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Pd(PPh)s, Pd(dba), Pd(OAc)», and PdC), have been evaluated as possible Pd(0) sources for the
palladium-catalyzed PC bond formation via a cross-coupling of aryl halides with H-phosphonate diesters.
It was found that the most efficient catalytic system can be generated from Pd(@it)a key role
being played by Pd(Il) and Pd(0) species with coordinated acetate ions. The reactivity of differently
ligated Pd(ll) complexes was determined, 8HINMR spectroscopy studies were carried out to provide
mechanistic interpretations for the observed differences between the catalytic systems.

Introduction

Organometallic chemistry has been one of the most rapidly
growing areas of chemistry over the past decades. Among
various chemical transformations catalyzed by transition metals,

cross-coupling reactions became an irreplaceable tool in organic

synthesis, especially since, in addition to the traditional carbon
carbon bond formatioha new field of a cross-coupling with
heteroatom nucleophiles emergedlthough, the pioneering
work by the Buchwald and Hartwig groups on nitrogen
nucleophile$® in the mid-1990s is usually recognized as the
beginning of this kind of chemistry, the first report on the
palladium-catalyzed coupling of vinyl bromides with H-phos-
phonates as nucleophiles appeared in ¥98his reaction was
further extended by other researchers to aryl halidewd
triflates; as well as to vinyl triflate§.On the side of nucleo-
philes, phosphinatésincluding H-phosphinate!¥, phosphine
oxides!! phosphined? and boranophosphin€swvere success-
fully employed as substrates for this kind of coupling.
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The development in the field of organometallic chemistry has
been driven by two major areas of its applications: the synthesis
of substituted, especially chiral, phosphine ligands, and natural
product synthesi&* Due to mildness of the reaction conditions,
Pd-catalyzed cross-couplings provide access to a large number
of compounds, with diverse structural features, that cannot be
obtained in other way¥ In natural product synthesis, nucleic
acids and their analogues became attractive synthetic targets
for the transition-metal-catalyzed reactions, due to the growing
interest in modified oligonucleotides as potential antisense/
antigene agent$. In recent years several reports from tfis
and othet®~20 |aboratories appeared on the synthesis of
phosphorus-modified nucleic acid analogues via the palladium-
catalyzed cross-coupling reactions.

The extensive progress in exploration of scope of the reactants
that can be coupled using transition metals was not, however,
paralleled by the development of new catalytic systems. In a
majority of cases, Pd(PBhwas used as a catalyst, as in original
procedures reported by Hirao in the early 1980sAmong a
few exceptions are reports on using other palladium sources
(e.g., Pd(OAQ)1%18Pd(PPH),Cl»?Y or different ligands (dpp?
dppb23 dppf?); however, the changes introduced were the result
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Scheme 1. Mechanism of Palladium-Catalyzed entries 5, 11, and 12y.Unfortunately, in the case of phosphorus
Cross-Coupling between Aryl Halide and H-Phosphonat® nucleophiles acidic additives are incompatible with the reaction
Pd source systems due to high basicity of the generated phosphorus(lIl)-

centered anions; however, use of the halides (Table 1, entries

l 7—10) or acetate ions (Table 1, entry 6) remained a viable
Ar’RO\F({JR Ar=X alternative. Jutand and Amatore investigated the influence of

halides and acetate only on the oxidative addition 3tépbut
we assumed that these anionic species may coordinate also to
the palladium(ll) species, thus influencing as well rates of the
second step in the catalytic cycle, namely, ligand substitution
by the phosphorus nucleophile (Scheme 1).

In this paper we present our studies on different palladium
sources with respect to their ability to catalyze the cross-coupling
reaction between phenyl halides and diethyl H-phosphonate.
RG OR Additionally, effects of the added halide and acetate ions on
rates of the investigated reactions were studied USiR0NMR
spectroscopy, and mechanistic explanations for the observed
variations in catalytic efficiency of the reaction systems gener-
ated from different palladium precursors are provided.

reductive oxidative
elimination addition

ligand exchange

0 Results and Discussion
baseH*X" H-R~0R *+ base ) )
OR Pd(0)-based catalysts that are required for palladium-catalyzed
2 Depending on palladium source and additi@®sG,' = L (PPh), cross-coupling reactions can be either prepared from pure Pd-
dba, X, OAC™, solvent;G, = X, OAc™, solvent. (0) compounds or generatedsitu from the appropriate Pd(ll)

precursors. Using various sources of palladium may lead to

Table 1. Reactivity of Palladium(0) Complexes in Oxidative reagent systems that differ in their catalytic efficiency due to

Addition with lodobenzene as a Function of the Palladium

Precursors and Various Additives (L = PPhg)a the presence of differently ligated Pd(0) species.
- - - Comparison of Different Palladium Sources.The most
reactive species  Kobs(M~1s71) . . .
entry Pd(0) precursor (S=solvent)  in THF (DMF) commonly used_ palladium sources in the cross-coupling and
1 PdL PILr 16° (16F (25 the Heck reactions are Pd(Ph Pd_(dbaa, P(_JI(OAc)g, and
> PcPLZ L ACO- PCPLz(zO Ac) @1y PdCb. The former two already contain palladium(0), whereas
3 Pd(OAC) +5L PPL(OAC) H™ (41 the other two compounds are palladium(ll) salts that must be
4 Pd(OAc) +5L +3E&N  PPL(OAC)™ (22y! reduced prior entering the catalytic cycle. In the case of Pd-
5  Pd(OAc)+3L PPL,(OAC)" H"  (140f (OAC),, the added phosphine ligands usually play the role of a
? ﬁggﬁfi;g" +3EGN F,;ﬁtzgr)f‘c) g%s&d reducing agem82° while PdC}, or its ligated form PHL,Cl,
8  PdBblL,+2e+nBr PPL,Bry 5 can be reduced by tertiary amifgr the organometallic
9  PdChL,+2e PAL.CI~ 53¢ nucleophile itself!
ﬂ Eggitz igeiggll_; Egtzg:{' Z?%Czoc For the purpose of our study we chose iodobenzene and
o PdC&L; +2:+an1 PcPLiCI:ZInCI 1486 bromobenzene as model aryl halides and dlet_hyl H-phosphonate
13 Pd(dba)+ 2L SPLP 2.7 (1.9¥ ((EtO%LP(O)H) as the phosphorus nucleophile. All four pal-

ladium sources were used with an appropriate amount of PPh
as a ligand? The reactions were carried with 10 mol % of a
catalyst loading, in THF at 68C using E4N as a base (Scheme
of screening with various reaction conditions rather than a better 2). The progress of the reactions was monitoredByNMR
understanding of the underlying mechanisms. spectroscopy, and the obtained results are summarized in Table

In this context, stimulated by mechanistic reports by Jutand 2.
and Amatore on the Pd-catalyzed reacti&h3® we set out to For both bromo- and iodobenzene the shortest reaction times
perform a comparative study of different palladium(0) precursors were found when the reaction was carried out in the presence
to evaluate their efficiency in promoting the—E bond of a catalyst generated from Pd(OAcPd(PPh)4, a catalyst
formation and to explore the effect of anionic additives on these . — _ _ '
reactions. The latter possibility was suggested by Jutand and (27) Catalytic effect of halides in cross-coupling reactions was first

e . reported by T. Jeffery (Jeffery, T. Chem. Soc., Chem. Commu984

Amatore, who have shown that_rates of _Odeatlve additions, a 1287-1288). See also ref 38 for the use of halides in other cross-couplings
common step for all cross-coupling reactions (Scheme 1), wereand Heck reactions.
strongly influenced by species brought into the reaction mixture  (28) Amatore, C.; Jutand, A.; M'Barki, M. AOrganometallics1992
with the palladium source, or by external additives, such as %ébiogg_ggjf'?g?g“ore' C.; Jutand, A.; Thuilliez, Krganometallics
halide or acetate ions, dba, bases, and Lewis acids (Table 1). " (29) Amatore, C.; Carre, E.; Jutand, A.; M'Barki, M. Srganometallics

It is clearly visible from the data presented in Table 1 that 1995 14, 1818-1826.
the highest rates of the oxidative additions were achieved in __(30) Ziegler, C. B., Jr.; Heck, R. K. Org. Chem 197§ 43, 2941~
the presence of Brgnsted and, especially, Lewis acids (Table 1, (31) Negishi, E. I.; Takahashi, T.; Akiyoshi, K. Chem. Soc., Chem.
Commun.1986 1338.

aAll data from refs 24 and 25°Transient species present at trace
concentration®20 °C. 925 °C.

(24) Amatore, C.; Jutand, Al. Organomet. Cheml999 576, 254~ (32) We decided to generate'RBPH),Cl, complexin situ from PdCh
278. and 2 equiv of PPfrather than to use premade complex. According to our
(25) Amatore, C.; Azzabi, M.; Jutand, A. Am. Chem. Sot991 113 observations3P NMR) the complex is formed quantitatively within 30

8375-8384. min in THF at 60°C and is smoothly reduced with 48t in the presence of

(26) Amatore, C.; Jutand, AAcc. Chem. Re00Q 33, 314-321. an aryl halide.
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Scheme 2. Model Cross-Coupling Reaction Used in the

Study
X Q o
* H-R-oEt R-OEt
OEt OEt

X=Br, |
Table 2. Comparison of Different Palladium Sources in a
Cross-coupling Reaction between (EtQP(O)H and Bromo-
or lodobenzene (Scheme 2)

10 mol% Pd

—_—
Et;N, THF
60°C

3 Reaction time
Palladium source

En
y (+ ligand) @B' ©/ :
1 Pd(PPhs), 18h 8h
2 Pd(OAc), + 3PPhs® 16h 7h
3 Pd(dba), + 2PPh; 24h 10h
4 PdCl, + 2PPh; No reaction No reaction

a Experimental conditions: 0.1 M (EteR(O)H, 1.1 equiv of PR X, 1.2
equiv of EgN, THF, 60°C, 10 mol % PdPA 15 min palladium reduction
performed prior to the addition of PHX and (EtO}P(O)H.

commonly used for this purpose, gave slightly longer reaction
times, while using Pd(dbags the palladium source resulted in
the slowest reactions (Table 2). It is important to note that in
the instance of Pd(OAg)it was necessary to perform the
palladium reduction prior to the addition of phenyl halide and
(EtOXP(O)H; otherwise no product (diethyl phenylphosphonate)
was formed. Somewhat surprisingly, also no product formation
was observed with Pd@lised as a palladium source, irrespective
of how the reduction was carried out.

The observed differences in efficiency of the catalytic systems
generated from Pd(PBhB, Pd(OAck, and Pd(dbg) are in

Kalek and Stawinski

that the reaction is not quenched at the level of the Pd(ll) species.
As the reaction proceeded, the signal from!' ®Ph),(OAC),
gradually decreased and a new resonance dues@@pr =

23.9 ppm), indicating that the palladium reduction occurred,
was formed. However, in contrast to the reference reaction that
was run in the absence of the H-phosphonate diester, the broad
peak due to the reduced ®EPhR),(OAc)™ species¢p = —4.7
ppm¥?° did not appear, but instead a new signal at 95.5 ppm
emerged. The intensity of this new peak grew with time at the
expense of the H-phosphonate signal. Integration of the signal
at 95.5 ppm in relation to time showed that it was always
approximately two times bigger then the signal o&P@. In

the H-coupled3P NMR spectra ndJpy coupling constant
characteristic for H-phosphonates was present, indicating a lack
of the P-H bond.

As for the chemical reactivity of an intermediate resonating
at 95.5 ppm, the addition of excess of iodobenzene to the
reaction mixture at 60C did not result in any changes in the
31P NMR spectrum over 1 h, meaning that this species did not
undergo oxidative addition. However, upon addition of 20 equiv
of PPh the intensity of the signal at 95.5 ppm started slowly to
decrease with time, demonstrating the complex was probably a
Pd(0) species in an equilibrium with ®8Ph), complexes3
Additionally, for the stoichiometric reaction, when Pd(OAc)
iodobenzene, and the H-phosphonate diester were present in
equimolar amounts, the intermediate resonating at 95.5 ppm was
not formed and the reaction proceeded to the desired product,
diethyl phenylphosphonate, even when the reduction of Pd-
(OAc), with 3 equiv of PPRwas carried out in the presence of
the H-phosphonate.

All these observations allow us to propose a plausible
mechanism explaining the behavior of the catalytic system
generated from Pd(OAgjScheme 3). In the case of performing

agreement with the reactivity of the corresponding Pd(0) speciesthe reaction with a preceding palladium reduction, the ordinary

in the oxidative addition step (Table 1) of the investigated
reactions. However, the reason why the catalytic system
generated from Pdglvas inactive in the studied cross-coupling

reaction pathway is followed (path A in Scheme?3)n this
instance, the intermediate ®EPh),(OAc)~ formed is resistance
to complexation by diethyl H-phosphonate, but it undergoes an

reactions remained unclear. Also, the phenomenon that whenoxidative addition with phenyl halide and, thus, may be involved

the reduction of Pd(OAg)was carried out in the presence of

in the catalytic cycle. However, if the palladium reduction is

an aryl halide and the H-phosphonate diester, no productperformed in the presence of the excess of (EQD)H, the
formation was observed seemed puzzling. To address theseH-phosphonate may intercept the short-living, low-ligated
issues we decided to perform more detailed mechanistic intermediate PYPPh)(OAc)~,2 forming a complexdp = 95.5

investigations using’® NMR spectroscopy.

Complexation of the Generated Pd(0) Species by Diethyl
H-Phosphonate. The Pd(OAg) Case.Since it is known that
neither E{N nor aryl halides interfere with the reduction of'Pd
(OAc), by PPh to form P&(PPh),(OAc)~, a reactive species
involved in the oxidative addition stéd then it was apparent
that (EtOYP(O)H prevented its formation or somehow deacti-
vated it.

First we checked if diethyl H-phosphonate can form com-
plexes with PY(OAc),. Since reduction of P4OAc), by PPh
is an intramolecular reaction that involves intermediacy df-Pd
(PPh)2(OAC),,2° a competing complexation by the H-phospho-
nate present could prevent formation of this species and,
consequently, the palladium reduction. To this end, to a THF
solution of Pd(OAc), 10 equiv of the H-phosphonate were
added, and the reaction mixture was checked31®/ NMR

ppm)3* which is unreactive toward phenyl halide in the
oxidative addition and, thus, cannot enter into the catalytic cycle
(path B, Scheme 3% Under stoichiometric reaction conditions,
when the palladium catalysts and the H-phosphonate diester are
present in equimolar (or close to it) amounts, the intermediate
resonating at 95.5 ppm is not formed and the reaction proceeds
to the desired product, diethyl phenylphosphonate (Scheme 2),
even when the reduction of Pd(OA®)ith a phosphine is carried

out in the presence of the H-phosphonate. These indicate that
the low-ligated intermediate P@PPR)(OAc)~ formed during

the reduction of Pd(OAg)can be intercepted by the H-
phosphonate only when the latter is present in large excess, as

(33) Due to a rapid exchange of the phosphine moiety, only one weighed
average signal aip = —4.8 ppm for these complexes and free pPRas
observed.

(34) Structures for an intermediate resonatingyat= 95.5 shown in

spectroscopy. Unfortunately, in neither the presence nor the Scheme 3 and the related intermediates in Scheme 5 are only tentative.

absence of BN, no additional resonances, except those of the
H-phosphonate diestedg = 6.9 ppm,LJpy = 650 Hz3Wpy =

8.2 Hz, dt), could be detected. However, when similar experi-
ments were repeated with the added Pghequiv), the Pt
(PPh)2(OAc), complex ¢p = 14.9 ppm) was smoothly formed
without any interference from the H-phosphonate, which meant

These, and other low ligated intermediates discussed in this paper are, most
likely stabilized via coordination of solvent molecules (that are omitted
from the structures) and may have geometries different from those shown
in the schemes.

(35) One should note that the ®EPR)(OAc)~ species apparently cannot
be formed during the reductive elimination step of the catalytic cycle;
otherwise, the H-phosphonate present would intercept it and arrest the
catalytic reaction.
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Scheme 3. Formation of Catalytically Active Pd(0) Complex from Pd(OAg) and PPh; (Path A) and Suppression of Its
Formation in the Presence of (EtO)P(O)H Excess (Path B)

€]
PR 1
Pd°-OAc reactive in oxidative addition
PhsP
dp=-4.7 ppm
path A | PPhs
2PPh, ITPhs je H,0, EtsN
Pd'(OAc), —— ACOCIB”—OAC PhsP—Pd—OAc + { PhgP*-OAc ——— PhgP=0 + Et;NH*OAc
PPh, dp=23.9 ppm
3p=14.88 ppm path B | (Et0)P(OH
8p = 6.9 ppm
©
H 1

S
|
EtO;,L ||><OEt unreactive in oxidative addition
Et0” \_/ “OEt
Pd
dp =95.5 ppm

Scheme 4. Behavior of Pd(dba)in the Presence of PPh

it is th for th Iytic r ion. In we found th
t is the case for the catalytic reactio deed, we found that and/or (Et0),P(O)H

even wih a 4 molar excess of (EteR(O)H (it corresponds to

a catalytic reaction with 25% Pd), the reduction of Pd(GAc) Pd’(dba), -~

could be carried out in the presence of the H-phosphonate (EtO)gP(OV \(:(BS)ZP(O)H)

without compromising the efficiency of the overall cross-

coupling reaction. o Ph
The Pd(dba), Case.The complexation of palladium(0) by H, 1 P

H-phosphonate diesters or secondary phosphine oxides is a C|> }ID oPPh

known phenomeno?f and in many cases Pd(dba3 used as SR PoH _\_3, PR o

the palladium source to obtain such comple¥&E Although, P PhaP“‘":: i

some of the H-phosphonate Pd(0)-ligated species are able to

undergo oxidative addition and thus catalyze cross-coupling 5p = 95.5 ppm 0p=25.3 and 27.2 ppm

reactions’’ apparently the one with (EtgR(O)H as a ligand is unreactive in reactive in

oxidative addition oxidative addition

not, as it was discussed above. However, in the studied cross-
coupling reaction (Scheme 2), when Pd(db&gs used as the
palladium source (Table 2, entry 3), a full conversion of the
starting material into diethyl phenylphosphonate was observed,
indicating that apparently complexation of the Pd(0) species by
the H-phosphonate diester did not occur in this instance.
Indeed, in theé’P NMR spectrum of a solution prepared by
dissolving in THF solid Pd(dba)PPh (2 equiv), and (EtQP-
(O)H (10 equiv), only the signals characteristic to‘(@tha)-
(PPh), (0p = 25.3 and 27.2 ppr&j were present. However, in

(OACc), suggested that there were no other ligands, except those
of H-phosphonates and solvent molecules, associated with the
palladium.

The PdCl, Case. Finally, we studied the possibility of
palladium(0) complexation by the diethyl H-phosphonate when
the PdC} was used as a palladium source. As it is apparent
from Table 2 (entry 4), the system based on RBd®hs
inefficient in promoting the investigated cross-coupling reac-

he ab f the phosohi h K at 955 ions. In light of the previous discussion, the most likely reason
the absence of the phosphine, the peak at 95.5 ppm appeareGy, . g \yas the formation of a catalytically inactive Pd(0)
indicating formation of the Pd(0) H-phosphonate complex. H-phosphonate complex

Similarly as for Pd(OAg), once this species was formed, it was To check this h . :

. . . ypothesis, PACPPR (2 equiv), EtN (10

persstgnt 'to recomplgxaﬂon by the'added PQhequ). equiv), and (EtOPP(O)H (10 equiv) were dissolved in THF,
Our findings regarding the behavior of the catalytic system .4 progress of the reaction was followed B¥ NMR

derived from Pd(dba)are summarized in Scheme 4. It seems  gpeciroscopy. Initially, the formation of BE@PR),Cl, could

that, in a THF solution, Pd(dbagfficiently undergoes ligand  pe ghserveddp = 23.6 ppm); however, as the reduction process

exchange with PRhforming catalytically active species Pd  oogressed, concentration of this species gradually decreased

(dba)(PPH), even in the presence of a large excess of (O) 514 simultaneously two new signals at 81.4 and 95.5 ppm, in

(O)H. Consequently, this reaction system worked under both o approximate ratio 3:2, appeared. The signal at 95.5 ppm

catalytic and stoichiometric conditions, although rates of the |y assigned to the already discussed Pd(0) H-phosphonate

cross-coupling reactions were rather low (Table 2). Qn the other complex, and the one at 81.4 ppm could originate from a similar

hand, when the phosphine was absent, the db_a ligands Wer&pecies but having additionally one bn ligated.

replaced by two H-phosphonate molecules forming a complex " pg following experiment was carried out to verify this

resonating at 95.5 ppm in théP NMR spectrum. Identical assumption: the Pd(0) diethyl H-phosphonate compex=¢

chemical shifts of this complex and the one obtained from Pd- g5 g ppm) was generated from Pd(dbapd (EtO)P(O)H in

THF, as described in the previous section. To this mixture, a

g% ﬁgtgmgm I[S-},/A\Tttﬁgﬁﬁzn%?a Agg?_l_gt?;boe 6 34573460 solution ofn-Bu;N*CI~ in THF was added in small portions,
(38) Amatore, C.: Jutand, ACoord. Chem. Re 1998 178-180, 511— and a3P NMR spectrum was registered after each addition.

528. As expected, a gradual disappearance of the signal at 95.5 ppm
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Scheme 52
20
a) )
bl Ho ]
PPhg (EtOézP'\gO)H o o (|) lcl)
1
pdicl, —Ma,  C—Pdi—Cl : go-f Boom + EOSR - PCOH
RS EtO /, OEt
PPhg EtO /, OEt Pd
Pd /
dp=23.6 ppm dp=95.5 ppm dp=81.4 ppm
unreactive in oxidative addition
b) 40
EQ OEt  EtQ OFt 1
O=P. Cl P=0_
H~ Dpad Pl H
\, v N/ N 7/
o 20 o—;: ci  R—O
H | H. 1 EtO OEt  EtO OEt
S o o _
. (EtO),P(OH (|) f|) or Eo_l okt or dp=101.4 ppm
Pd(dba)y ————— EtO—5 p—OEt g N\ ot T +
Et0” \_/ “OEt pgo 30
Pd°® of H.
o o
8p=95.5 ppm dp=81.4 ppm EtO\IL E,/OEt
Et0” \ / “OEt
4Pd_?
c’ T
8p=84.1 ppm

a(a) Formation of Pd(0) diethyl H-phosphonate complexes from Pa€the palladium source. (b) Formation of Pd(0) diethyl H-phosphonate
complexes ligated with Cl(putative structures).

and formation of the signal at 81.4 ppm were observed. With Table 3. Effect of Anionic Additives on the Reaction Times

an increasing concentration of Glalso additional signals at ~_Of (Et0)2P(O)H with Bromo- or lodobenzene (Scheme Z)
101.4 and 84.1 ppm appeared, and after addition of a total 20 Reaction time
equiv of CI, the latter signal was the only one remaining, except I A B
that from the excess of (EtgB(O)H (peak atdp = 6.9 Entry (+ ligand and additive) o8 o8
ppm).These results can be interpreted in the following way.
Using PdC} as the palladium source leads to the formation of 1 Pd(PPhs)s 18h 8h
a complex resonating at 95.5 ppm (Scheme 5a) that, at the 2 Pd(PPh;), + 10CI- 11h 25h
concentration of Ci brought into the system with Pdglis 3 Pd(PPhs), + 10Br- 10h 4h
partially ligated by a single chloride ion, giving rise to an
additional resonance signal at 81.4 ppm (3:2 ratio). With the 4 Pd(OAc), + 3PPh;’ 16h 7h
added chloride anions, there is a possibility to form other Pd- 5 Pd(OAc), + 3PPh; + 10CI° 11h 2h
(0) d|_ethyl H-phosphonate complexes Ilga}ted by more.CI_ 6 Pd(OAc); + 3PPhs + 10Br~? 1h 4h
Putative structures of such complexes, a dinuclear (resonating »

7 Pd(OAc), + 3PPh; + 100Ac¢ 2.5h 1h

at 101.4 ppm) and mononuclear one (resonating at 84.1 ppm),
are presented in Scheme 5b. a Experimental conditions: 0.1 M (EtgB(O)H, 1.1 equiv of Pk X, 1.2
All these Pd(0) H-phosphonate complexes were unreactive equiv of EgN, THF, 60 °C, 10 mol % Pd, anions were added as
in the oxidative addition of aryl halides; therefore Pg&3ems corresponding-BusN™* salts.”A 15 min palladium reduction performed
to be incompatible as the palladium source in the cross-coupling Pior to addition of Ph-X and (EtO}P(O)H.
with the H-phosphonate is investigated, under neither catalytic
nor stoichiometric conditions. given anionic part was used to suppress competition from these
Effect of Anion Additives on the Rate of the Cross- Br~ or I~ anions. By having such high anion concentrations,
Coupling between Phenyl Halides and Diethyl H-Phospho-  formation of the most reactive Pd(0) species ligated with a single
nate. After having established the phenomenon of Pd(0) halide is most likely compromised (Table 1, entry 7 vs 8 for
complexation with diethyl H-phosphonate, and how and when Br~ and entry 9 vs 10 for Ci); however, we considered the
it may interfere with the cross-coupling reactions, we investi- homogeneity of the reacting forms to be more important at the
gated the effects of different anionic additives on the rate of current stage of these studies. As it is apparent from data in
the reaction presented in Scheme 2. Due to incompatibility of Table 3, upon additions of C)] Br—, and OAc, the times for
the PdC4 reagent system and low reactivity of Pd(dbia)the completion of all the reactions investigated became shorter,
investigated reactions (Table 2), further studies were performedapproximately to the same extent, irrespective of the palladium
only with Pd(PPB)4 and Pd(OAc) as the palladium sources. source used. The most notable effect was that of the acetate
According to the data shown in Table 1, the oxidative addition ions, for which a remarkable acceleration (Table 3, entry 7),
step of the catalytic cycle is accelerated in the presencegf CI much higher than those for chlorides or bromides (Table 3,
Br—, and OAc, due to formation of very reactive, electron- entries 2, 5 and 3, 6 respectively), was observed. These
rich anionic Pd(0) species ligated with these anions. Taking into surprising results suggested that the role of the added anions
account that bromides and iodides are produced in the coursewas not limited to the oxidative addition but that these additives
of the reactions with bromobenzene and iodobenzene, respecalso strongly influenced other steps in the catalytic cycle that
tively, a 10-fold excess of tetmabutylammonium salts with a  might ultimately lead to the change of a rate-determining step.
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Scheme 6. Formation of Three Pd(ll) Species That Might Be Involved in Ligand Exchange Reaction with the H-Phosphonate
PhR_ Gy PPhs PPhj PPh;

JPdS X . Ph—Pd'-G, Ph—Pd" ® Ph—Pd'-G,
PheP” (61 PPhs PPhy PPhy
“initial" Pd" species "secondary" Pd'" species
. G G, G, Respective
Entry Ph-X Added anion @®d corln lex) (“initial” Pd" (“secondary” entries
P complex) Pd" complex) in Table 3
1 Ph-Br - Br Br - 1A
2 Ph-I -- - I - 1B
3 Ph-Br Cr Cl Br Cl 2A, 5A*
4 Ph-1 Cr Cl I Cl 2B, 5B*
5 Ph-Br Br Br Br - 3A, 6A*
6 Ph-I Br- Br I Br 3B, 6B*
7 Ph-Br OAc™ OAc OAc Br TA
8 Ph-1 OAc™ OAc OAc I 7B

* OAc™ brought with Pd(OAc); can be neglected due to low concentration

Qualitative Comparison of Reactivity of Different Phe- for the reactivity of a single reactive species, on two counts.
nylpalladium(ll) Species with (EtO),P(O)H in the Ligand First, they resemble the real catalytic reaction conditions, with
Substitution Step. Since the data from Table 3 cannot be all other components being present, and with both the “initial”
explained on the grounds of rates of the oxidative additions and the “secondary” Pd(ll) complexes having a possibility of
(Table 1) or the reductive eliminations (the same intermediate reacting with the H-phosphonate. Second, since the Pd(ll)
for all the reactions, Scheme 1), we assumed that the observeccomplexes are in equilibrium, this method would provide
differences must originate from distinct reactivities of the Pd- information about relative rates of the complexes’ equilibration
(I) species during the ligand substitution step. and their reactions with the H-phosphonate.

The square planar palladium(ll) complexes formed in the  First, a 1:1 mixture of Pd(Il) complexes ligated with &nd
course of the oxidative addition, depending on the kind of Br~ was prepared, and the reaction of the produced species with
anionic additives present, can be differently ligéfemhd thus diethyl H-phosphonate was followed BY? NMR spectroscopy
may show different reactivities (Scheme 6). For example, the (Figure 2a). To this end, Phi@Ph).l was generated in THF
initial Pd(ll) complex, formed directly in the oxidative addi-  at 60°C (1 min) from equimolar amounts of iodobenzene and
tion 3 can bear an acetate group brought from the Pd(0) complex Pd(PPh)s, and to these, 0.5 equiv Br(asn-Bu;N* salt) was
(G2 = OAc in Pd(ll) complex ifG, = OAc in the preceding  added. After equilibration at 66C for 15 min, a 1:1 mixture
Pd(0) complex} or alternatively a halide brought from AiX, of PhPd (PPh),l and PhPH(PPh),Br was obtained? At this
if Pd(0) was ligated by another halidé{ = Xin Pd(Il) complex point 10 equiv BN was added, followed by 10 equiv of
if Gy = Cl or Br in the preceding Pd(0) comple&].In the (EtO%P(O)H, and the mixture was incubated at %D (Figure
presence of anionic additive§; in the initial Pd(ll) complex 2a). It was clearly visible that the peak due to PHP®Ph),Br
may undergo exchange, probably via a dissociative mechanismdisappeared faster than that of Ph@Ph).l, indicating higher
or/and produce the cationic PHRBPh),* complex via a reactivity of the former species under the reaction conditions.
dissociative pathwa$f Therefore, during a cross-coupling The complex with ligated bromide almost completely disap-
reaction, three distinct Pd(ll) species might be involved in the peared within 45 min after addition of the H-phosphonate, while
formation of a phenyl-H-phosphonate-palladium(ll) intermedi- its jodide counterpart was still present in the solution.
ate, from which reductive elimination occurs. These are the  gimilar experiments were performed with ca. 1:1 mixtures

“initial” Pd(ll) complex formed in the oxidative addition, ¢ PhPd (PPh),l and PhP8(PPh),Cl (Figure 2b) and PhPd
cationic PhPt(PPh)," intermediate, and “secondary” Pd(ll)  (pppy,i with PhPd (PPh),(OAC) (Figure 2¢). Both PhE@Ph),-
complex ligated by another anion present in the reaction mixture. | and PhP(PPh),(OAc) complexes appeared to be more
Scheme 6 summarizes the Pd(0) and Pd(ll) species that can bgaactive than PhP@PPh)I; however, a huge difference in

present in the reaction mixtures from Table 3. reactivity between these two species was observed. While
_ To establish relative reactivities of the Pd(ll) complexes pppd(pph),Cl displayed a comparable reactivity to that for
ligated with different anions in the reaction with (E¢®JO)H, PhPd(PPh),Br (Figure 2b vs 2a, respectively) as judged from

we performed'P NMR investigations. We decided to generate ha rates of disappearance of tHé® NMR signals (ca 45 min),
simultaneously two Pd(l!) complexes, Iigg’ged with different e signal originating from PhPEPPh),(OAC) could not be
anions, and observed their decay upon addition of E@)H.  getected after 1 min (the time required to place NMR tube back
Such competitive experiments have advantages over 100kinginq the spectrometer and register the spectra) after addition of
(EtO)RP(O)H (Figure 2c). Unfortunately, due to almost identical

(39) To be specific, a complex formed first in the oxidative addition is . -
assumed to be a trigonal bipyramid PHERPH),G:1X that, in the presence 3P NMR chemical shifts of PhP¢PPh).Br and PhP¥(PPh),-

of a minute amount of free PRIwhich is the case for Pd(PBk or Pd- Cl we were not able to determine relative reactivities of these
(OAc), + 3PPHh), quickly collapses taransPhPd(PPh).G, with the two palladium(ll) species.
expulsion of G or X. For details, see refs 24 (review), 40,(& OAc),
and 41 (G = Cl).
(40) Amatore, C.; CafreE.; Jutand, A.; M'Barki, M. A.; Meyer, G. (42) The affinity of anions to Pd(PBha(Ph)-X decreases in the order
Organometallics1995 14, 5605-5614. Cl= > Br~ > I~ =~ OAc™, and large differences in equilibria constants
(41) Amatore, C.; Jutand, A.; Suarez, A.Am. Chem. S0d.993 115 enable a practically quantitative replacement of the anion lower in the row

9531-9541. with the one which is higher. See also refs 24 and 40.
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Figure 1. 3P NMR competition experiments between Pd(ll) species ligated with different anions in reaction witbPE»): (a) Br

vs I7; (b) CIm vs I7; (c) I~ vs OAc; (d) Br vs OAc; (e) CI- vs OAcC; I~
originates from contamination with BPO.

Attempted generation of mixtures of PHPEPR),(OAc) with
PhPd (PPh),Br and with PhPH(PPh),Cl failed due to large
differences in the corresponding equilibrium constdatand
thus we had to use premade PhfRPh),(OAc) as a starting
material (Figure 2d and 2e). In both cases the complex ligated with dissociated ligand PhP(PPh),™ (5p = 21.5 ppm). After
with OAc™ displayed much higher reactivity than its halide 15 min at 60°C, the equilibrated reaction mixture contained

counterparts. Similarly as in the experiment shown in Figure Phpd(PPh),(OAc), PhPH(PPh).I, and PhPH(PPh)," (Figure
2c, the signal due to Phi@PPh),(OAc) disappeared within

the time required to register tHéP NMR spectrum 1 min),
again demonstrating a remarkably high rate of reaction betweenspecies P NMR spectroscopy). The decay of the remaining

this species and the H-phosphonate.
Finally, we became interested in comparing the reactivity of

PhPd (PPh),(OAc) with that of PhPE(PPh)," (Figure 2f). For
this purpose, Pd(OAg) PPh (3 equiv), and EN (10 equiv)
were dissolved in THF and incubated for 15 min at°@Q to

(43) Interestingly, PhPdPPh),(OAc) and PhPYPPh),* showed com-
parable or lower reactivity to that of PhRE&PH)l in the reaction with
styrene gynrinsertion step of the Heck reaction). See also ref 41.

vs OAC vs cationic species. Small signal at 23.7 ppm

ensure a complete palladium reduction to take place. The
subsequent addition of iodobenzene (1 equiv) resulted in a rapid
reaction producing a mixture of the “initial” palladium(Il)
complex PhPHPPhR)(OAc) (0p = 21.2 ppm) and a complex

2f) and the addition of (EtQP(O)H (10 equiv) caused a rapid
disappearance of both PHREPh),(OAc) and PhPHPPh),"

PhPd(PPh).l was slow and roughly similar to that observed
in the previous experiments (Figure 2a and 2b). At this stage
of investigations we could not conclude if the rapid disappear-
ance of PhPHPPhR)," indicated that this species reacted directly
with the H-phosphonate or that it was involved in rapid
equilibrium with the highly reactive PhP(PPh3)(OAc) .3

To sum up this part, the reactivity of the Pd(ll) species in
the ligand substitution reaction with diethyl H-phosphonate
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decreases in the following order (PHFPR),"), PhPd (PPh)2- H-phosphonate, and aryl halides. Regarding the palladium
(OAc) > PhPd(PPh),Cl, PhPd(PPh),Br > PhPd(PPh).l, source, it was demonstrated that the best results were obtained
and in light of these, we can propose the following rationaliza- with Pd(OAc). When using this compound as a Pd(0) precursor,
tion for the results and the trends observed in Table 3. a preceding palladium reduction must be performed to avoid

Using Pd(OAc) as a palladium source in cross-coupling an interference from the complexation of the Pd(0) species by
reactions involving phosphorus nucleophiles should, in principle, the H-phosphonate. For the same reason Pa@ied out to be
increase efficiency of the reaction, compared to that catalyzed inefficient in cross-coupling reactions, at least for the H-
by Pd(PPh)4, due to higher reactivity, in both the oxidative phosphonate investigated.
addition and the ligand substitution steps, the generated This study also showed that it was possible to efficiently
intermediates PPPh),(OAc)~ and PhPHPPR),(OAc). How- accelerate the cross-coupling reactions via the addition of
ever, in practice, both systems show similar efficiency in the different anions, e.g., halides or acetate, that strongly influenced
investigated reaction as it is apparent from entry 4 vs 1 in Table the ligand substitution step. It was also found that the reactivity
3. This is apparently due to the fact that, in the course of the of the Pd(Il) species in the ligand substitution reaction with
reaction, the concentration of the halide anion released from diethyl H-phosphonate decreased in the following order: PhPd
Ar—X builds up, and thus the amount of the initially formed (PPh),", PhPd(PPh)(OAc) > PhPd (PPR).Cl, PhPd(PPh),-
reactive species P@PPh),(OAc)~ and PhPH(PPh)(OAC) is Br > PhPd(PPh)al.
rapidly depleted in the reaction mixture. As a result, the  Palladium(ll) species ligated with the acetate ion exhibited
efficiencies of both catalytic systems become similar, since the remarkably high reactivity, leading to an unprecedented ac-
initial acceleration observed in the case of a system based onceleration of the overall cross-coupling reaction between aryl
Pd(OAc) results only in a small shortening of the total reaction halides and H-phosphonate diesters. This phenomenon might
time. be of importance in synthetic organic chemistry, and further

Performing the reaction with Bror CI~ as additives (Table  studies are in progress in this laboratory.

3, entries 2, 3, 5, and 6) leads to exclusive formation of Pd(0) ] ]

species ligated by these anions, and this results in an acceleration Experimental Section

at the level of the oxidative addition. The ligand substitution Bromobenzene}-BusNBr, iodobenzene, Pd(dbaPPh (all from
step is also affected; however, since the reactivities of Aldrich), n-BusNCI, n-Bus;NOAc, EtN (all from Alfa), Pd(PPb).
PhPd(PPh).Cl and PhPH(PPh).Br are only slightly higher  (Apollo Scientific), (EtO)P(O)H (Janssen Chimica), PdChnd
than that of PhPYPPR).l, these have only a mediocre Pd(OAc) (Lancaster) were commercial grades and were used
contribution to the overall acceleration. Thus, it seems that using without further purification.

Pd(OAc) together with the halide as additives (Table 3, entries  Complex PhPHPPh),(OAc) was prepared according to the
5 and 6) does not provide any advantages in terms of efficiency published procedur®. THF was freshly distilled from sodium/
but adds technical complicacy due to necessity of performing a benzophenone under an Ar atmosphere.

separate palladium reduction step. All experiments were carried out under an Ar atmosphere in 10

Finally, when the acetate additive is used (Table 3, entry 7), MM NMR tubes equipped with septa, using standard Schlenk
the reactive species R@Ph),(OAc)~ and PhPH(PPh),(OAC) techn_lques. NMR spectra were recorded on Br_uker Avance_ll 500
are present throughout the reaction, accelerating both theMHz |nstrumen.t. Chemlcal shifts are reported in ppm, relative to
oxidative addition and the ligand substitution steps, and lend 270 HsPQ: solution in DO (external standard).

themselves to a remarkable shortening of the cross-coupling. Thg reactant ratios and .the e_xpenmental cpndltlons for th(_e
reaction time. investigated reactions are given in the appropriate tables and in

the text.
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