4).7®) The mechanism of the oxidative addition of
PhlI to the Pd° complex generated from Pd%(dba), and dppf
(Pd/dppf = 1) has already been established in THF.[® The
major complex Pd’(dba)(dppf) is involved in an endergonic
equilibrium with dba and the minor complex SPd%(dppf)
(S = Solvent). Both complexes are reactive in the oxidative
addition reaction, SPd°dppf) being the most reactive
(Scheme 5).[7°]

PdO%dba)(dppf) «—== SPd’(dppf) + dba
Pr\ /Dhl

Scheme 5. Oxidative addition of Phl to the Pd® complexes gener-
ated from Pd%(dba); or Pd°(dba), and dppf (Pd/dppf = 1 in both
cases).

PhPdI(dppf)

As demonstrated in earlier work,[”?! dba plays a crucial
role (Scheme 5) since the overall reactivity is controlled by
the dba concentration which differs according to the pre-
cursor employed, Pd,(dba);*CHCl; or Pd(dba),. Since our
objective is to compare the rate of each step in the context
of the experimental conditions used in the catalytic reac-
tion, the kinetics of the oxidative addition of Phl has been
re-investigated in acetone by electrochemical techniques!”?!
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by using Pd,(dba);*CHCI; as the precursor and the same
initial concentrations as in the catalytic reaction: Pd,-
(dba);*CHCI; (2 mm), dppf (4 mm) and Phl (77.3 mm).!
The complex Pd®(dba)(dppf), which was generated in ace-
tone containing nBuyNBF, (0.3 m), was characterized by an
irreversible bielectronic oxidation peak at Ep; = +0.535V
versus SCE (cyclic voltammetry at a steady gold disk elec-
trode with a scan rate of 0.5 Vs!). The kinetics of the oxi-
dative addition of PhI (77.3 mm) was monitored by ampero-
metry at a rotating gold disk electrode polarized at +0.55 V
on the plateau of the oxidation wave O;. The decrease in
the oxidation current 7, of Pd(dba)(dppf) (proportional to
its concentration) was recorded versus time after the ad-
dition of PhI up to 100% conversion. The plot of Inx versus
time was linear (Figure 1) [x = [Pd°]/[Pd°], = i/i;, with i,
the oxidation current of Pd°(dba)(dppf) at time ¢ and i, the
initial oxidation current of Pd°(dba)(dppf)]. The observed
rate constant k., °*294 for the overall oxidative addition
reaction (Scheme 4) was determined from the slope of the
straight line, Inx = —k,,°**4%¢, to be 1.3x 1073 s~! ([PhI] =
77.3 mm, [Pd°] = 4 mM, acetone, 30 °C).

-2.5
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Figure 1. Kinetics of the oxidative addition of PhI (77.3 mm) to the
Pd° complexes generated from Pd,(dba); (2 mm) and dppf (4 mm)
in acetone containing nBuyNBF, (0.3 M) at 30 °C, followed by am-
perometry at a rotating gold disk electrode (d = 2mm, o =
105 rads ") polarized at +0.55V on the plateau of the oxidation
wave of Pd’(dba)(dppf). Plot of Inx versus time [x = i/iy; i, is the
oxidation current of Pd%dba)(dppf) at time ¢ and i, is the initial
oxidation current of Pd’(dba)(dppf)]. Lnx = —kgp2¥2dds; y =
-0.0012997x, R = 0.9994.

The apparent rate constant, k,p, 4, for the overall

oxidative addition reaction was also determined and a value
of 0.017 M 's™' ([Pd°] = 4 mm, acetone, 30 °C) was ob-
tained.[3

At this level, the first step of the catalytic cycle has been
fully characterized: i) the complex formed in the oxidative
addition of PhlI to Pd,(dba);*CHCI; and dppf (Pd/dppf =
1) is PhPdI(dppf); ii) the observed rate constant for the oxi-
dative addition reaction, k,p°**4¢-, has been determined in
acetone at 30 °C for the initial Phl concentration used in
the catalytic reaction.[3"]

Eur. J. Org. Chem. 2005, 3749-3760 www.eurjoc.org

Rate and Mechanism of the Reaction between PhPdI(dppf)
and the Cysteine-Derived Thiol 1 in the Presence of NEt; in
Acetone

The transmetallation reaction between ArPdX(dppf)
complexes and thiolates R’S™, which gives ArPd(SR’)-
(dppf), has been investigated by Hartwig and co-workers
(Scheme 6).°! The thiolates R'S™ were independently syn-
thesized by reacting thiols R’SH with an appropriate base.
The kinetics of the transmetallation reaction have not been
investigated.

ArPdX(dppf) + R'ST —— ArPd(SR'){(dppf) + X

Scheme 6. Transmetallation reaction between ArPdX(dppf) com-
plexes and thiolates.

In the present case, the '"H NMR spectrum of the cyste-
ine-derived thiol 1 (RSH) in [DgJacetone was not modified
by the addition of 1 equiv. of the base NEt;. This suggests
that the thiolate of the cysteine derivative 1 could not be
generated in high concentrations by deprotonation with
NEts, as predicted by their respective pK, values.['” Even if
a classical transmetallation step between ArPdX(dppf) and
RS, generated at a very low concentration, cannot be en-
tirely excluded, a detailed investigation of the reaction re-
vealed an alternative mechanism which could by-pass the
endergonic formation of the free thiolate. This overall step,
in which the thiol is converted into the ArPd(SR)(dppf)
complex, will be denoted by the term “metallation of the
thiol” (with an overall rate constant k™) to distinguish
it from the mechanism involving the anion RS".

The mechanism of the metallation of the thiol was inves-
tigated starting from the complex PhPdI(dppf) 3 (13.3 mm),
quantitatively generated in situ in the stoichiometric oxidat-
ive addition of Phl to the Pd® complexes generated from
Pd,(dba);*CHCI; and dppf (Pd/dppf/Phl = 1:1:1, 13.3 mm
each) in [Dglacetone. Phl was used in stoichiometric
amounts to avoid any interference of the Pd® generated in
later steps. When the oxidative addition reaction was over,
NEt; (1.1 equiv.) was added to PhPdI(dppf) (3). NEt; did
not react with 3, as shown by 3'P NMR spectroscopy. Ad-
dition of the thiol 1 (1 equiv.) to the mixture of 3 and NEt;
resulted in a fast reaction (reaction time of less than
20 min). The protonated amine, HNEt;*, was observed in
the '"H NMR spectrum, indicating that the RSH 1 had been
deprotonated. In the 3'P NMR spectrum, the two doublets
arising from 3 had completely disappeared and two new
doublets were observed at 6 = 13.4 (d, Jpp = 32 Hz, 1 P)
and 23.4 ppm (d, Jpp = 32 Hz, 1 P). These were assigned
to the complex PhPd(SR)(dppf) (4), whose structure was
confirmed by '"H NMR spectroscopy (Scheme 7).

SR

|
I et
|

| N
Ph-Pd-P + HNEt;" +|

Ph-Pd-R + RSH + NEt —_—
) 3 )
P P
3 1 4

Scheme 7. Overall metallation reaction of the cysteine-derived thiol
1 in the presence of NEt; (P-P = dppf).
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Interestingly, when 25 equiv. of the cysteine-derived thiol
1 were added to PhPdI(dppf) (13.3 mm), the two doublets
from PhPdI(dppf) were still detected but two new minor
singlets of similar magnitude appeared at 6 = —17.9 and
18.7 ppm with a ratio 10:1 in favor of PhPdI(dppf). In the
presence of 50 equiv. of 1, this ratio decreased to 3.3:1. The
former singlet is close to that of the free dppf ligand (6 =
—17.6 ppm). This suggests that a reaction between
PhPdI(dppf) and the thiol 1 takes place to give in an ender-
gonic equilibrium a new complex in which one of the phos-
phorus atoms of the dppf ligand is displaced by the thiol 1,
as in complex 5 (Scheme 8). Although dppf is a bidentate
ligand, the high P-Pd-P bite angle (ca. 99°) allows the de-
complexation of one of the phosphorus atoms.

| |
Ph_p:d“p + RSH —— Ph—F’ld~S\ R
P
3 1 5

Scheme 8. Reaction between PhPdI(dppf) and the cysteine-derived
thiol 1 (RSH).

The configuration of complex 5 was not determined. In-
deed, such a complex could not be isolated because it was
generated in an endergonic equilibrium in the presence of a
large excess of RSH. Precipitation of this complex in the
absence of RSH immediately resulted in the release of RSH
by recomplexation of the relegated phosphorus atom in a
more favored intramolecular reaction. The equilibrium con-
stant K = [5)/([3][1]) (Scheme 8) was estimated from the re-
spective magnitudes of the 3'P NMR signals of complexes
3 and 5 to be 0.40+0.07 M (acetone, 25 °C)

The substitution of a more labile phosphane such as
PPh; by the cysteine-derived thiol 1 was tested with zrans-
PhPdI(PPh;), (6). The intensity of the 3'P NMR singlet of
complex 6 in acetone (0 =23.04 ppm) decreased after the
addition of 5 equiv. of the thiol 1. Two new singlets of equal
magnitude were detected, one at —5.5 ppm, characteristic of
free PPh;, and a second one at 6 = 23.30 ppm assigned to
complex 7 (Scheme 9).

PPhj PPhg

Ph—Fl'dfl + RSH =—> Ph-F||>d_| + PPhj
PPhy R-S<h
6 1 7

Scheme 9. Reaction between trans-PhPdI(PPhs), and the cysteine-
derived thiol 1.

When NEt; (1 equiv.) was added to a solution of com-
plexes 3 and 5 in equilibrium in acetone, their 3'P NMR
signals disappeared and only the two doublets arising from
4 were detected. Consequently, the metallation of the thiol
might proceed via complex 5 by deprotonation of the lig-
ated thiol with NEt;, the coordinated thiol being more
acidic that the free one (Scheme 10).

3752 © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

NEt,
|) SR
Y O H Ph-Pd-P "
Ph-Pd~S< e —I R + HNEt; |
Lo P
Scheme 10. Tentative mechanism for the formation of

PhPd(SR)(dppf) 4 (SR = thiolate derived from the cysteine 1).

Therefore, metallation of the thiol (Scheme 7) may pro-
ceed in two steps: complexation of the cysteine-derived thiol
1 by 3 (Scheme 8) followed by the easier deprotonation of
the ligated thiol (Scheme 10) to give the transmetallation
complex 4. This overall step, characterized by the rate con-
stant k™" (Scheme 7), was too fast to be monitored accu-
rately by 3'P NMR spectroscopy. The observed rate con-
stant ks ™" was thus estimated after addition of a stoi-
chiometric amount of NEt; and 1 (1 equiv. each) to a solu-
tion of 3 (13.3 mm, generated in situ by the oxidative ad-
dition of PhlI to Pd,(dba);*CHCI; and dppf (Pd/dppf/Phl =
1:1:1, 13.3 mM each) in [Dglacetone. Twenty minutes after
mixing, the two 3'P NMR doublets of the transmetallation
complex 4 were observed but not those of PhPdI(dppf). A
minimum value of the observed rate constant, kops ™t (in
s, for the overall metallation step from PhPdI(dppf)
(Scheme 7) could then be estimated:[!!&-110] f “met”
5%x1073 s7! (INEts] = [1] = 13.3 mm, acetone, 25 °C).

This kind of metallation step (complexation/deproton-
ation) is also a key step in the palladium-catalyzed cross-
coupling reaction between an aryl halide and an
aminel'?*12%! in which the amine RR’NH ligated to the Pd"!
center in ArPdXL(RR'NH) complexes is more easily de-
protonated by the base. Similarly, the easier deprotonation
of an alcohol ROH ligated to a Pd" center in ArCO-
PdXL(ROH) complexes is also proposed as a key step in
the palladium-catalyzed synthesis of ArCOOR from ArX,
CO and ROH.['2

Kinetics of Reductive Elimination from PhPd(SR)(dppf) (4)

Even if a large number of rate constants for reductive
elimination reactions have been reported,” none of them
concerns the SR group derived from 1. Moreover, in con-
trast to the present work, the rate of the reductive elimi-
nation has not been compared to the rate of the preceding
steps: the oxidative addition and transmetallation reactions
involved in the catalytic reaction.[®®l The kinetics of the re-
ductive elimination from complex 4 (Scheme 11), which
gives the cross-coupling product 2 (Scheme 3), were thus
investigated. Complex 4 was generated as above, by reacting
NEt; and 1 with PhPdI(dppf) (13.3 mm) generated in situ
from Pd,(dba); and dppf under stoichiometric conditions:
Pd/dppf/Phl/NEts/1 = 1:1:1:1:1.'31 The reductive elimi-
nation reaction was slow enough to be followed by 3!P
NMR spectroscopy by monitoring the decrease in the inten-
sity of the doublets of 4 relative to the intensity of the sing-
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let of H;PO, (85% in water) introduced into the capillary
tube as an internal standard.

SR

| kred.elim. 0

ph_||3d j ———> PhSR + Pd (dba)(dppf)
P
4 2

Scheme 11. Reductive elimination from complex 4 (P-P = dppf, SR
= deprotonated thiol 1).

The plot of Inr versus time is linear (r is the ratio of the
magnitude of one doublet of 4 to the magnitude of the sing-
let of the standard at time ¢) (Figure 2). The rate constant
for the reductive elimination reaction was determined from
the slope: Inr = —kdelims + Inry. A value of kredelim =
2.3x10%s! (acetone, 25 °C) was determined.

-0.6
-0.7
-0.8
-0.9

-1.2
-1.3
-1.4 1 1 1
1000 2000 3000 4000
Time (s)
Figure 2. Kinetics of the reductive elimination from

PhPd(SR)(dppf) (4) in acetone to give the cross-coupling product
2, as monitored by *'P NMR spectroscopy at 25 °C. Plot of Inr (r
is the ratio of the magnitude of one doublet of 4 to the magnitude
of the singlet of the internal standard) versus time. Iny = —kred-lim-¢
+ Inry; y = -0.47044 — 0.00022973x, R = 0.9814.

When the reaction was performed in [Dglacetone with
the complex 3 generated by the oxidative addition of Phl,
used in slight excess (1.5 equiv.) relative to Pd,(dba);-CHCl,
and dppf (Pd/dppf/Phl/1/NEt; = 1:1:1.5:1:1), the Pd°® com-
plex formed in the reductive elimination from complex 4
(Scheme 11) again underwent oxidative addition with the
excess Phl, as attested by the detection of the two >'P NMR
doublets arising from PhPdI(dppf). Figure 3 shows the co-
existence of 1) remaining complex PhPd(SR)(dppf) (4) that
has not yet undergone reductive elimination, ii) the complex
Pd°(dba)(dppf) recycled in the reductive elimination reac-
tion (Scheme 11) and iii) the complex PhPdI(dppf) (3) that
has been generated in the oxidative addition of excess Phl
to Pd’(dba)(dppf) and Pd°(dppf) before the reductive elimi-
nation was over. This establishes the fact that the first cata-
lytic cycle has been closed (Scheme 12) and that the second
cycle has started before the total conversion of
PhPd(SR)(dppf) in the slow reductive elimination.

Eur. J. Org. Chem. 2005, 3749-3760 WWW.eurjoc.org
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Figure 3. 3P NMR spectra (101 MHz, [Dglacetone) of (+)
PhPd(SR)(dppf) 4 (SR: thiolate derived from 1), (O) PhPdI(dppf)
3 and (x) Pd’(dba)(dppf) observed during the reductive elimination
step (almost over) from the reaction of 1 and NEt; with
PhPdI(dppf), previously generated in the oxidative addition of Phl
(in slight excess) to Pd,(dba);*CHCI; and dppf (Pd/dppf/Phl/1/
NEt; = 1:1:1.5:1:1).

Mechanism of the Cross-Coupling Reaction

A mechanism of the palladium-catalyzed cross-coupling
reaction between Phl and the cysteine-derived thiol 1 in the
presence of NEt;, which leads to 2 (Scheme 3), has been
proposed in which all the intermediate complexes have been
characterized (Scheme 12). Moreover, the kinetics of each
step have been investigated separately, one after another.
By considering the concentration of the reactive palladium
complex in each step taken independently to be the same,
we can compare the values of kop2¥299 koo™t and
kredelim- (4]l expressed in s™' and determined by using the
same initial reagent concentrations as used in the catalytic
reaction: [Phl] = 77.7 mm, [1] = 107 mM, [NEt;] = 155 mm
and [Pd’] = 4 mmP)) and thus determine which step is the
slowest.[14a-14¢] The kinetics of the oxidative addition reac-
tion were investigated by using the initial concentrations of
the catalytic reaction (vide supra). By comparing the values
of fredelim. and f . 0%2dd (23x10* and 1.3x103s,
respectively), we can assume that, when considered inde-
pendently, the reductive elimination is slower than the oxi-
dative addition for the initial Phl concentration used in the
catalytic reaction.[14-14b]

Since the metallation of 1 was fast, its kinetics were in-
vestigated under stoichiometric conditions with [1] = [NEt;]
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1/2 Pdy(dba)s + dppf

1/2 dba
Pdo(dba)(dppf)
+ dba - dba
PhSR
Pd dppf
kredem_23X1OSY Kob Oxadd—‘|3x103 -1
RsH + NEty [Phl]=77.3 mM
-
Ph_Pld_P\ 4 |?S + HNEtS _ Ph*IPd7P
4 P‘) \\:\\_,_/_/_-— - 3 IID

kobsy
HNEt; "I

NEt; 5 P

'met.” > 5x1 0—3 S—‘l

RSH = cysteine derivative 1
[NEts] =[1] = 13.3 mM

Scheme 12. Mechanism of the palladium-catalyzed cross-coupling reaction between phenyl iodide and the cysteine-derived thiol 1 in

acetone (Scheme 3). kop tdd-o

[3] = [4] = 13.3 mMm.

- was determined for [Pd]

= 13.3 mM, that is, with concentrations lower than the ini-
tial ones used in the catalytic reaction (vide supra).l?! Con-
sequently, the value of the observed rate constant, kgp, ™"
will be much higher than the minimum value of 5% 103 s
estimated in this work, when considering the initial reagent
concentrations used in the catalytic reaction.[!1b-14¢]

Therefore, from the values of the observed rate constants
for the oxidative addition (kyp2¥?44 = 1.3x1073s71), the
metallation (kqps ™" > 5x1073 s7!) and the reductive eli-
mination (kd-eim- = 23x10%s!) reactions determined in
this work, and with the concentration of the active palla-
dium complex the same in each independent step, one ob-
serves that for the reagent concentrations given in
Scheme 12 and those used in the catalytic reaction, the re-
ductive elimination reaction is the slowest step that mainly
controls the rate of the catalytic cycle.

However, the step that determines the rate of the catalytic
cycle may change as the catalytic reaction proceeds. Indeed,
since the PhI concentration decreases during the catalytic
reaction, the oxidative addition reaction may become
slower than the reductive elimination reaction whose intrin-
sic rate does not depend on the reagent concentrations but
only on the concentration of 4.1441 The intrinsic rates of the
reductive elimination and the oxidative addition reactions,
taken independently, are similar at 82% conversion under
the experimental conditions of the catalytic reaction.!'4d]
Beyond this, the rate of the catalytic cycle will be controlled
by the oxidative addition reaction.

Having obtained the values of the rate constants for the
reductive elimination (determined above), the oxidative ad-
dition!®¥ and the metallation steps,[''l the concentration
profiles of the reagents, products and catalytic species have

3754 © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

= 4 mM. For the metallation and reductive elimination steps investigated separately,

been simulated by means of the AnaCin2000 program using
the initial concentrations of Phl, NEt;, RSH 1 and Pd° em-
ployed in the catalytic reactions, (Figure 4a, see ref.['] for
the simulated kinetic scheme).

Zooming in on the low concentration range (0-0.005 M)
reveals the concentration profiles of the catalytic species as
the catalytic reaction proceeds (Figure 4b). Complexes 3
and 5 are hardly detected indicating that they are present
at concentrations of less than 10# M because they are in-
volved in the fast steps (complexation and deprotonation,
respectively), as predicted from our experimental results.
Two main catalytic species are observed in reasonable con-
centrations. One of them is the complex PhPd(SR)(dppf)
(4) which is the major complex up to about 82 % conversion
(t = 95000 s in Figures 4a and 4b), which is indeed consis-
tent with the reductive elimination reaction controlling the
rate of the catalytic reaction up to this stage. The second
observable catalytic species is the Pd® complex
Pd°(dba)(dppf) whose concentration is less than that of 4
up to 82% conversion (¢ = 95000 s in Figure 4b). It then
becomes the major complex, which means that the oxidative
addition reaction becomes rate-limiting at the very end of
the catalytic reaction. This simulation is in agreement with
our above proposal. An induction period is observed for
the formation of the coupling product 2 at the very begin-
ning of the catalytic reaction (# < 1000 s) (enlargement of
Figure 4a, not shown), which is consistent with the accumu-
lation of complex 4 that occurs in a slow reductive elimi-
nation reaction. We also observe that the protonated amine
HNEt;*, which is generated in a faster deprotonation step,
is produced before the coupling product 2 at the very begin-
ning of the reaction (Figure 4a).
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Figure 4. a) Simulation of the concentration profiles of the reagents, products and catalytic species in the catalytic reaction (Scheme 3)
against time using the initial concentrations of PhI (77.7 mm), NEt; (155 mm), RSH 2 (107 mm) and Pd® (4 mm) of the catalytic reaction
and the rate constants determined in this work in acetone at 25 °C.['3! b) Concentration profiles of the catalytic species obtained from
Figure 4a in the concentration range 0-5 mm (the concentration profiles of the reagents and products have been withdrawn for more

clarity).

The oxidative addition reaction may also limit the rate
of the catalytic cycle if a less reactive reagent such as PhBr
is used. Indeed, the *'P NMR spectrum resulting from the
addition of PhBr (1equiv.) to a mixture of Pd,(dba)s:
CHClI; (6.6 mMm) and dppf (Pd/dppf = 1:1) in [DgJacetone at
room temperature showed, after 17 h, just the two doublets
of the unreactive Pd%(dba)(dppf). Additional doublets
which would have characterized PhPdBr(dppf) were not de-
tected. This result is in agreement with the fact that the
catalytic cross-coupling reaction between PhBr and the cys-
teine-derived thiol 1 did not occur under the experimental
conditions used for the reaction with PhI”! because the oxi-
dative addition of PhBr was too slow.

Rate and Mechanism of the Reaction between PhPdI(dppf)
and the Cysteine-Derived Thiol 1 in the Presence of
Propylene Oxide in Acetone

As reported already, the catalytic cross-coupling reaction
between PhI and the cysteine-derived thiol 1 (Scheme 3)
was also performed in the presence of propylene oxide as
the probase instead of NEt;. The catalytic reaction was
however less efficient.”) Propylene oxide (10 equiv.) and the

(KN :
¥ L
'y
PhAFl’d!/S-\< H>
LR
\_p

5

|
———— PhPdP

thiol 1 (5 equiv.) were added to the complex 3 (13.3 mm)
generated in situ by reacting Phl with Pd,(dba);*CHCI; and
dppf (Pd/dppf/PhI = 1:1:1) in [Dglacetone. The formation
of 4, followed by 3'P NMR spectroscopy, was extremely
slow, much slower than in the presence of NEt; and the
thiol 1, even when used in lower concentrations (1 equiv.
each) as described above. To be able to deprotonate com-
plexes 5, the propylene oxide must be opened by a nucleo-
phile, I being the only one available (Scheme 13). In ace-
tone, a poorly dissociative solvent, the dissociation of I
must be an endergonic process; this is why the metallation
of 1 was so slow. It was indeed accelerated when the reac-
tion was performed in the presence of 10 equiv. of I" intro-
duced as nBuyNI.

Mechanism of the Palladium-Catalyzed Cross Coupling
Reaction of Vinyl Iodides with Cysteine-Derived 1

It has been established by some of us that the cross-coup-
ling reaction of the vinyl iodide 8 with the cysteine-derived
thiol 1 was efficient when performed in NMP at 70 °C with
NEt; as the base (Scheme 14). No coupling product was
obtained in refluxing acetone.”!

+L(+r

|
P OH

4

Scheme 13. Tentative mechanism for the metallation of the thiol 1 induced by a probase.
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Scheme 14. Palladium-catalyzed coupling reaction of the vinyl iodide 8 with the cysteine-derived thiol 1.

The mechanism of this cross-coupling reaction was inves-
tigated in acetone at 25 °C in an effort to understand why
it did not occur in this solvent. When the vinyl iodide 8
(1 equiv.) was added to the complex Pd°(dba)(dppf)
(13.3 mm) generated in a solution of Pd,(dba);-CHCl; and
dppf (Pd/dppf = 1), a slow oxidative addition reaction took
place.l'¢!71 The two 3'P NMR doublets characteristic of
Pd°(dba)(dppf) (vide supra) totally disappeared only after
120 min. Two new sets of two doublets of equal magnitude
were then observed, characterizing two different vinyl-palla-
dium(1) complexes that formed in equal amounts: one set
at 9.1 (d, Jpp = 31 Hz, 0.5 P) and 27.4 ppm (d, Jpp = 31 Hz,
0.5 P) and the other one at 9.4 (d, Jpp = 31 Hz, 0.5 P) and
28.0 ppm (d, Jpp = 31 Hz, 0.5 P). The two complexes have
the same Jpp coupling constant, suggesting two dia-
stereomeric complexes, 9 and 10 (Scheme 15).

In the case of the bulky vinyl iodide 8, the rotation
around the C—Pd axis is restricted as a result of steric hin-
drance, which generates atropisomeric enantiomers at the

palladium center. As the vinyl moieties have a chiral group,
two diastereoisomers are formed, as observed by Elsevier
and co-workers!'®! with n!-allenyl complexes cis-[Me-
C(Et)=C=CH-PdBr(PPhs),].['

By addition of NEt; (5 equiv.) and the thiol derived from
the enantiomerically pure cysteine 1 (5 equiv.) to the solu-
tion containing complexes 9 and 10 (13.3 mMm) in acetone, a
reaction took place since the two sets of two doublets
started to disappear although at different rates. This is fur-
ther evidence of the diastereoisomeric character of com-
plexes 9 and 10. The diastereoisomer characterized by the
two doublets at 9.1 and 27.4 ppm was the most reactive
one.?” Neither of them was detected after 60 min. Instead,
two new sets of two doublets of equal magnitude with the
same Jpp coupling constant were detected, one at 6 = 14.8
(d, J = 32 Hz, 0.5 P) and 25.6 ppm (d, / = 32 Hz, 0.5 P),
the second at 6 = 15.0 (d, J = 32 Hz, 0.5 P) and 25.9 ppm
(d, J =32 Hz, 0.5 P). They characterize the transmetallation
complexes 11 and 12 which are also diastereomeric com-

N /TN

P/””’Pd“\\\P L\
EtOOC d
OMOM ~, g COOEt

COOEt -dba ‘ |

B
Pd%dba)(dppf) + X +
Acetone
|
8 MOMO' MOMO
P,R-9 M,R-10

Scheme 15. Formation of diastereoisomers in the oxidative addition reaction of the chiral vinyl iodide 8.

7N TN

N /N

P//Il,, ‘\\\\P P”I"'P ‘\\\\P |:’////,, ‘\\\\P P//I/,, .\\\\P
EtOOC COOEt d
| \I I/ EtOOC ~y SR R S( COOEt
’ 1, NEt3
B ————
Acetone
+ R = +
MOMO MOMO MOMO MOMO
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Scheme 16. Formation of diastereomeric complexes 11 and 12 (P-P = dppf).

3756 © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

www.eurjoc.org Eur. J. Org. Chem. 2005, 3749-3760



Palladium-Catalyzed C-S Bond Formation

FULL PAPER

plexes (Scheme 16). These complexes were very stable (¢ >
15 h) and no reductive elimination took place in acetone at
room temperature.!!9%19¢]

From this qualitative study, one can assume that under
our experimental conditions oxidative addition and metal-
lation of the thiol took place in acetone at 25 °C, whereas
the reductive elimination reaction did not, which is of the
reason for the low efficiency of the catalytic reaction in ace-
tone. Reductive elimination reactions from vinyl-palladium
complexes are usually faster than those from aryl-palladium
complexes.”®2!l The reverse situation was observed in this
work. This is probably due to the COOEt group which sta-
bilizes complexes 11 and 12 by steric hindrance, as observed
in ortho-substituted diaryl-nickel complexes,*?! and by its
electron-withdrawing properties which disfavor the re-
ductive elimination reaction.??!

Conclusions

The mechanism of the palladium-catalyzed cross-coup-
ling reaction of aryl or vinyl halides with a cysteine-derived
thiol 1 (RSH) has been established by the characterization
of all the palladium complexes involved in the catalytic cy-
cle, namely, Pd°(dba)(dppf), R'PdI(dppf), R'PdI(SHR)(n!-
dppf) and R’PdI(SR)(dppf) (R’ = aryl or vinyl). The kin-
etics of the oxidative addition, metallation and reductive
elimination reactions in which they are involved, have been
investigated, each step considered independently of each
other, using the initial reagent concentrations used in the
catalytic reaction. The classic transmetallation of
R’PdI(dppf) by RS, even if generated in very low concen-
trations, cannot entirely be excluded. However the detection
of the complex PhPdI(SHR)(n'-dppf) leads us to propose
an alternative mechanism. The metallation of the thiol pro-
ceeds in two steps: reversible complexation of the thiol to
form PhPdI(SHR)(n'-dppf) after decomplexation of one of
the phosphorus atoms of the dppf ligand (Scheme 12) fol-
lowed by the easier deprotonation of the ligated RSH by
the base or the probase. This alternative mechanism would
take place with weakly acidic thiols, for which the forma-
tion of RS™ is very endergonic.

As far as phenyl iodide is concerned, and in conditions
similar to those of the catalytic cycle (same solvent: ace-
tone; same catalytic precursor: Pd,(dba);*CHCI; and dppf;
same base: NEt;; and similar initial reagent concentra-
tions), it has been established from the kinetic data that
the reductive elimination reaction is intrinsically the slowest
step (Scheme 12) up to 82% conversion. When propylene
oxide is used as the probase, the metallation of the thiol
becomes the slowest step which can be accelerated upon
addition of iodide ions.

The cross-coupling reaction of PhBr performed under
the same experimental conditions failed.”” It has been es-
tablished in this work that the oxidative addition reaction
is very slow. The cross-coupling reaction of the vinyl iodide
8 with RSH 1 did not occur in acetone.”) The mechanistic
study performed in acetone shows that the oxidative ad-
dition and metallation of 1 proceeded more slowly with a
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vinyl iodide than with an aryl iodide when investigated in-
dependently using similar reagent concentrations. The re-
ductive elimination from vinyl-Pd(SR)(dppf) did not pro-
ceed at all at room temperature. Interestingly, diastereoiso-
meric complexes vinyl-PdX(dppf) (X = I, SR) were formed
owing to the atropisomerism induced by the bulkiness of
the investigated vinyl group and its chirality or that of the
SR group.

Experimental Section

All experiments were performed using standard Schlenk techniques
under argon. The 3'P NMR spectra were recorded in degassed
[Dglacetone with a Bruker spectrometer (101 MHz) (Avance 250)
using H;PO, as an external reference; the 'H NMR spectra were
recorded with a Bruker spectrometer (250 MHz). Cyclic voltamme-
try and amperometry were performed with a home-made po-
tentiostat and a wave-form generator GSTP4 (Radiometer analyti-
cal). The current was recorded with a Nicolet 301 oscilloscope.

Materials: Phenyl iodide, phenyl bromide and triethylamine were
obtained commercially and used after filtration through alumina.
Propylene oxide and dppf were obtained commercially and used as
received. The cysteine-derived thiol 1,2/ the vinyl iodide 8,
Pd,(dba);*CHCI5?3 and PhPdI(PPh;)?* were synthesized as re-
ported in literature.

General Procedure for Determining the Kinetics of the Oxidative Ad-
dition Reaction of Phl as Monitored by Amperometry: Experiments
were carried out in a three-electrode thermostatted cell connected
to a Schlenk line. The counter electrode was a platinum wire with
an apparent surface area of about 1 cm?; the reference was a satu-
rated calomel electrode (Radiometer Analytical) separated from the
solution by a bridge (3 mL) filled with a 0.3 M nBuyNBF, solution
in acetone. Degassed acetone (15 mL) containing 0.3 M nBuyNBF,
was poured into the cell. Pd,(dba);*CHCl; (31 mg, 30 pmol, 2 mm)
was then introduced into the cell followed by dppf (32 mg, 60 umol,
4 mm). The kinetic measurements were performed at a rotating gold
disk electrode (d = 2 mm, inserted into a Teflon holder, EDI 65109,
Radiometer Analytical) with an angular velocity of 105 rads ' (Ra-
diometer Analytical controvit). The rotating electrode was polar-
ized at +0.55V on the plateau of the oxidation wave of
Pd°(dba)(dppf). Phenyl iodide (130 pL, 1.16 mmol) was then added
to the cell and the decrease in the oxidation current was recorded
versus time up to 100% conversion.

General Procedure for the Oxidative Addition Reaction, as Moni-
tored by 3'P NMR Spectroscopy: dppf (5.5 mg, 0.01 mmol) was
added to a solution of Pd,dba;CHCl; (5.2 mg, 0.005 mmol) in de-
gassed [DgJacetone (0.75 mL). The 3'P NMR spectrum exhibited
the two doublets of Pd’(dba)(dppf).[’® PhI (1.2 uL, 0.011 mmol)
was then introduced and the 3'P NMR spectrum exclusively exhib-
ited the two doublets of PhPdI(dppf) (3)[® which was generated in
quantitative yield.

The experiments involving PhBr or the vinylic iodide 8 were per-
formed similarly using the concentrations reported earlier in the
text.

General Procedure for the Metallation of the Thiol 1, as Monitored
by 3'P NMR Spectroscopy: NEt; (1.4 puL, 0.01 mmol) was added to
PhPdI(dppf) (3, 0.01 mmol) generated as above. 3'P NMR spectra
were recorded at different times and indicated that no reaction oc-
curred. The cysteine-derived thiol 1 (2.4 pL, 0.01 mmol) was then
added and again 3'P NMR spectra were recorded at different times.
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The first spectrum recorded after 20 min exhibited the two doublets
of PhPd(SR)(dppf) (4) whose structure was confirmed by 'H NMR
spectroscopy. In another experiment, propylene oxide was used in-
stead of NEts.

The experiments involving the complexes 11 and 12 generated from
the vinylic iodide 8 were performed similarly using NEt; and 1 in
concentrations reported earlier in the text.

Procedure for the Detection of the Intermediate Complex
PhPdI(RSH)(n!-dppf) (5) by 3P NMR Spectroscopy: Cysteine-de-
rived thiol 1 (60 pL, 0.25 mmol) was added twice to a solution of
PhPdI(dppf) (3) generated after addition of PhlI (1.2 puL,
0.011 mmol) to a solution of Pd(dba)(dppf), which was formed in
situ by reacting Pd,dbas;*CHCI; (5.2 mg, 0.005 mmol) and dppf
(5.5mg, 0.01 mmol) in degassed [DgJacetone (0.75mL). A 3'P
NMR spectrum was recorded after each addition of 1.

General Procedure for the Kinetics of the Reductive Elimination Re-
action as Monitored by 3P NMR Spectroscopy in Acetone: Once
the complex PhPd(SR)(dppf) (4, 13.3 mm) had been generated in
the “transmetallation” step as described above, 3'P NMR spectra
were recorded at different times after the introduction of H3PO,
(85% in water), as internal standard, into a capillary tube until 4
totally disappeared. The evolution of the magnitude of one doublet
of 4 (at 13.4 ppm) was compared to the magnitude of the singlet
of H3PO,.

Characterization of the Palladium Complexes involved in the Cata-
Iytic Cycle: The complexes generated in all the steps of the catalytic
reaction were characterized in situ. Indeed, our objective was to
investigate the kinetics of each step, one step after the other, to fit
the experimental conditions of the catalytic reaction and to take
into account all the components of the catalytic reaction (e.g., dba
which is present in every step because it is delivered by the precur-
sor Pd,(dba);). However, some complexes could not be isolated: 4
(undergoing a reductive elimination at 25 °C) and 5 (generated at
a low concentration in an endergonic equilibrium) (vide infra).

[Pd(Ph,P{(CsH,),Fe)} PPh,)(Ph)(I)] (3): Complex 3 observed in situ
was identical to an authentic sample:[’®! '"H NMR (250 MHz, [Dg]-
acetone): 0 = 3.72 (“d”, J = 1.5 Hz, 2 H, Cp), 4.27 (m, 2 H, Cp),
4.61 (m, 2 H, Cp), 4.82 (“d”, J = 1.5Hz, 2 H, Cp), 6.38 (m, 1 H,
p-H of Ph), 6.46 (“t”, J = 7Hz, 2 H, m-H of Ph), 6.93 (dd, J = 8§,
Jpu = 8 Hz, 2 H, 0-H of Ph), 7.20-7.26 (m, 4 H, H of PPh,), 7.42—
7.45 (m, 4 H, H of PPh,), 7.55-7.56 (m, 8 H, H of PPh,), 8.10—
8.20 (m, 4 H, H of PPh,) ppm. *'P NMR (101 MHz, [D¢Jacetone):
0=177(d,J=34Hz 1 P), 262 (d, J =34 Hz, 1 P) ppm.

[Pd(Ph,P{(CsH,),Fe}PPh,){SCH,CH(NHBoc)(COOE®)}(Ph)] (4):
Complex 4 was observed in situ. It could not be isolated as a pure
compound because it underwent spontaneous reductive elimination
at 25°C. '"H NMR (250 MHz, [Dg]acetone): 6 = 1.28 (t, J = 7 Hz,
3H), 1.4 (s,9 H), 333 (dd, J = 14, J = 7.7Hz, 1 H), 3.47 (dd, J
=14,J=5Hz 1 H), 3.72 (~d, J = 1.5Hz, 2 H), 4.10 (m, 2 H),
4.27 (m, 2 H), 4.61 (m, 2 H), 4.82 (~d, J = 1.5Hz, 2 H), 6.38 (m,
1 H), 6.46 (~t, J = 7Hz, 2 H), 6.93 (dd, J = 8, Jpg = 8 Hz, 2 H),
7.20-7.26 (m, 4 H), 7.42-7.45 (m, 4 H), 7.55-7.56 (m, 8 H), 8.10-
8.20 (m, 4 H) ppm. 3'P NMR (101 MHz, [DgJacetone): 6 = 13.4 (d,
J =31Hz, 1 P), 234 (d, / = 31 Hz, 1 P) ppm. The protonated
triethylamine HNEt;* was also observed: 'TH NMR (250 MHz, [Dg]
acetone): 0 = 1.28 (t, J = 7Hz, 3 H), 2.96 (q, J = 7 Hz, 2 H) ppm.

[Pd(n'-Ph,P{(CsH,),Fe}PPh,){HSCH,CH(NHBoc)(COOEL)}-
(Ph)(D)] (5): Complex 5 could not be isolated because it was gener-
ated in an endergonic equilibrium with HSCH,CH(NHBoc)-
(COOEV). It was therefore observed in situ. 3'P NMR (101 MHz,
[DgJacetone): 5 = -17.9 (s, 1P), 18.7 (s, 1P) ppm. Its '"H NMR sig-
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nals could not be observed because 5 was generated in the presence
of a large excess (25 or 50 equiv.) of HSCH,CH(NHBoc)(COOEY)
thus saturating the "H NMR spectrum.

[Pd(Ph,P{(CsH,),Fe}PPh,){C(COOEt)CHC,H;(OMOM)(CH3)}-
(D] (9 and 10): '"H NMR (250 MHz, [Dglacetone) the signals se-
lected here are those that show that two diastereoisomers were
formed: 6 = 1.06 (d, J = 6.2 Hz, 1.5 H, Me(6)), 1.15 (d, J = 6.1 Hz,
1.5 H, Me(6)), 3.23 (s, 1.5 H, Me(MOM)), 3.36 (s, 1.5 H, Me-
(MOM)), 4.08 (br. s, 2 H), 4.24 (br. s, 2 H), 4.31 (br. s, 2 H), 4.70
(br. s, 2 H), 6.10-6.20 (m, 1 H, C=CH), 7.20-7.27 (m, 4 H), 7.52—
7.60 (m, 12 H), 8.07-8.20 (m, 4 H) ppm. 3'P NMR (101 MHz, [Dg]-
acetone): 0 = 9.1 (d, J = 31 Hz, 0.5 P), 27.4 (d, J = 31 Hz, 0.5 P),
9.4 (d, J =31Hz 0.5 P), 28.0 (d, J = 31 Hz, 0.5 P) ppm.

[Pd(Ph,P{(CsH,),Fe}PPh,){SCH,CH(NHBoc)(COOELt)}-
{C(COOEt)CHC,H;(OMOM)(CH3)}] (11 and 12): 'H NMR
(250 MHz, [Dglacetone) the signals selected here are those that
show that two diastereoisomers were formed: 6 = 3.25 (s, 1.5 H,
Me(MOM)), 3.37 (s, 1.5 H, Me(MOM))ppm. 3'P NMR
(101 MHz, [Dglacetone): 0 = 14.8 (d, J = 32 Hz, 0.5 P), 25.6 (d, J
=32Hz 0.5P), 15.0 (d, J = 32 Hz, 0.5 P), 25.9 (d, J = 32 Hz, 0.5
P) ppm.
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