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11.2.3 Pd(0) and Pd(II) Complexes
Containing Phosphorus and Other Group
15 Atom Ligands

DANIELE CHOUEIRY and EI-ICHI NEGISHI

A. TYPES OF PALLADIUM-PHOSPHORUS COMPLEXES AND
SOME REPRESENTATIVE PALLADIUM-PHOSPHORUS COMPLEXES
OF SYNTHETIC SIGNIFICANCE

The Pd—P bonded complexes may contain phosphines (i.e., PRj3), phosphites [i.e.,
P(OR);], and/or other trivalent phosphorus compounds with C, H, N, and other het-
eroatom substituents. However, by far the most important Pd—P complexes from organic
synthetic viewpoints are those containing triorganylphosphines, and they will mainly be
considered in this section. Those Pd-P complexes that contain chiral ligands are dis-
cussed later in Sect. IL.7. Phosphorus compounds may be mono-, bi-, and multidentate
compounds containing one or more phosphorus atoms. Both monodentate and bidentate
phosphines and some related phosphites have been shown to be synthetically important,
but the use of tridentate and more highly multidentate phosphorus compounds is still very
rare. Some representative Pd—phosphine complexes containing monodentate and biden-
tate phosphines of synthetic significance are listed in Tables 1 and 2, respectively. Some
other achiral phosphines and phosphites that have been incorporated mainly in situ into
Pd complexes are listed in Table 3.

B. PREPARATION AND IN SITU GENERATION
OF PALLADIUM-PHOSPHORUS COMPLEXES

The majority of the Pd—P complexes listed in Tables 1 and 2 are commercially available.
For various reasons, however, it may be useful to prepare them or know how they are pre-
pared. For example, Pd(PPh;), is relatively unstable to oxygen. So, in some cases, one
may prefer preparing and using it before its degradation. In general, Pd—P compounds
may be either prepared as isolable and storable compound or generated in situ in the reac-
tion system.

Although metallic palladium is the source of Pd for essentially all Pd compounds,
Pd(Il) salts containing halogens and/or oxygen ligands, such as PdCl,, M,PdCl,

Handbook of Organopalladium Chemistry for Organic Synthesis, Edited by Ei-ichi Negishi
ISBN 0-471-31506-0 © 2002 John Wiley & Sons, Inc.

47



48 I  Pd-COMPOUNDS: STOICHIOMETRIC PREPARATION

TABLE 1. Some Synthetically Significant and Well-Characterized Palladium—Phosphine
Complexes Containing Achiral Monodentate Phosphines

Carbon Commercial References
Number Pd—Phosphine Complex Availability for Preparation
12 Cl,Pd(PEt;), + [1]
16 CL,Pd(PPhMe,), + 2]
24 LPd[P(Bu-n);], - [3]
Cl,Pd(TFP),* - [4]
26 Cl,Pd(PPh,Me), + [5]
36 Pd(PCy;), + [6]
C1,Pd(PPhs), + [7]
Br,Pd(PPh;), + [8]
LPd(PPh;), - (8]
Cl,Pd(PCys;), + [9]
40 (AcO),Pd(PPh3), + [10]
42 CL,Pd(TTP),* + [11]
52 Pd(PPh,Me), + [6]
72 Pd(PPh;), + [12]

“TFP = Tris(2-furyl)phosphine. TTP = Tris(o-tolyl)phosphine

(M =Li, Na, K), and Pd(OAc),, generally serve as immediate precursors to Pd—P com-
plexes (Protocol 1, Scheme 1). In some cases, these halogen- and oxygen-containing Pd
complexes are converted first to Pd complexes containing carbon and other types of ligands,
such as Pd(dba), and Cl,Pd(PhCN),, which may then be converted to Pd—P complexes
(Protocol 2, Scheme 1). It should also be noted that even some phosphorus-containing

TABLE 2. Some Synthetically Significant and Well-Characterized Palladium-Phosphine
Complexes Containing Achiral Bidentate Phosphines

Cabon Commercial References
Number Pd—Phosphine Complex Availability for Preparation
26 C1,Pd(Ph,PCH,CH,PPh,)“ + [13]
Br,Pd(Ph,PCH,CH,PPh,)" - [14]
28 Cl,Pd[Ph,P(CH,),PPh,]¢ - [16]
34 Cl,Pd(Ph,PCpFeCpPPh,)* + [17]
42 CL,Pd(Ph,PC,H,,PPh,)’ - [18]
52 Pd(Ph,PCH,CH,PPh,),* + [19]
“ Cl,Pd(dppe).
b Br,Pd(dppe).
¢ CL,Pd(dppp)-
4 CLPd(dppb).
¢ CL,Pd(dppf).

/ Transphos =

Ph21|3—CH2 ©@
ClPd @
Ph,P—CH, @

¢ Pd(dppe),.
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TABLE 3. Some Achiral Phosphines and Phosphites Incorporated in Synthetically Useful
Palladium-Phosphorus Complexes

Carbon Acronym or Commercial References
Number Pd-P Complex Abbreviation Availability for Preparation
Phosphines
15 (i-Pr),P(CH,);P(Pr-i), dippp — [20]
16 (i-Pr),P(CH,),P(Pr-i), dippb - [21]
17 Ph,PCH,CH,NMe;X - [22]
18 Ph,P DPMSPP + [23]
SOzH
P ) 3 TMSPP + [24]
SOs;H
Phosphites
3 P(OMe), + [25]
6 P(OEt), + [26]
O
Pé 0}_]3t TMPP - [27]
(¢}
9 P(OPr-i); + [28]
18 P(OPh), + [29]

42 P‘(O Q—‘—) + [30]
3

complexes [e.g., C1,Pd(PPhs;), and Pd(PPhj;),] as well as various organopalladium complexes
[e.g., PhCH,Pd(PPhj;),Cl] can serve as precursors to Pd—P complexes.

More specifically, Pd(IT)—phosphine complexes of the Cl,Pd(II)(PRj), type, such as
CL,Pd(II)(PPh,),,/"! and even those containing bidentate ligands, such as CL,Pd(II)(dppp),'™
can be most conveniently prepared from M,Pd(I)Cl, and Cl,Pd(II)(PhCN), according to
the general equations shown in Scheme 2. The direct use of PdCl, can be complicated by its
low solubility in most organic solvents, while M,PdCl, and CI,Pd(PhCN), are soluble in
various organic solvents, such as THF and MeOH. The preparation of Pd(0)-phosphine
complexes of the Pd(0)(PR5), type, such as Pd(0)(PPh;),,"*!! and the related complexes con-
taining bidentate phosphines, such as Pd(dppe),,****3! can be most conveniently achieved
using Pd(0)(dba), and related Pd(0)—dba complexes.?* Alternatively, Pd(II) complexes,
such as PdCl, and M,PdCl,, may be used as Pd sources in conjunction with external reduc-
ing agents, such as hydrazine hydrite!'?! and n-BuLi,"*! as indicated by several methods for
the preparation of Pd(PPh;), shown in Scheme 3, which are readily adaptable to the synthe-
sis of others represented by Pd(0)(PRj),.

Many different kinds of reducing agents can be used for reducing Pd(II) compounds to
Pd(0) compounds. It is, however, advisable to choose reagents that do not produce unde-
sirable by-products. The use of external reducing agents is desirable in cases where Pd—P
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\
/

Pd(OAc),

Protocol 2

RCN
PdCl, —> [CI,Pd(RCN),

phosphine

Pd—P complexes

Pd—P complexes

db reducing agent,
M,PdCl, 2 Pd(dba), if needed
M =Li, Na, OR K
Scheme 1
, 2 PR,
Li,Pd(IDCl4 — > CLPAID(PR3); | + 2LiCl
2 PR,
CLPA(II)(PhCN), —— | CLPAUD(PR3) | + 2PheN
Scheme 2
4 PPh,
Pd(0)(dba), > | Pd(0)(PPh3)s | + 2dba
[31]
4—5 PPhs, 4 N,Hy, 2H,0, Me,SO
PdCl, » | PA(O)(PPh3)4 | + NyHsCl + Ny
[12]
. 2 n-BuLi, 4 PPhy
Li,PdCly - Pd(0)(PPh3)4 | + 4LiCl
[36]
l 2 PPh;
2 n-BuLi, 2 PPhj
Cl,Pd(PPh3), - Pd(0)(PPhs3)4 | + 2LiCl
[35]

Scheme 3
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complexes are to be prepared and isolated. On the other hand, in cases where Pd-P com-
plexes are to be generated in sifu as catalysts, external reagents are often unnecessary,
since a wide variety of organic compounds including olefins, alcohols, amines, phos-
phines, organometals, metal hydrides, and CO are capable of the required reduction.
Some representative examples of such reduction reactions are shown in Scheme 4, and
they are further discussed in detail in later parts.

C. SELECTION OF STRUCTURAL PARAMETERS

Selection of a Pd-P complex as a catalyst for a given desired synthetic transformation
may still be largely an empirical matter. Even so, it is useful to be familiar with some
general trends and guidelines for finding optimal structural parameters, such as the oxida-
tion state of Pd, types and structures of ligands, and electron counts.

C.i. Pd(II) Versus Pd(0)

Some Pd-catalyzed reactions, such as cross-coupling and the Heck reaction, are thought
to be initiated by Pd(0) complexes, while the others, such as the Wacker oxidation, are
thought to be initiated by Pd(II) species. And yet, most of the Pd-catalyzed reactions in-
volve at least a pair of redox processes. In such cases, the catalytic cycles involve both
Pd(0) and Pd(II) species, and, in principle, catalysis may be initiated by either Pd(0) or
Pd(I) complexes of appropriate structures. Coupled with the ease with which Pd(II)
compounds are reduced to Pd(0), as shown in Scheme 4, selection of Pd catalysts of the
appropriate oxidation state is in most cases a relatively insignificant matter. Thus, for ex-
ample, both Pd-catalyzed cross-coupling and the Heck reaction have been performed
with either Pd(0) or Pd(IT) complexes. In cases where Pd(0) complexes are desired as
initiating catalytic species, reduction of Pd(II) precatalysts is effected by one or more of
the reactants, added ligands, and solvents, even though some such processes might be
rather sluggish. Consequently, no external reducing agents may be needed. On the other
hand, in cases where the desired catalytic cycle is to be initiated by Pd(I) complexes, as
in the Wacker oxidation, Pd(0) complexes generated as products of the desired transfor-
mation or added as precatalysts must usually be oxidized back to Pd(II) species by exter-
nal oxidants. Such processes are usually stoichiometric in oxidants. Selection of oxi-
dants is discussed extensively in later parts (Parts V, VI, and VIII, in particular).

C.ii. Type and Structure of Phosphorus Ligands

Triphenylphosphine appears to be by far the least expensive phosphine at present. For a
combination of reasons, it is also one of the most effective ligands. For example, the ef-
fects of phosphines on the ease of reductive elimination from R,Pd(PR;), are summarized
in Table 4.11 The results indicate that the efficiency of phosphines decreases in this or-
der: PPh; > PPh,Me > PPhMe, > PEt;. Although not fully clarified, the order may be in-
versely proportional to their basicity and/or proportional to their steric requirements. The
comparative significance of basicity may be indicated by a higher level of efficiency ob-
served with P(2-furyl);!** in some cross-coupling reactions./*’"3!1 Probably for the same
reason, trialkylphosphines are much less effective in Pd-catalyzed cross-coupling.

In general, Pd(0) complexes display their nucleophilic or basic properties more
strongly than their electrophilic properties, whereas the opposite is generally true with
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:0OH,
Wacker oxidation®") ( OH
H,0
PdCl, + H,C=CH, —> H,C=CH; ——> Hzcl‘K?H + HCl
Cl—Pd H
Cl—IIDd
Cl

OH
|
H,C=CH — CH;CHO + Pd(0) + HCI
Cl—Pd—H
Oxidation of alcoholsP81-401

f.l e

PdCl, + R,C—OH — R,C—0 —— R,C=0 + Pd(0) + HCI

Oxidation of amines™!

H Hy PdCl,

| +
R,C—NR} + PdCl, —» R,CTNR! —» R,C=NRICI™ + Pd(0) + HCI

Oxidation of phosphines!*?)
Pd(OAc), + BusP —>  Pd(0) + BuzPO + Ac,0

Oxidation of COW3H44
HOR 0

PdCl, + CO + HOR —> CLPCO —> CIPd—C—OR + HCl

(0]
HOR

—— S)—PQC—OR —— > CO(OR); + Pd(0) + HCI

ROH
Scheme 4

TABLE 4. Effects of Phosphines and Organolithiums on the Reductive Elimination Reaction

of R%Pd(PR})ZHS]
Yield of R'—R' from R'Li (%)
PhLi (E)-t-BuCH—CHLi -BuC=CLi MeLi
pK, of

CLPA(PR), RR, th 3 1h  3h  1h 3h Ih  3h
CLPA(PEty), 8.65 8 9 <2 <2 <2 <2 <2 <2
CLPd(PPhMe,), 650 32 37 8 85 <5 <5 <5 <5
CLPd(PPh,Me),  4.65 63 66 95 95 <5 <5 15 40
Cl,Pd(PPhs;), 2.71 >95 >95 >95 >95 >95 >95 >95 >95
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Pd(II) complexes. On this basis, any process involving Pd(0) complexes may be facili-
tated by highly basic phosphines and that involving Pd(I[) complexes by phosphines of
low basicity. However, most catalytic cycles involve both Pd(0) and Pd(II) complexes. So,
the overall outcome depends on a combination of factors of which the rate-determining
step and its location in the catalytic cycle must be most critical. For example, the relative
rates of oxidative addition of aryl halides decrease in the order: Arl > ArBr > ArCl. In
general, it has been difficult to use aryl chlorides in a synthetically useful manner, and the
sluggish oxidative addition of aryl chlorides tends to make it the rate-determining step in
most of their reactions. In such cases, strongly basic trialkylphosphines might be ex-
pected to be more effective than triarylphosphines. As a matter of fact, PCy;P?53 and
P(¢-Bu);"*! have been found to be very effective in promoting the Suzuki cross-coupling
reaction of aryl chlorides and arylboronic acids. It is believed that both their electron rich-
ness and steric bulk are responsible for the observed reactivity. Similarly, their biphenyl
analogs [i.e., 2-dicyclohexylphosphino and 2-di(#-butyl)phosphinobiphenyl] were found
to lead to highly active catalysts for the room-temperature amination and Suzuki coupling
of aryl chlorides. Finally, recent papers report the successful use of P(+-Bu); for the
Heck3! and Stille®® couplings of aryl chlorides.

Bidentate phosphines have been shown to be very effective in many Pd-catalyzed reac-
tions including cross-coupling. The most conspicuous feature of bidentate ligands is that
they are restricted to occupy two coordination sites that are either cis or frans (in most
cases cis) to each other. Another is greater thermal stability of Pd complexes containing
then due to their bidentate nature. As reductive coupling of two ligands must require that
they be cis to each other at the critical moment of coupling, the configurational rigidity
that bidentate ligands impart to their Pd complexes has some profound effects on reductive
elimination. In general, Pd-catalyzed reactions involving reductive eliminations, such as
cross-coupling,['”M57! are significantly facilitated by bidentate phosphines, such as dppp!'”
and dppf.['7"381 Some others, such as dppe!'” and dppb,!'”! are generally less effective in
Pd-catalyzed cross-coupling, suggesting that bite angle®7"M5% and some other intricate
factors might be responsible for differentiating these structurally related phosphines. It was
observed that both the selectivity and the rate of cross-coupling increase with increas-
ing bite angle and reach an optimal value for dppf and DPEphos [2,2'-bis-
(diphenylphosphino)diphenylether].™ Larger bite angles result in a decreased selectivity
and activity. Palladium complexes with dppf ligands were also found to greatly improve
reactions such as the direct a-aryltion of ketones,®”! the amination of aryl halides, '+ as
well as the cross-coupling of arl chlorides with arylzincs.[*M®* The rigid structure of
Transphos!'® is such that the two P atoms can only be trans to each other. The two carbon
groups in its square planar diorganyl derivatives must therefore be also trans to each other.
Consequently, no reductive elimination has been observed with them!'®! (Scheme 5). A re-
cent paper reports, however, that in contrast to the stability of Pd(Transphos)(R),, the
Pd(Transphos)(R)(SR) complexes undergo facile reductive elimination./® This unexpected
observation is most likely the result of partial dissociation followed by reductive elimina-
tion from a three-coordinate species or isomerization to the cis complex, which is then ex-
pected in view of its large bite angle to undergo fast reductive elimination. Another poten-
tially significant bidentate phosphine is dippp,”?” which has been shown to be effective in
converting chlorobenzene to benzoic acid derivatives via carbonylation (Scheme 6).

Another important development is the preparation and use of water-soluble phos-
phines, such as TMSPP,?* DPMSPP,?! and Ph,PCH,CH,NMe;X (X = halogen).[*!
These water-soluble phosphines not only facilitate the separation of these ligands and
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Ph,P @ Ph,P
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/Pd _— Pd

“l_~O <

Transphos

Scheme 5

Pd(OAc),

dippp
Cl + CO + n-BuOH — COOBu-n
NaOAc

5 atm, 150 °C 89%
Scheme 6

their Pd complexes from organic products but also permit the use of Pd—phosphine cata-
lysts under aqueous conditions.

Phosphites have not thus far been used as frequently as phosphines. Their generally
lower o basicity and higher 7 acidity reltive to phosphines are expected to find some syn-
thetically useful applications. In this respect, a recent paper®*” reporting the use of various
phosphites, in particular [2,4-(+-Bu),C¢H;0];P, in the Heck rection of aryl bromides and
even some aryl chlorides is noteworthy. The use of a mixture of phosphines and phos-
phites, especially in the form of bidentate ligands containing both classes of P groups, is
yet another largely unexplored possibility.

C.iii. Electron Count

In most cases, Pd—P complexes added to the reaction system serve as precatalysts, which
must be first converted to active catalysts. For example, oxidative addition of iodobenzene
with Pd(PPh;), to give PhPd(PPh;),I must first convert coordinatively saturated 18-electron
Pd(PPh;), into coordinatively unsaturated Pd species. It is known to dissociate in solution
into 16-electron Pd(PPhs); and even 14-electron Pd(PPhs),. A recent study claims 12-
electron Pd(PPh;) as an active species in oxidative addition.[6M71 And yet, establishment of
14- and 12-electron species as active catalysts have been difficult. Despite the fact that some
14-electron Pd(PR;), containing very bulky phosphines have been prepared and identified
as such,®® there does not appear to be any report on the detection and characterization of
genuine 14-electron Pd(PPh;),. One attempt at its generation has led to the generation of
16-electron LiCIPd(PPhs), and 18-electron Li,CL,Pd(PPh;),**! (Scheme 7). A later detailed
study has demonstrated the involvement of 16-electron CIPd(PPhs),” and 18-electron
C1,Pd(PPh;),>" as active species in oxidative addition.[®! In view of the 18- and 16-electron
rule, it is reasonable to expect the difficulties encountered in detecting and characteriz-
ing genuine 14- and 12-electron species with ordinary ligands. This does not, however,
rule out the involvement of such low electron count species as transient species in catalytic
cycles. While this issue will continue to be controversial, what is synthetically important is
the recognition that certain Pd complexes effectively act as low electron count species.
Thus, in the oxidative addition of iodobenzene with Pd(PPhs),, the Pd complex effectively
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PPh,

PPh;
(0]
SR
O
(0]

2 RLi )
Cl,Pd(PPh3), — LiCIPd(PPh3); ——> I_Pd(PPh3)2

0
Phl
PhPd(PPh;),I

Scheme 7

acts as 14-electron Pd(PPh;), irrespective of the precise mechanism. Thus, two of the four
PPh; ligands must be displaced. Furthermore, Pd—phosphine species in many Pd-catalyzed
reactions appear to remain as Pd—bisphosphine complexes. In this sense, only two mole-
cules of PPh; in Pd(PPhs), appear to be required in such reactions, and the other two may
be unnecessary. This has indeed been the case in some Pd-catalyzed cross-coupling, as dis-
cussed in Part III. On the other hand, in some other reactions, Pd(PPh;), has been shown
to be superior to Pd(PPhs), derivatives, as exemplified by the results shown in Scheme 8.7

Ph Ph Ph
- Catalyst — -
/ / COOH ———> — (0] + \ (0]
MeCN P (@) o
Ph I Ph p
Catalyst I(%) II (%)
Cl,Pd(PhCN), 50 44
Cl,Pd(PPhs), 27 10
Pd(PPh3), 83 6

Scheme 8
C.iv. Other Parameters

There can be various other synthetically important variations of Pd—P complexes. One is
the use of chiral phosphines (Sect. IL.7). Another is that of immobilized Pd—P complexes
including polymer-bound Pd-P complexes (Sect. I1.8). These topics are discussed in later
sections indicated in parentheses.

D. PALLADIUM COMPLEXES CONTAINING NITROGEN
AND ARSENIC LIGANDS

Although phosphines and phosphites are by far the most commonly used ligands for pal-
ladium, nitrogen- or arsenic-containing compounds having different electronic properties
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can also serve as ligands, which can in many instances be significantly superior to the
phosphorus-containing ligands.

D.i. Pd-N Complexes

Palladium will form complexes with the great majority of organic compounds containing
nitrogen donor atoms. Some representative Pd—N complexes containing mono- and
bidentate nitrogen ligands are summarized in Table 5.

Among these complexes, Cl,Pd(MeCN), and Cl,Pd(PhCN), are probably the most
useful from a synthetic point of view due to their high solubility in organic solvents and
the ease of displacement of the RCN (R = Me, Ph) ligands, which often makes them the
starting point of the generation of other Pd complexes (vide supra). These two complexes
are commercially available but can be simply prepared by heating PdCl, in the correspon-
ding nitrile. Another important monodentate complex is (BF,),Pd(MeCN),, which serves
as a catalyst for olefin isomerization and polymerization.®"!

All of the complexes of Table 5§ are Pd(I) complexes. Pd(0) complexes, such as
Pd(0)(Ph-BIAN), can be isolated as their dimethylfumarate or fumaronitrile com-
plexes.?]

TABLE 5. Some Synthetically Significant and Well-Characterized Palladium-Nitrogen
Complexes Containing Achiral Monodentate and Bidentate Nitrogen Ligands

Carbon Commercial References
Number Pd-N Complex Availability for
Preparation
MONODENTATE
0 Cl,Pd(NH5), + [72]
4 CLPd(MeCN), + [73]
8 (BF,),Pd(MeCN), + [74]
14 Cl,Pd(PhCN), + [75]
Br,Pd(PhCN), + [76]
16 (OAc),Pd(NEt;), - [10]
BIDENTATE
2 Cl,Pd(H,NCH,CH,NH,)*“ + [77]
6 Cl,Pd(Me,NCH,CH,NMe,)” + [78]
10 CL,Pd(NC,,HgN)* + [79]
12 CLPA(NC,HN)? + [79]
“Cl,Pd(en).
bCl,Pd(tmeda).
CLPd(bipy).
4C1,Pd(phen).

¢CL,Pd(Ph-BIAN). -

W
Ph-BIAN = ’

Ph

X =z
bipy = || |

b NS
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Pd-N complexes are usually prepared similarly to Pd—P complexes from PdCl,,
M,PdCl,; (M = Li, Na, K), Cl,Pd(PhCN),, Pd(OAc),, or Pd(dba),. They can also be con-
veniently generated in situ from Pd(OAc),’®* or Pd(dba),3*® and the corresponding
ligand.

Although Pd-N complexes sometimes have catalytic activities that are comparable to
that of the Pd—P complexes,®+87 they often lead to significantly different reactivity pro-
files as exemplified by the Pd-catalyzed regioselective carbonylation®! (Scheme 9) or the
selective activation of a switchable bisnucleophile®® (Scheme 10). Other examples can
be found in the catalytic hydrogenation of alkenes,®! or the carbacyclization of
enynes, as well as in cross-coupling!®+°!1°21 and allylic substitution reactions.®?!

Br A Pd cat. Br X
| + RIRINH ———> |
Z Co z NR!R?
N

N Br
(0]
+
O
R’R'N | N
z NR!R?
(0]

Entry R'R’NH Catalyst Mono:Bis Isolated Yield
1 PhNH, CL,Pd(PPh;), 75:25 55%
2 4-CIPhNH, CL,Pd(PPh,), 75:25 40%
3 PhNH, Pd(OAc),/bipy 98:2 82%
4 4-CIPhNH, Pd(OAc),/bipy 98:2 72%

Scheme 9
Pd cat. (a) z Pd cat. (b) V4
—_—

>N
<
=~

Y SHR3
+
__ (0),4
V/_ N\ Pdcat. (b) Z Pdcat. @) 2
—_—
Y Sl’lR3 Y
OX

Pd cat. (a) = Cl,Pd(MeCN),; Cl,Pd(bipy)
Pd cat. (b) = Pd(PPh3),

Scheme 10
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Tridentate nitrogen ligands have also been used, and an exceptional m'-allyl palladium
complex containing terpy (2,2":6’,2"-terpyridine) has been obtained as a result of the
strong tendency of terpy to maintain tridentate coordination.®*

Although no attempt has been made to systematize the role of N-ligands as has been
done for P-ligands, their effects are both electronic and steric in nature. For instance, rate
acceleration has been observed with the good donor ligands (e.g., bipy and Ar-BIAN) in
some processes where oxidative addition appears to be the rate-determining step.®"! Espe-
cially interesting is the rigidity of the phen and Ar-BIAN ligands, which impedes partial
dissociation and forces cis chelation particularly favorable to reductive elimination.
Moreover, with bipy, phen, and Ar-BIAN, the steric bulk around the Pd reactive center
can easily be modified by the addition of substituents.

Although still sporadic, it appears from the recent literature that the use of N-ligands is
becoming more and more frequent and is very likely to be greatly expanding in the
future.

The use of mixed phosphorus/nitrogen (P/N thereafter) bidendate ligands is another pos-
sibility that has already proved to be of great synthetic significance. Recent reports illustrate
the use of an iminophosphine ligand in the Stille cross-coupling of aryl iodides with
alkynyltributyltin compounds,® and in the Pd-catalyzed carbostannylation of alkynes.[*®! In
both cases, the Pd(0)-iminophosphine catalyst was superior to the corresponding phosphine
complexes and a novel mechanism of action involving an oxidative addition into the C—Sn
bond has been implicated.”” On the other hand, an aminophosphine ligand was found to
lead to a very highly reactive catalyst for the Suzuki coupling reaction and for the amination
of unactivated aryl chlorides.”® Finally, 2-pyridyldiphenylphosphines® and 2-pyrim-
idylphosphines!'%! are excellent ligands for the Pd-catalyzed carbonylation of alkynes. In
this case, X-ray analyses have identified cationic four-membered chelates intermediates
based on P/N complexation, (BF,),Pd(P/N),, which are relevant in the catalytic cycle.!'%

D.ii. As Ligands

Pd-As complexes have been known for several decades. Table 6 lists some Pd—arsine
complexes of both mono- and bidentate arsines.

Pd(AsPh;), was actually described in 1957,1'%1 but the first report on the use of a Pd—As
complex was with Cl,Pd(AsPh;), that was found to enhance the rate of carbonylation

TABLE 6. Some Synthetically Significant and Well-Characterized Palladium Complexes of
Achiral Monodentate and Bidentate Arsine Ligands

Cabon Commercial References
Number Pd-As Complex Availability for Preparation

MONODENTATE

6 Cl,Pd(AsMe;), - [1]

36 Cl,Pd(AsPh;), - [7]

40 (AcO),Pd(AsPh;), - [10]

72 Pd(AsPh;), - [101]
BIDENTATE

26 Cl,Pd(Ph,AsCH,CH,AsPh,) - [14]

30 CL,Pd[o-C¢H,(AsPH,),] - [102]
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reactions.'% Later, the use of (AcO),Pd(AsPh,), in cycloisomerization reactions was
reported.!'%4

It is, however, only in 1991 that Farina and Krishnan demonstrated in a very interesting
and extensive study the superiority of the arsine ligands over the corresponding phosphine
ligands in the Stille cross-coupling reaction of olefinic*®! stannanes with various elec-
trophiles, for which rate accelerations as large as 10° were observed in some cases. Beyond
the obvious synthetic interest, this finding shed some light on the mechanism of the Stille
cross-coupling of olefinic stannanes. Indeed, a kinetic study provided evidence that the rate-
determining transmetallation step!'” proceeds via ligand dissociation and formation of
Pd—stannane double bond 7-complex. The soft AsPh; ligand is both thermodynamically and
kineticlly more labile than PPh; and thus facilitates the formation of such an intermediate. It
is worth noting that, unlike PPh;, the excess of AsPh; ligands was found to have essentially
no inhibitory effect on the coupling rate, compensating the fact that a Pd:L stoichiometry of
1:4 seems necessary for optimum yields in the case of this less stable catalyst.[*8)

The rate-accelerating effect of AsPh; was also observed in the coupling of arylstan-
nanes with vinyl and aryl triflates, solving the reportedly difficult vinyl-aryl and
aryl-aryl couplings.['%+197] [n this case, however, the similar ligand effect observed with
tetrabutyltin suggests that no prior complexation with the stannane is necessary to justify
the results.['”! A recent mechanistic study on the Stille coupling between perhalophenyl
iodide and vinyl- or 4-anisyltributyltin (RSnBus;) using AsPh; as a ligand (L) strongly
questions a mechanism initiated by a dissociation of L and provides instead evidence for
an associative L-for-R transmetallation step leading to a T-shaped three-coordinate cis-
(PdR'R2L) from which irreversible reductive elimination must be fast.[1%%]

Regardless of the mechanistic interpretation, the Pd/AsPh; system has recently been
extensively used. This has had a great impact on the development of the Stille reaction
and other Pd-catalyzed processes. Indeed, this catalytic system has in many instances
been found to give superior results to the corresponding phosphine analog. Moreover, it
has made possible some reactions for which phosphine ligands have failed to work.['%!

No arsine ligands besides AsPh; have so far been investigated. The Pd—AsPh; complex
is usually generated in situ from commercially available AsPh; in conjunction with a vari-
ety of Pd(0) or Pd(Il) sources such as Pd(dba),,!''%!11 Pd,(dba),,[ 123 pd/C 14
Pd(OAc),,!"'* PdCl,,!'! or C1,Pd(PhCN),.!!13!

E. SUMMARY: A PROTOCOL FOR THE SELECTION OF Pd COMPLEXES
AND LIGANDS

E.i. Why Homogeneous Pd Complexes?

Metallic Pd and many of the Pd salts are polymeric and are often not readily soluble in
organic and inorganic solvents with some notable exceptions, such as Li,PdCl,, which is
readily soluble in THF and other organic solvents. Phosphorus and other neutral ligands
containing groups 14-16 elements have been used to generate monomeric and oligomeric
Pd complexes that can readily be dissolved in various solvents. Of these, those that con-
tain P, especially phosphines, have been by far the most widely observed and used.

Aside from the solubility issue mentioned above, the relative order of “intrinsic”
reactivity of Pd-containing species may be generalized as follows: monoatomic Pd va-
por and cationic (and possibly anionic) Pd ions > coordinatively unsaturated
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monomeric and oligomeric homogeneous Pd complexes > polymeric Pd metal and re-
lated species. However, monomeric (or even oligomeric) Pd vapor is a short-lived
species that are readily converted to much less reactive polymeric Pd metal. Its life
may be prolonged in the form of a cation (or perhaps an anion). Such metal cations
have indeed been generated and shown to be of extremely high “intrinsic” reactivity.
Their generation and reactions have thus far been observed only in mass spectrom-
eters.

Polymeric Pd is a rather inert and hence precious metal that can be and has been acti-
vated and used in a limited number of reactions, such as hydrogenation and oxidation, of-
ten under rather forcing conditions. Conversion of polymeric Pd metal into homogeneous
complexes usually via inorganic Pd salts (Subsect. B) then represents a reasonable com-
promise leading to the generation of soluble Pd species of varying degrees of reactivity.

E.ii. Selection of Homogeneous Pd Complexes.

This has been one of the most crucial and yet often difficult tasks in more demanding
cases of the Pd-catalyzed organic synthesis. One of the relatively easy aspects is the
choice of the starting Pd compounds. In most cases, Pd(II) compounds, such as (a)
PdCl, and related halides, (b) Pd(OAc),, (c) M,PdCl, (M = Li, Na, and K), and (d)
some neutral ligand-containing derivatives of (a)—(c), such as PdC1,(RCN),, as well as
Pd(0) compounds, most notably Pd(dba),, Pd(dba);, and their other congeners have
been used often interchangeably as precursors to those Pd complexes containing the
desired ligands, as discussed in Subsect. B.

Also relatively straightforward is the choice between Pd(II) and Pd(0) complexes. Very
few, if any, Pd-catalyzed reactions are catalyzed exclusively by Pd(0) complexes through-
out an entire catalytic cycle. There are a limited but increasing number of reactions that
must be exclusively catalyzed by Pd(II) complexes, where reduction of Pd(II) complexes
to Pd(0) species is detrimental and is to be avoided.™®'] In such cases, Pd(II) rather than
Pd(0) must obviously be chosen.

In most cases, however, the catalytic cycles must involve both Pd(II) and Pd(0)
species, although even Pd(IV) species may also be involved in some cases (Sect. I1.4). As
long as both Pd(II) and Pd(0) species are involved in a catalytic cycle, appropriately lig-
ated Pd complexes can enter the catalytic cycle as either Pd(II) or Pd(0) species. As dis-
cussed in Subsect. B, a wide variety of reagents present in the reaction mixtures includ-
ing reactants, auxiliary reagents, such as amines, alcohols, carbon monoxide, and solvents
have been shown to reduce Pd(II) compounds. Although generally less facile and hence
more limited, Pd(0)-to-Pd(II) oxidation can also be achieved by various reagents present
in the reaction mixtures. In some cases, however, deliberate reduction or oxidation by
some external reagents added specifically for this purpose has been desirable or even re-
quired as in the Wacker oxidation.

E.iii. Selection of Ligands.

The most crucial and perhaps most difficult aspect in the selection of homogeneous Pd
complexes is that of choosing the optimal ligand. This is also a rapidly evolving topic of
the organopalladium chemistry. In most of the demanding cases, it is not easy to pick and
specify the most optimal ligand for each case. It is nonetheless reasonable to initially con-
sider phosphines and follow the selection protocol presented below.



11.2.3  Pd(0) AND Pd(1I) COMPLEXES CONTAINING PHOSPHORUS 61

Step 1: Using PPh;, optimize both Pd complex structures and reaction conditions.

Unless known otherwise, PPh; may be chosen first, since it is one of the least expen-
sive commercially available phosphines and since it has been shown to be generally ef-
fective and widely applicable. After all, roughly half, if not more, of the currently known
Pd-catalyzed reactions of interest in organic synthesis appear to involve the use of PPh;.

In cases where the reactants contain changeable parameters, such as (i) metal counter
cations and (ii) halogen and other leaving groups, as in the Pd-catalyzed cross-coupling
discussed in Part III, these parameters should be first optimized. There are usually only a
few to ten or a dozen options with respect to these parameters, and only one to a few of
them are worth serious considerations.

Next, the structure and method of generation of Pd-PPh; complex may be optimized by
varying readily changeable parameters including (iii) PPhs-to-Pd ratio and attendant elec-
tron count (Subsect. C.iii), (iv) Pd(I) vs. Pd(0) discussed above, (v) method of genera-
tions including the use of external reagents, such as n-BuLi and DIBAH (Subsect. B), (vi)
solvents including generally favorable THF and DMEF, (vii) added promoters and co-
catalysts, such as ZnCl,, ZnBr,, LiCl, NaOH, NaOAc, K;PO,, Ag,CO;, H,O, Et;N, and
other amines, and so on, and (viii) other reaction conditions including concentration, order
of addition, temperature, pressure, and time.

Step 2: Find the optimal phosphine among those that are currently known.

In cases where the optimization of reaction parameters mentioned in Step I using PPhs
either is known not to give or does not actually give satisfactory results, the use of other
phosphines may then be considered. Since many dozens of phosphines are currently
known, the scope of this optimization process is significantly more extensive than that in
Step 1. Moreover, it is still a largely empirical and time-consuming process. Even so,
some useful generalizations and guidelines based on the currently available data may be
exploited to facilitate the optimization process. Even in the absence of prior knowledge
and experiences consultation with Tables 1-3 (Subsect. A) may lead to reasonable lists
of ten or so known phosphines each, such as that shown below.

It is useful to recall the following basic guidelines presented in Sect. 1.2 for further
narrowing down the list of phosphines for optimization. First, Pd(0) complexes are gener-
ally more nucleophilic than electrophilic, while the opposite is generally true with Pd(II)

Monodentate Phosphines Bidentate Phosphines
PPh; (Reference phosphine) dppe
P(Bu-1); dppp
PCy, dppb
P(Tol-0); or TTP dppf
TFP dippp
DPEphos

complexes. So, if either observed or anticipated difficulty is thought to lie in an oxidative
step, namely Pd(0)-to-Pd(Il) transformation, electron-rich phosphines, such as P(Bu-f);,
PCys, and dippp, should be seriously considered. On the other hand, reductive processes
may be promoted through the use of phosphines of lower basicity, such as TFP. In reality,
however, most of the Pd-catalyzed processes involve both oxidative and reductive steps. It
is therefore important to have some mechanistic insights and reasonable notions as to
where the rate-determining step might be.
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Second, various steric factors including bite angles are often critically important, but it
appears unwise to try to dissect steric factors in one or even two dimensions, as they are
undoubtedly multifaceted. For example, some sterically hindered phosphines including
P(Bu-t);, PCy;, P(Tol-0);, and dippp have been shown to be useful in various Pd-cat-
alyzed reactions. It is conceivable that their ability to lead to the formation of Pd com-
plexes of low electron count, such as 14- or even 12-electron species, by virtue of steric
bulk might be significant. In such cases, steric and electronic factors are intricately inter-
twined and inseparable.

Third, bidendate phosphines have been shown to be very effective in an increasing
number of Pd-catalyzed reactions, especially in those cases where B-H-containing alkyl-
palladium species are involved. It is indeed strongly recommended to consider their use
in such cases. One of their distinguishing features is their ability to serve as chelating lig-
ands. Here again, the effects of chelation are undoubtedly multifaceted. Chelation usually
demands two coordination sites that are cis to each other. This, in turn, can enforce a cis
relationship between two interacting ligands and promote their productive interaction.
Here again, it appears that both steric and electronic factors including stereoelectronic ef-
fects are simultaneously involved, as discussed in Subsect. C.ii. Irrespective of mechanis-
tic details, however, useful correlations between some structural parameters and desirable
reaction characteristics have been experimentally observed. Bite angle P715°15%1 appears
to be a particularly useful parameter that can be either experimentally or computationally
determined without much difficulty. Although dppe and dppb may have often been shown
to be inferior to dppp and dppf, they are included in the list shown above, so as to provide
a wider set of structurally related didentate phosphines of various bite angles.

Step 3: Search for new and superior ligands.

Any promising leads gained in Steps I and 2 may then be followed up to come up with
new and superior ligands. The scope of such investigations is, however, unlimited.

The three-step protocol presented above may also be applied to the selection of other
types of ligands, such as phosphites, amines, and arsines, as well as those centered at C,
Si, O, S, and other atoms.

Finally, special requirements, such as Pd-catalyzed asymmetric syntheses (Sects.
11.2.7, 111.2.16, IV.2.3, and V.2.4), water-soluble Pd complexes (Sect. X.1), immobilized
Pd complexes (Sect. X.2), and combinatorial synthesis (Sect. X.3), call for the prepara-
tion and use of specially designed ligands, as discussed in the sections indicated in
parentheses.
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