Organometallic2006, 25, 4105-4112 4105

Water-Soluble Palladacycles as Precursors to Highly Recyclable
Catalysts for the Suzuki Coupling of Aryl Bromides in Aqueous
Solvents
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A family of water-soluble palladacycles was prepared from benzylamine or benzaldehyde imine ligands
bearing hydrophilic functional groups. The palladacycles derived fhhdimethylp-hydroxybenzy-
lamine () and sodium 44{-benzylideneamino)benzenesulfondt) (gave active catalysts for the Suzuki
coupling of aryl bromides and activated aryl chlorides in combination with (2rtHoutylphosphinoethyl)-
trimethylammonium chloridet{Bu-Amphos). The catalyst derived froh®t-Bu-Amphos could be used
for 12 reaction cycles in the Suzuki coupling of 4-bromotoluene at@Wefore a significant loss of
catalyst activity was observed.

Introduction Bu P
_ . PhyP e 7 NMeCl
Water has attracted attention as a potential replacement for Sé‘"Na
organic solvents due to its low cost, nonflammability, low heo: TPP_:S +Bu-Ambh
toxicity, and the fact that it is a renewable resourteaddition, n=1' TPPDS HrAmPROS
the use of water in combination with hydrophilic homogeneous n=2: TPPMS
metal catalysts offers the potential to easily separate and recycle R.P .

. R L1 Cr Cy ‘P\/\SO N
the metal catalyst from organic product streams. Removal of N; 'CHy Cy sNNa
metal impurities from homogeneous catalysts is a challenging CH,
issue, particularly in the manufacturing of pharmaceuticals, R = tBu: tBu-Pip-phos DCPES

' : R = Cy: Cy-Pip-ph
where residual metal levels must be in the ppm rahge. y: ©y-Fip-phos

Recyclable catalyst systems allow catalyst loadings that are high
enough to provide desirable reaction rates, while lowering the
cost of catalyst per unit product. Since Casalnuovinial
report of palladium-catalyzed cross-coupling reactions in aque-
ous solvents catalyzed by TPPMS/Pd(OAdhere has been a
great deal of effort devoted to identifying active, hydrophilic

catalyst systems have shown that palladacycles with a variety
of supporting ligands are decomposed under typical palladium-
catalyzed cross-coupling conditioHs1® In the absence of other
supporting ligands, palladium clusters are formed that likely
are the true active species. In the presence of phosphine ligands,
. : Pd(0)-phosphine complexes can form. The lability of palla-
palladium g:atalysts for a range of cross-coupling reactfofis. dacycle complexes has made identifying recyclable palladacycle
Much of this work has focused on the development of water- .ia\yst systems challenging. Attempts to attach palladacycles
soluble analogues of phosphines, particularly derivatives of , 55jig supports have given mixed results, since the supported
triphenylphosphine. o palladacycle can decompose to give soluble catalyst species that
Since Beller and Herrmanifsnitial report on the use of @ gre Jost when the solid support is recoveta® Bergbreiter
palladacycle precatalyst derived fromol)sP and Pd(OAg) has reported soluble polymer-supported SCS-pincer complexes
there has been a growing interest in the use of palladacycles asnat are recyclable catalysts for Heck and Suzuki coupRRgs,
catalyst precursors!® Mechanistic studies on palladacyclic  pyt recent results show that the pincer complex acts as a slow
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release source of a soluble catalytically active spetigs. SO;Na

addition to catalyst leaching, most supported palladacyclic HO NMe,

systems are limited to reactive aryl iodide substrates, while NMe,

showing little activity toward aryl bromides or chlorides. An

exception is a recent report of a silica-supported oxime

palladacycle that was an effective and recyclable catalyst for N<\/\/SO3Na> HCey

Suzuki couplings of activated aryl chloridés. 2 /\©
The use of a hydrophilic palladacycle precursor in an agueous-

biphasic solvent system would be an alternate way to obtain a

recyclable catalyst system. There are relatively few examples 3 CONa 4

of hydrophilic palladacyclic precatalysts, however. An SCS- Figure 1. Hydrophilic benzylamine ligands.

pincer complex functionalized with poly(ethylene glycol) arms

was shown to be an effective catalyst for the Heck coupling of

SO;Na
CH
aryl iodides in an agueous/organic biph&sRyabow? reported N /©/ ©—<\ ’
| | o™ oo
6

1 2

the first example of a water-soluble Schiff base palladacycle,

which was applied as a catalyst for ester hydrolysis. Simple 5

oxime-derived palladacycles were shown to be active precata-Figure 2. Hydrophilic imine ligands.
lysts for the Suzuki and Heck couplings of aryl bromides and

chlorides?426 High turnover numbers (TONs) were achieved Scheme 1. Synthesis of Hydrophilic Palladacycles
in the Suzuki coupling of activated aryl bromides {L@nd .., PdClL \}N/R‘
activated aryl chlorides (£) but the recyclability of these N NP NaOAc d

catalyst systems was not explored. A hydrophobic palladacycle P MeOH, rt

derived from a sterically demanding Schiff base was shown to
give high activity for Suzuki couplings of deactivated aryl N
bromides in refluxing watet’ The hydrophobic nature of this NMe, ° NMe,
palladacycle would presumably not allow the catalyst to be {;g C§
retained in the aqueous phase.

Bedford has shown that simple alkylphosphines, such as
tricyclohexylphosphine (G§P), in combination with pallada- 8‘% 54%
cycles can give highly active catalysts for cross-coupling S0 Na
reactions of aryl bromides and chlorickés3! Our group has @Pd ° @—SosNa
been exploring the utility of bulky, hydrophilic alkylphosphines I
in palladium-catalyzed cross-coupling reactions. We have shown

thatt-Bu-Amphos and-Bu-Pip-phos give catalysts with good 2
activity for the Suzuki, Heck, and Sonogashira coupling of aryl 75% 5129/0
bromides under mild conditiorfd:33 The t-Bu-Amphos/Pd-

(OAC), catalyst system could be completely restrained in the Results

aqueous phase and showed modest recyclability. The catalyst

system begins to lose activity after three reaction cycles, Ligand Synthesis. Hydrophilic amine- and imine-based
presumably due to catalyst deactivation. Therefore, we were palladacycle precursor ligands were synthesized that incorpo-
interested to see if the combination of a water-soluble alkyl- rated hydroxyl, carboxylate, or sulfonate substitueptsly-
phosphine and a palladacycle precursor would show improved droxybenzylaminel (Figure 1) was prepared by reductive
activity and stability in aqueous-phase cross-coupling reactions.amination ofp-hydroxybenzaldehyde with dimethylamine. A
Herein we report the synthesis of a family of novel water-soluble sulfonate-functionalized benzylamir® (vas similarly prepared
palladacycles and their ability to act as recyclable precatalystsstarting from the commercially available 2-formylbenzene-

for the Suzuki coupling of aryl bromides. sulfonate. A disulfonated benzylamine ligand was prepared by
dialkylation of benzylamine with 1,3-propane sultone to give
(21) Bergbreiter, D. E.; Osburn, P. L.; Wilson, A.; Sink, E. M.Am. 3. Sequential reductive amination pfaminobenzoic acid with
Chezng- SOICZ_QOQ Clzé 9058‘29%4-, oL A3 Ord. Chem200 benzaldehyde and then formaldehyde gave carboxylate-substi-
69(43)@&255@' .; Corma, A.; Gara, H.; Leyva, AJ. Org. Chem2004 tuted benzylaming.
(23) Bezsoudnova, E. Y.; Ryabov, A. D. Organomet. Chen2001, Schiff base ligands were prepared by the condensation of
622 38-42. o hydrophilic aniline derivatives with benzaldehyde or acetophe-
(24) Botella, L.; Ngera, C.Angew. Chem., Int. E2002 41, 179-181. none. Condensation of the sodium salt of sulfanilic acid with
(25) Botella, L.; Ngera, C.J. Organomet. Chen2002 663 46—57. . . .
(26) Botella, L.; Njera, C.Tetrahedron Lett2004 45, 1833-1836. benzaldehyde gave the sulfonated Schiff a@&gure 2). Imine
(27) Chen, C.-L.; Liu, Y.-H.; Peng, S.-M.; Liu, S.-Tetrahedron Lett. ligand 6 could not be prepared directly from the condensation
2005 46, 521-523. f henon nzoic acid. In henone an
(28) Bedford, R. B.; Cazin, C. S. J.; Hazelwood, S Angew. Chem., 0 acgtop € 0. € a.”ﬁbe oic acid S'.[ead' acetophenone a d
Int. Ed. 2002 41, 4120-4122. p—amlnobenzom acid were co_ndensed in the presence of cyanide
(29) Bedford, R. B.; Cazin, C. S. J.; Coles, S. J.; Gelbrich, T.; Horton, t0 give ana-cyanobenzylamine that was decomposed to the
P. N.; Hursthouse, M. B.; Light, M. EOrganometallics2003 22, 987— desired imine with base.
999. .
(30) Bedford, R. B.; Cazin, C. S. J.; Coles, S. J.; Gelbrich, T.; Hursthouse, ,P,a”adacyde SynthesisThe pa”ad,acydes were prepared by
M. B.; Scordia, V. J. M.Dalton Trans.2003 3350-3356. stirring a mixture of the appropriate ligand precursor with BdCI

(33) Bedford, R. IB.; Cazin, C. S. J.; Hursthouse, M. B.; Light, M. E;; and sodium acetate in methanol to give the desired chloride-

Scordia, V. J. MDalton Trans.2004 3864-3868. ; ; ;

(32) Shaughnessy, K. H.: Booth, R. Grg, Lett 2001 3, 275727509,  ndged palladacycle dimers (Schemepilydroxybenzylamine
(33) DeVasher, R. B.; Moore, L. R.: Shaughnessy, KJHOrg. Chem. 1 gave palladacyclé in 81% yield as a yellow solid. The neutral

2004 69, 7919-7927. form of the palladacycle was insoluble in water, but was soluble
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Table 1. Suzuki Coupling of 4-Bromoanisole Using 7 as a Br 7 (0.5-1 mol%) Ph
Precatalys® higagg (1-2 mol%)
entry ligand mol %7 yield (%) + PhB(OH), Ha20/0|3-| .y (1)
2 '3
% DCPES % gg OMe 50%C. 20 OMe
3 t-Bu-Pip-phos 2 99
4 t-Bu-Pip-phos 1 56 The catalyst derived frotBu-Amphos and palladacycle
2 tgﬂ:ﬁmpﬂg: i >9§9 showed good activity for the cross-coupling of a deactivated
7 t-Bu-AmShos T 09 aryl bromide (4-bromoanisole) and phenylboronic acid at low
8 Cy-Pip-phos 2 920 catalyst loadings (Figure 3). Yields 90% were obtained with
9 Cy-Pip-phos 1 63 palladium loadings as low as 0.04 mol % (2300 mol/mol Pd)
10 Cy-Pip-phos 1 63 for coupling reactions carried out in water at 80 for 4 h.
a4-Bromoanisole (0.2 mmol), PhB(OHY0.3 mmol), NaCO; (0.4 When the catalyst loading was decreased below 0.02 mol %,

mmol), 7 (2—4 umol of Pd), ligand (1:1 L:Pd), 1:1 #0/CH,CN (1.5 mL), the yield dropped slightly to 86% (4300 mol/mol Pd). With 0.01

50 °C, I2 h.b GC yield determined by comparison to an internal standard mol % Pd, a 68% yield (6800 mol/mol Pd) was obtained after

mesitylene) using response factors determined with authentic materials. ’

gWatg; (1.5) mL) 8sed Zs the solvent. 4 h, but only. a trace (2%) of product was formed when thg
catalyst loading was decreased to 0.002 mol % Pd. If this

in basic water, acetonitrile, DMSO, and hot methanol. Sul- "€action was allowed to proceed for 48 h at €D the yield

fonated palladacycle8—10 were prepared from ligandg 3, was increased to 66% (33 000 mol/mol Pd). _
and5 in the same way in 54, 75, and 52% vyield, respectively. ~ 1he ability of the other palladacycles to give effective
Complex8 was soluble in water and methanol, while pallada- Precatalysts with-Bu-Amphos was explored in the coupling
cycles9 and10were soluble in water, but insoluble in methanol. ©f 4-bromotoluene and phenylboronic acid. The catalyst derived
When carboxylate-functionalized ligandand6 were reacted ~ [1oM palladacycle8 andt-Bu-Amphos gave a modest yield of
with PdCb, a black precipitate was obtained. This material could the coupled product, while palladacy@en combination with
not be characterized due to its insolubility in all solvents tested 'BU-Amphos gave an inactive catalyst (Table 2). Longer
(water, methanol, acetonitrile, methylene chloride, DMSOQ). réaction times did not significantly improve the yield of the
Elemental analysis of this material showed that both palladium Product in either case. The sulfonated imine palladacgde
and the carboxylate ligand were present in approximately 9ave an efficient catalyst in combination witfBu-Amphos,
equimolar amounts. We believe that ligandiand 6 act as  however. The coupling reaction using tié/t-Bu-Amphos
bridging ligands through coordination to the imine and the SYS€M was repeated in the presence of mercury to determine
carboxylate group. The resulting network likely also entrains whether the active species was homogeneous or heterogéheous.

some palladium black, accounting for its color. In contrast, the Mercury had no significant effect (entry 4) on the yield of
more weakly coordinating sulfonate anion does not strongly CouPled product, which suggests that the active catalyst is a

coordinate to palladium, allowing the simple palladacycle dimers homogeneous spec_ies. . .
to be isolated. Catalyst ScopeWith palladacycle§ and10 being identified
Catalytic Activity of 7 —10. The ability of palladacycld to as effective precatalysts for model Suzuki coupling r_eactions,
give an active catalyst for the Suzuki coupling of a deactivated the Scope of these catalyst systems was explored with a range
aryl bromide was explored alone and in combination with a ©f @ry! halides and arylboronic acids. Palladacyclesnd 10
variety of water-soluble alkylphosphines (eq 1, Table 1). bc_)th gave excgllent yields for electron-deficient, -neutra_l, and
Hydroxybenzylamine palladacyciegave only a modest yield -rich ary! .bromlde supstrates (Table 3). Both. hydrophoblc.and
in the Suzuki coupling of 4-bromoanisole at 50. Catalysts hy_drophlllc aryl bromides could be coupled |n_excellent yield
derived from a combination of hydrophilic alkylphosphines (1:1 USing water as the solvent. Catalysts derived from both
L:Pd) and7 gave improved yields of the coupling produeBu- pallao!acycle precursors gave Ipwer yields when the aryl bromide
Pip-phos,t-Bu-Amphos, and Cy-Pip-phos all gave effective contained amrtho-methyl substituent. The catalyst derived from
catalysts £90% yield) in combination witt7 (2 mol % Pd, palladacyclelO appeared to be more strongly affected by steric
entries 3, 5, and 8), while DCPES gave a much less effective bulk, as it gave lower yields with 2-bromotoluene and 2-bromo-
catalyst (entry 2). When the catalyst loading was decreased tomxy]ene thari. In both cases, the yields were onver than those
1 mol % Pd, the yields dropped significantly for both teBu- obtained at room temperature with a catalyst derived fr@u-

; i ; ; Amphos/Pd(OAg).32 Catalysts derived from bothand10 gave
Pip-phos and Cy-Pip-phos systems, while ti&u-Amphos7 P . ? y - gave
catalyst system again gave a quantitative yield of the coupling modest ylelqls W|t_h 4-chlorobenzonitrile. The catalyst d_erlved
product (entries 4, 6, and 9). ThaBu-Amphos7 system also from.lO required hlgher temperature (1@0) to match the ylelq
gave a quantitative yield of 4-methoxybiphenyl when the Obtained at 80C with precatalys (higher temperature did
reaction was carried out in water. The observed order of MOt improve the yield wittv). At 80 °C, the catalyst derived
reactivity for these ligands was different than that seen when 10m 7 gave no cross-coupled product with a 4-chlorotoluene.
Pd(OAc) was used as the precursor. In the case of reactions”At 120°C alow yield of the coupling product could be obtained
catalyzed by the alkylphosphine ligands and Pd(QAbg order ~ after 4 h. . .
of activity is t-Bu-Amphos~ t-Bu-Pip-phos> Cy-Pip-phos, Pre_catalysts? and 10 both gave gooq yields in the cross-
which follows the steric demand for these ligadéislsing7 as coupling of 4-bromotoluene and substituted arylboronic acids
the catalyst precursot;Bu-Amphos still gave the most active ~ (Table 4). The presence of electron-donating or -withdrawing

catalyst, but there was little difference between Cy-Pip-phos 9roups on the arylboronic acid did not significantly affect the
andt-Bu-Pip-phos. cross-coupling yield. The yields obtained with the two palla-

dacycles were generally the same, with the exception of

(34) DeVasher, R. B.; Spruell, J. M.; Dixon, D. A.; Broker, G. A.; Griffin,
S. T.; Rogers, R. D.; Shaughnessy, K.®tganometallic2005 24, 962— (35) Widegren, J. A.; Finke, R. Q. Mol. Catal. A: Chem2003 198
971. 317-341.
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100 Table 3. Coupling of Aryl Halides with Phenylboronic Acid
90 1 Catalyzed by 7 or 10t-Bu-Amphos?
80 | 7 or 10 (1 mol%)
t-Bu-Amphos (2 mol%)
n 70 A Na,CO,3
8 6o ArX + PhB(OH), Ar—Ph
3 50 H.0, 80 °C, 4h
'E 40 1 entry ArX palladacycle yield
8 3. (%)’
7 95
0 L weol pe e %
1 <:> 7 90
0 : : , , , : , . 2 HO B
< ~ - n ~ n < o~ - ~ ' 10 95
s o o © <9 @° g
<} =] o Q
: T ) S TR
Pd loading (mol %)
Figure 3. Yield of 4-methoxybiphenyl as a function of catalyst 4 O@Br 7 86
loading ¢-Bu-Amphos?, 1:1, HO, 80°C, 4 h). HaC 10 92
Table 2. Suzuki Coupling Using Palladacycle/Bu-Amphos 5 O@B 7 96
Catalyst System3 HG ' 10 90
entry palladacycle yield (%) CH, ; 68
1 8 60 6 @B' 10 51
2 9 10
3 10 >Q0¢ CH3
4 10 on

R
W
Loy
=Q
)

FNEN
w A

a4-Bromotoluene (0.2 mmol), PhB(OK)0.3 mmol), NaCOs; (0.4
mmol), 8—10 (2 umol Pd),t-Bu-Amphos (2umol), H,O (1.5 mL), 80°C,
4 h.bGC yield determined by comparison to an internal standard (mesi-
tylene) using response factors determined with authentic matetials. 8
d Reaction run in the presence of mercury (7 mmol).

CH;

=z
O
@)
-—
=)
N 0N
I\?\\IOO

4-methoxyphenylboronic acid, where palladacytgave a 9
higher yield (90% compared with 79%). The incorporation of

an ortho-methyl substituent on the aryl boronic acid did not

affect the yield of coupled product with either palladacycle. This _ *ArX (1 mmol), PhB(OH} (1.5 mmol), NaCO; (2 mmol),7 or 10(0.01
result is in contrast to the lowered yields seen wherho- QE‘;&;@EER’;‘&Z?igglgfeg";ig% E?I\SVSOTl';r)Iéi%Oeb‘_‘ dh’l;(;"oeés noted
methyl substituent was present on the aryl halide.

I
w
O
o
RN
o
[\*)
a

Catalyst Recycling. The potential recyclability of the cata- Table 4. Coupling of 4-Bromotoleuene with Arylboronic
lysts derived fromt-Bu-Amphos and palladacyclés and 10 Acids Catalyzed by 7 or 10f-Bu-Amphos*
was explored in the model cross-coupling of 4-bromotoluene 7 or10 (1 mol%)

. . . . . t-Bu-Amphos (2 mol%)

and phenylboronic acid. The reaction was carried out in water Na,CO,
at 80°C for 1 h. After cooling to room temperature, the organic H30—©—Br + ArB(OH), H30—©—Ar
products were extracted with deoxygenated ethyl acetate and 2590, 4h
the yield was determined by GC. The aqueous phase was then entry AB(OR), palladacycle  yield
transferred to a new reaction vessel containing fresh reagents. (%)
This process was repeated until the yield began to decrease 7 79
significantly. We have previously reported that Pd(OfteBu- 1 "'SCO_@_B(OH)Z 10 90
Amphos can be used for three reaction cycles in the Suzuki " 92
coupling at room temperature before yields begin to decrBase. 2 F‘QB(OH)a 10 94
To provide a direct comparison with the palladacycle catalyst
precursors, the recycling experiment was repeated aC8@t 3 “OZC‘QB(OH)Z 10 80
80°C, the Pd(OAcyt-Bu-Amphos system actually gave slightly 7 85
poorer results, with catalyst activity degrading significantly in 4 NCOB(OH)Z 10 86
the fourth cycle (Table 5). The catalyst derived from pallada- CHs
cycle 7 was somewhat more efficient than that derived from 5 GB(OH) 170 gg
Pd(OAc), giving four cycles of quantitative yield before the 2

efficiency of the catalyst began to degrade. Palladacdy@gave
a highly recyclable catalyst. This catalyst system gave a aArx (1 mmol), PhB(OH} (1.5 mmol), NaCOs (2 mmol), 7 or 10 (0.01
guantitative yield of product for 11 catalyst cycles. The yield mmol), t-Bu-Amphos (0.02 mmol), D (5 mL), 80°C, 4 h, unless noted
was 85% in the 12th cycle and then 50% in the 13th. Otherwise”Average isolated yield of two runs.
Significantly, the reaction time was kept®h throughout this cycle to allow these salts to settle out. The aqueous supernatant
study; thus there was no apparent loss of catalyst efficiency was then removed and transferred to a new reaction vial for
until the 12th cycle. the subsequent cycles. Significantly, the efficiency of the catalyst
As the coupling reaction was repeated using the same aqueousolution was not adversely affected by this additional manipula-
solution, inorganic salts began to precipitate from the reaction tion. An additional three cycles of quantitative yields were
mixture. In the recycling study with palladacyd®, the aqueous  achieved after decantation of the catalyst solution from the
catalyst solution was allowed to stand overnight after the eighth precipitated salts. The fact that the precipitated solids could be
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Table 5. Recycling of Catalysts Derived from Pd(OAg), 7,
or 10/-Bu-Amphos?

reaction yield by cyclec

Pd source 1 2 3 4 5 6-119 12 13
Pd(OAcy) >99% 89% 86% 31%

7 >99% >99% >99% >99% 66%

10 >99% >99% >99% >99% >99% >99% 85% 50%

a4-Bromotoluene (0.2 mmol), PhB(O#)0.22 mmol), NaCO; (0.4
mmol), Pd(OAc), 7, or 10 (4 umol of Pd),t-Bu-Amphos (4umol), H,O
(1.5 mL), 80°C, 1 h.»GC yield of product extracted with ethyl acetate.
¢ Cycles 2-13 used the aqueous solution remaining after the previous cycle.
d After cycle 8, the reaction was allowed to stand overnight. The catalyst
solution was removed from the precipitated salts and used for cyel&8.9

discarded without adversely affecting the catalyst activity

Organometallics, Vol. 25, No. 17, 2C06€9

palladacycle was intact. Minor peaks corresponding to the free
benzylamine ligand were observed. Heating compleékasd
9 under similar conditions fo2 h did not result in the
precipitation of Pd black. ThiH NMR spectrum of comple8
after heating in basic solution showed two broad sets of
resonances in an approximately 2:1 ratio. Both sets of peaks
were similar to the spectrum 8fin neutral DO. The two peaks
may representis andtransisomers of the Pd-cyclic dimer or
possibly hydroxide or carbonate analogue8oNo evidence
of free2 was observed. AH NMR spectrum oB in basic water
showed no evidence of decomposition of the palladacycle.
Palladacyclel0 proved to be much more labile. When a basic
solution of sulfonated imine palladacycl® was heated at 80
°C for 2 h, a large amount of palladium black precipitated from
the reaction mixture (eq 3). TH&l NMR spectrum after heating

indicates that the catalytically active species remains dissolvedShowed that the palladacycle had been completely decomposed.
or suspended in water at room temperature after standingI"€ Major species in solution was the intact imine ligand

overnight.
Palladacycle Coordination Chemistry and Stability. The
palladacycle dimers could be split wittBu-Amphos to give

monomeric phosphine adducts (eq 2). Reaction of palladacycle

7 with t-Bu-Amphos in methanol gave two resonances in the
3P NMR spectrum at 53.0 and 50.7 ppm in a ratio of 1:2.5.
The presence of two peaks may represent formatiariscdnd
transisomers of the phosphine addutiaandl11b. Phosphine
adductl1lwas isolated in low yield (36%) by precipitation with

Thus under these conditions, the complex appears to have
decomposed by clean decomplexation of the palladacycle ligand.

\
Q ,NOsoaNa Na,CO,
—— Pd° +5 (3)

Pd
D,0, 80 °C

10 2

2

The stability of the palladacycles under the catalytic condi-

ether from a concentrated methanol solution as a single isomertions was also explored. Palladacyclesl10were stirred in the

as determined by¥P NMR spectroscopy (53 ppm). The
palladium-bound carbon of theN\C ligand appeared as a broad
singlet, so it was not possible to determine which isomer was
isolated. Attempts to grow X-ray-quality crystals of this complex
were unsuccessfulH and13C NMR spectra were consistent
with the 1:1 phosphine addudtBu-Amphos adducts d8—10
were prepared and characterized ¥ NMR spectroscopy.
Phosphine adduct4 derived from palladacyclé0 also gave
two 3P NMR resonances at 41.6 and 39.9 ppm (4:1 ratio),
suggesting the formation of isomers with the phosplkisand
transto the imine nitrogen. Benzylamine palladacycBand

9 both gave a single sharp peak in théfP NMR spectra (52.7
and 52.9 ppm, respectively), indicating that only one isomer
(12aor 12b and 13aor 13b) was formed in each case.

- _R
NN
R— 11a
7 N—pd-ci 12a
— | 13a
P. 14a
7, t+Bu” 1" "NMe,Cl
8, tBu-Amphos t-Bu
12 9, (2
of  CH,OH .
10 O ° o
R~ N\ e 11b
4 Pd—R—t-Bu  12b
—/ 13b
cl 14b
NMeCl

Although palladacycles are often described as thermally

stable, there are many examples of palladacycles that decompos

under mild condition3>16In fact, this decomposition is often
thought to be the key step in the formation of the catalytically
active speciesincross-couplingreactions catalyzed by pallad&yclés.
The stability of the hydrophilic palladacycles was explored by
heating them in aqueous base. Hydroxy-functionalized palla-
dacycle7 was dissolved in aqueous {D) sodium carbonate
and heated to 80C for 2 h. Some precipitation of palladium
black was observed during this time. THe¢ NMR spectrum

of the mixture after heating showed that the majority of the

presence of sodium carbonate (20 equiv), phenylboronic acid
(10 equiv), and-Bu-Amphos (2 equiv, L:Pd&= 1:1) at room
temperature fo6 h and then analyzed b\H and 3P NMR
spectroscopy. In each case, fHB NMR spectrum showed a
singlet at 53.7 ppm, which we have previously assigned-as (
Bu-Amphos)Pd(0)3* as the only phosphorus-containing species.
The presence of an AXXvirtual triplet at 1.3 ppm in théH
NMR spectrum in each case further confirmed the formation
of (t-Bu-Amphos)Pd(0). Due to overlap from phenylboronic
acid, it was not possible to determine the fate of the displaced
nitrogen ligands. On the basis of results with similar systems
by Bedford?%36it is likely that the palladacycle reacted with
phenylboronic acid to give the 2-phenyl analogue of the nitrogen
ligand (eq 4).

«  +Bu-Amphos R
" SNV _R PhB(OH), (+Bu /:mphos)de
XN pgt MR R @
=" 4L wo T REM
=
2 Ph
Discussion

Palladacycle complexe® and 10 were effective catalyst
precursors for Suzuki couplings of aryl bromides in the presence
of t-Bu-Amphos. Thel10t-Bu-Amphos was a particularly
effective and stable catalyst system that can be recycled 11 times
before losing activity. Studies in model systems showed that

alladacyclel0 was completely decomposed to imibeand
galladium metaln 2 h at 80°C. In the presence of the reducing
conditions of the catalytic systent-Bu-Amphos, base, and
phenylboronic acid), palladacycl@s-10 were converted tot{
Bu-Amphos)Pd(0) as the only phosphorus-containing species
at room temperature. Displacement of the ligand likely occurs
by aryl transfer from boron to palladium followed by reductive
elimination to give the 2-aryl analogue of the nitrogen ligand

(36) Bedford, R. B.; Hazelwood, S. L.; Horton, P. N.; Hursthouse, M.
B. Dalton Trans.2003 4164-4174.
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(eq 4). These results seem to suggest that the palladacycle servdgyand continues to exert an influence after decomposition of
only as a source of palladium and th&Bu-Amphos)Pd(0) is the palladacycle precursor. For example, the increased sensitivity
the catalytically active species. We have previously identified of catalysts derived fron? and 10 to steric bulk in the aryl
this species as being the resting state in the Pd(&ABY- halide compared to Pd(OAcsuggests that the active species
Amphos catalyst systef. in the palladacycle-derived catalyst systems are more sterically
For some palladacyclic catalyst systems, it has been proposediindered than that derived from Pd(OAc)Similarly, the
that the catalytically active species are palladium colloids. longevity of the catalyst derived from palladacyé@suggests
A|th0ugh we observed aBu_Amphos Comp|ex under Cata|yti_ that the displaced imine |Igand is able to stabilize the Catalyti'
cally relevant conditions, it is still conceivable that a colloidal cally active species. These results seem to suggest that the
Species iS the true Catalyst_ Two pieces Of evidence point to anitrogen |IgandS Continue to in'[eraC'[ W|th the pa”ad|um center
homogeneous catalyst. First, removal of the aqueous supernatarifter being displaced by the phosphine ligand. The nature of
from precipitated materials after standing overnight did not result this interaction, if present, is unclear at this time. Additional
in a loss of catalytic activity during the catalyst recycling study. Work to understand the role of these nitrogen ligands on the
This result shows that the catalytically active species remains catalyst system are currently ongoing.
dissolved, or suspended, after the solution is allowed to stand
overnight. Second, the addition of mercury did not inhibit the Conclusions
Suzuki coupling reaction. If the active catalyst species were
heterogeneous palladium particles, these would be expect to be Hydrophilic palladacycle§ and10 gave active catalysts for
ama|gamated by the mercury, |Owering Cata|yst actﬁﬁty the Suzuki Coupling of al’yl bromides in combination witBu-
Therefore, we believe that-Bu-Amphos)Pd(0), formed from  Amphos. The//t-Bu-Amphos systems gave high yields for the
the palladacycle precursor, acts as a catalyst precursor or restingoupling of a deactivated aryl bromide (4-bromoanisole) at 80
state for a homogeneous, phosphine-stabilized active species.C afte 4 h with catalyst loadings as low as 0.02 mol % Pd.
Although Pd(OAc) and palladacycleg—10 all appeared to The catalyst derived frorﬂ;Q’t-Bu-Amphos proved to be hlghly
give (-Bu-Amphos)Pd(0) under the reaction conditions, the recyclable. Atota! of 12 reactlon cycles (80’ 1 h) with yields
palladium sources gave very different results in the catalytic >86% were obtaln_ed with an average _y_|el(_:I of 989% for the 12
reaction. The catalyst derived from Pd(OAw)as highly active reaction cycles. This degree o_f rec_:yclablll_ty is one of the hlghes_t
at room temperature, while catalysts derived frénand 10 that we have been ablg to f|r!d in the literature for a Suzglg
required temperatures of at least 8D to achieve reasonable coupling of an aryllbromlde using a homogengous, thTOPh"'C
reaction rates. The higher temperature may represent a sloweFatalySt system. Differences in catalyst stability and efficiency
formation of the {-Bu-Amphos)Pd(0) species, from the pal- as afunct|on_ of catalyst precursor suggest that the_palladacycle
ladacycle precursors. Palladacycle precursdrand 9 gave Ilgar!ds continue to play a role after decomplexation. Further
inactive catalysts, although both precursors giveBy- studies will attempt to address h_oyv the structure of the
Amphos)Pd(0) under the same conditions @sand 10. palladacycle precursor affects the activity of the resulting catalyst

Palladacycle8 and9 appeared to be more stable when heated system.

in aqueous base, so their low activity may be due to a slower

formation of ¢-Bu-Amphos)Pd(0). It should be noted that both Experimental Section
8 and 9 in combination witht-Bu-Amphos gave complete

conversion to tBu-Amphos)Pd(0) on the same time scale as 540 and 642 were prepared by modifications of literature

the reactions in Table 2, however. . ; .

) procedures. Synthetic details for these compounds as well as ligand

Among the precursors that gave active catalysts systems 3 gre included in the Supporting Information.

Pd(OAc}, 7, and 10—there were differences in catalytic Synthesis of Palladacycle 7The palladacycles were prepared
efficiency, despite the apparent formation of identical catalyst py a modification of the procedure reported by Cép@dCh
species. The recycling study (Table 5) shows a significant (9.1773 g, 1.0 mmol) was added to the solutiorL¢l50 mg, 1.0
difference in catalyst lifetime for the various precursors. While  mmol) and sodium acetate (82 mg, 1.0 mmol) in methanol (5 mL).
the catalyst derived from Pd(OAdpses activity after only three  The resulting heterogeneous mixture was stirred at room temper-
cycles, the catalyst derived frofremains active for four cycles,  ature overnight. All of the palladium chloride was dissolved and
while 10 gives a catalyst that retained activity for 11 cycles. replaced with a yellow precipitate. The precipitate was filtered off,
One could imagine that this difference was due to the pallada- washed with methanol (2 10 mL), and dried in vacuo to givé
cycles acting as slow release sources of active palladium speciesas a yellow solid (246 mg, 84%). Recrystallization from methanol
Our results show thatOis more labile thar? and is completely ~ gave an analytically pure sample @ *H NMR (CDsCN, 360
decomposedni 2 h at 80°C. Thus it seems unlikely that a MHz): 6 6.99-6.31 (m, 8H), 3.85 (brs, 4H), 2.76 (brs, 12H)C
significant amount ofLO survives the firs 1 h reaction cycle. =~ NMR (DMSO-ds, 90.6 MHz): 6 154.0, 150.7, 138.3, 122.3, 119.7,
More subtle effects were seen with different aryl halide 111.7,72.1, 51.0. Anal. Calcd forig24ClLN:OPdy: C, 37.01;
substrates. Catalysts derived from Pd(OAgkre unaffected M 4.14; N, 4.80. Found: C, 36.56; H, 3.99; N, 4.53.
by the presence of one, or even tvastho-substituents on the P, - S Com 000 30, 20052003
aryl halide In contrast, catalysts derived from palladacycles §38; o ;‘é;alfcﬁfyl\{l"f"v U.é.ntPéte?]T 5’7920’6@’ O, Absir12
7 and10 gave lower yields with 2-bromotoluene and 2-bromo- g,5gg°
m-xylene than with sterically unhindered substrates. Of these, (39) Gribble, G. W.; Nutaitis, C. FSynthesis 987, 709-711.

10 consistently gave lower yields thah (40) Reinehr, D.; Metzger, G.; Guesta, F.; Planchenault, D.; Signoret,
E., European Patent, EP 957,085, 1968em. Abstr131:352569.
Thus although each of the palladacycle catalyst precursors (41) Shukla, H. K.; Astik, R. R.; Thaker, K. Al. Indian Chem. Soc.
appear to form the same Pd(0) complex, it is clear that the 1981 58, 1182.
identity of the palladacycle precursor affects both the activity 195(312%'7-""{‘;3’%’_?-651” Sonola, O. O.; Tatchell, A.Bull. Chem. Soc. Jpn.
and lifetime of the catalyst formed in combination witiBu- (43) éope, A. C.. Friedrich, E. GI. Am. Chem. Sod.968 90, 909—

Amphos. These results suggest that the displaced palladacycle13.

Nitrogen-Based Palladacycle LigandsLigands 1,37 3,38 4,39
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Palladacycle 8.To the solution o2 (237 mg, 1.00 mmol) and (D20, 360 MHz): 6 7.10 (d,J = 8.32 Hz, 1H), 6.90 (s, 1H), 6.62
sodium acetate (82 mg, 1.0 mmol) in methanol (20 mL) was added (d, J = 7.77 Hz, 1H), 4.01 (s, 2H), 3.263.06 (m, 2H), 2.86 (s,
palladium chloride (177.3 mg, 1.00 mmol). The resulting mixture 9H), 2.53 (s, 6H), 2.482.36 (m, 2H), 1.52 (dJp-y = 13.87, 18H).
was stirred overnight at room temperature until the palladium 3C NMR (DO, 90.6 MHz): 6 155.8, 141.4, 140.1, 125.5, 124.3
chloride dissolved to give a wine-colored solution. The solvent was (br), 112.2, 73.8 (brs), 65.2 (brs), 53.4 (brs), 38.1)d, = 16.79
removed under reduced pressure. The residue was taken up in &z), 31.04 (d,Jc—p = 4.58 Hz), 30.96 (dJc-p = 4.58 Hz).31P
hot methanol and water mixture (10 mL of methanol and 2 mL of NMR (D,0, 202.5 MHz): 6 53.6 (s).
water). Acetone (5 mL) was added, and the flask was placed in a
freezer overnight. The mixture was filtered and the precipitate was
dried in vacuo to give a yellow powder (186 mg, 53%).NMR
(D20, 360 MHz): 6 7.55 (d,J = 8.09 Hz, 2H), 7.46 (dJ = 7.35

Hz, 2H), 7.08 (vt.J = 8.09 Hz, 2H), 4.35 (s, 4H), 2.82 (s, 12H). deoxygenated 1:1 #0/CH;CN (1.5 mL). 4-Bromoanisole (2L,

13C NMR (D0, 90.6 MHz): 6 145.3, 143.8, 138.2, 126.1, 123.9, . .
72.3,52.9. One of the aromatic peaks was not observed. Anal. Calcdo'2 mmol) and an internal standard, mesityleney(2p were added

) . . " “via syringe. The reactions were run at the desired temperature.
?rfggrj?ﬂzgzg?(ﬁpgg% C,28.59; H, 2.93; N, 3.70. Found: Aliquots were removed at a regular interval from the organic layer

and analyzed by GC. In the case of water (1.5 mL) as the solvent,
Palladacycle 9.PdCh (124 mg, 0.70 mmol) was added to a the reaction was run at the desired time and was then allowed to

solution of3 (280 mg, 0.70 mmol) and sodium acetate (57.4 mg, cool to room temperature. Ethyl acetate (1 mL) and mesitylene were

0.70 mmol) in methanol (12 mL). The mixture was stirred at room added to the reaction mixture. Yields were calculated using response

temperature overnight. The resulting mixture was then filtered and factors determined with authentic samples of 4-bromoanisole and

washed with methanol (2 10 mL). The product was dried in vacuo  4-methoxybiphenyl.

to give a yellow powder (281 mg, 75%)H NMR (D,O, 360

MHz): 6 7.20-6.85 (m, 8H), 4.15 (s, 4H), 3.12.96 (m, 12H) General Procedure for Low Catalyst Loading Trials. Stock
2 92_'2 75 .(m 4H) > ’752 7’6 .(m 8’H) 13’C NMR (Dzd 20 6’ solutions were prepared by dissolving the appropriate amount of

MHz): 6 150.1, 141.3, 134.0, 126.8, 126.4, 123.2, 67.8, 61.1, 49.2 palladacycle? in deoxygenated acetonitrile to give solutions that

. 02 . 04 M in Pd. An appropriate amount of
23.9. Anal. Caled for GHaClNoNaO1 PSS, 2H,0: C, 28.17; ~ Were3.5x 10%t03.5x 10 Min P pprop : :
H 3 64haN 22; Fg[lnd' Bg 22822? legdé 4N 22 46 ' ' t-Bu-Amphos was dissolved in deoxygenated water to give solutions

that were 7.5x 1072to 7.5x 1074 M in P. Under nitrogen, a vial

Palladacycle 10PdC} (0.1773 g, 1.0 mmol) was added to the  was charged with sodium carbonate (42.4 mg, 0.4 mmol) and
solution of Schiff basé (0.28 g, 1.00 mmol) and sodium acetate phenylboronic acid (36.6 mg, 0.3 mmol). To this were added
(0.08 g, 1.00 mmol) in methanol (25 mL). The resulting hetero- deoxygenated water (1.5 mL) and 4-bromoanisole 425 0.2
geneous mixture was stirred at room temperature for 24 h. The mmol). The catalyst and ligand solutions were added via syringe.
reaction was filtered to give a black solid, which was taken up in The reaction was allowed to stand # h at 80°C. The reaction
DMSO (5 mL) and filtered through Celite to remove precipitated  then was allowed to cool to room temperature, and ethyl acetate (1
Pd(0). Diethyl ether (60 mL) was added slowly to the filtrate to  m|) was added. Aliquots were removed from the organic layer
form two layers. After standing for 24 h, the mixture was filtered. and analyzed by GC. Yields were calculated using response factors
The product was recovered as a yellow solid (0.2205 g, 52%).  determined with authentic samples of 4-bromoanisole and 4-meth-
NMR (D0, 360 MH2): & 9.06 (d,J = 7.40 Hz, 4H), 8.36 (5, 2H),  oxybiphenyl.
8.05 (d,J = 8.01 Hz, 4H), 7.89.7.70 (m, 5H), 7.69-7.50 (m, o
3H). 13C NMR (DMSO<s, 90.6 MHz): 6 172.8, 150.6, 147.9, .General Rrocedure for Catglyst Recycling Trials. Under
133.9,132.1, 131.6, 128.6, 126.6, 126.3, 123.4, 112.2. Anal. CalcdNitrogen, a vial was charged with Pd(OAc, or 10 (1 mol%),

for CoeH1sCLNoNaOsPdhS,: C, 36.81;: H, 2.14: N, 3.30. Found:  -Bu-Amphos (5.4 mg, 2 mmol %), sodium carbonate (42.4 mg,
C, 37.44; H, 2.64; N, 3.51. 0.4 mmol), and phenylboronic acid (27 mg, 0.22 mmol). To this

N mixture was added deoxygenated water (1.5 mL). 4-Bromotoluene
Stability of Palladacycle (10) Palladacyclel0 (5.8 mg) and \ya5 added via syringe (28, 0.2 mmol). The reactions were run
sodium carbonate (21 mg) were added to an NMR tube in a drybox. 51 go°C for 1 h. After the reaction mixture was cooled to room
The NMR tube was sealed and moved from the drybox. Af® D (emperature, deoxygenated ethyl acetate (1 mL) was added and
was added (0.5 mL), the NMR tube was placed in ar*80oil stirred for 1 min. The upper layer was separated via cannula, and
bath.*H NMR data were obtained at regular intervals. THANMR mesitylene (1%:L) as internal standard was added to this layer.

spectrum showed that palladacytledecomposed t6in 2hunder  ajiquots were removed from the organic layer and analyzed by
basic conditionsiH NMR (D20, 360 MHz): 6 9.97(s, 1H), 7.99-  Gc. The aqueous layer was transferred via cannula to a vial that
(d, J = 8.02 Hz, 2H), 7.79-7.68 (m, 1H), 7.677.50 (m, 4H), was charged with phenylboronic acid (27 mg, 0.22 mmol) and
6.88 (d,J = 8.62 Hz, 2H). sodium carbonate (21 mg, 0.2 mmol). 4-Bromotoluene(250.2
Reaction of Palladacycles witht-Bu-Amphos. Palladacycle mmol) was added via syringe for the subsequent cycle.
dimer (0.01 mmol, 0.02 mmol in Pd) areBu-Amphos (5.4 mg,
0.02 mmol) were taken up in an NMR tube in a drybox. The NMR
tube was then sealed and charged with deoxygenated water (0.
mL). In the case of palladacyclg the mixture was heated at 80
°C for several minutes to give a clear yellow solution. The formation
of palladacycle phosphine adducts was monitorec®¥y NMR

General Procedure for Ligand Screening Trials. Under
nitrogen, a vial was charged with an appropriate amount of
palladacycle, ligand, sodium carbonate (42.4 mg, 0.4 mmol), and
phenylboronic acid (36.6 mg, 0.3 mmol). To this was added

General Procedure for the Preparatory Scale Suzuki Cou-
ling Reaction of Water-Insoluble Aryl Halides and Arylboronic

Acids. In a drybox, a round-bottom flask was charged with
palladacycle dimer (0.01 mmol}-Bu-Amphos (5.4 mg, 0.02
mmol), sodium carbonate (212 mg, 2.00 mmol), and arylboronic
acid (1.5 mmol). The flask was sealed and removed from the
spectroscopy:11, 53.0 and 50.7 ppm (1:2.5)2, 52.7 ppm;13, drybox. Deoxygenated water (5 mL) and aryl halide (1.0 mmol)
52.9 ppm;14, 41.6 and 39.9 ppm (4:1). were added via syringe, and the reaction was stirred &C8for

Palladacycle Phosphine Adduct (11)Palladacycle (29.2 mg, 4 h unless noted. After the reaction was allowed to cool to room
0.05 mmol) and-Bu-Amphos (26.7 mg, 0.10 mmol) were taken temperature, saturated sodium bicarbonate (20 mL) was added to
up in deoxygenated methanol (3 mL). The mixture was refluxed the reaction mixture. The resulting mixture was extracted with ether
20 min. Methanol was evaporated in vacuo. The residue was (3 x 30 mL). The combined ether extracts were dried (MgSO
dissolved in a minimum amount of methanol and precipitated with and the solvent was removed under reduced pressure. The crude
ether (10 mL) to give a pale yellow solid (20 mg, 36%). NMR material was flash chromatographed on a short silica gel column.
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