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Abstract: The combination of abulky aliphatic phosphine, e.g. tri-
cyclohexylphosphine or the tetrafluoroborate salt of tri-tert-bu-
tylphosphine, with the Pd(0) complex of a 15-membered triolefinic
macrocycleisan excellent catalyst for the Suzuki cross-coupling of
aryl and heteroaryl bromides and chlorides. The palladium can be
recovered in the form of theinitial complex.
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Suzuki cross-couplings have become a fundamental tool
in synthetic methodology.? However, several problems
are associated with the use of palladium(0)-catalyzed re-
actions. Thus, iodides are more active than bromides and
chlorides. Recent progress has been made in the design
and testing of catalysts that permit the use of the more
economically friendly chlorides.® The use of sterically
hindered and highly nucleophilic or basic aiphatic phos-
phines as ancillary ligands* has had a significant impact
upon the performance of the catalysts, making the activa-
tion of aryl chlorides possible.
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Schemel Structure of complex 1 and role of the macrocycleand its
complex in the telomerization of butadiene (ref. 8).
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It is assumed that this type of ligand promotes the in situ
formation of coordinatively unsaturated PdL, (n=1, 2)
species by sterically driven dissociation. In addition, due
to their high donicity they are able to stabilize mono-
ligated Pd(0) species, which function as the actua highly
reactive catalytic species.*

We have reported the preparation and properties of
macrocyclic complexes of type 1. The free-of-metal
macrocycles are easy to prepare and are excellent coordi-
nating agents for Pd(0) and Pt(0) by the three olefins.®
These macrocycles are catalysts or precatalysts in a num-
ber of Pd(0)-catalyzed organic reactions, and frequently
they can be recovered. Thus, complex 1 is active in some
selected Suzuki cross-couplings between activated part-
ners. No attempts were made to recover 1. However, a
polymeric version (polystyrene-grafted catalyst) was
recovered and reused without apparent loss of activity.®
Activated and non-activated aryl iodides gave good
Suzuki couplings under catalysis by silica hybrids con-
taining macrocyclic complexes covalently anchored.’
Although these results were promising, they were limited
in that only aromatic iodides showed activity in the cross-
couplings, and preparation of the solid materialsis pains-
taking.

The mechani sms by which these complexes act seemto be
diverse. Thus, complex 1 isnot activein telomerization of
butadiene in the presence of acohols. However, high
activity is secured if two moles of triphenylphosphine per
mol of palladium are added.® The subsequent mechanistic
study revealed that the actual catalyst is Pd(PPhs),, direct-
ly generated in high concentration by transfer of Pd(0)
from the macrocyclic complex. Precipitation of Pd(0) as
paladium black is prevented by formation of the
complex. In summary, the macrocycle recovers the
palladium.&

In contrast, the macrocyclic complex is the direct catalyst
in Mizoroki—Heck reactions with arenediazonium tetra-
fluoroborates as el ectrophilic partners, the complex being
efficiently recovered.®

Other catalytic applications of complexes of type 1 arethe
hydroarylation of alkynesinionic liquids,'® and the appli-
cation of macrocycle-based polypyrrole modified elec-
trodes in the Suzuki cross-coupling.*

With these precedentsin mind we considered the possibil-
ity of using the strategy devised in Scheme 1 to recover
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palladium in Suzuki cross-couplings. Highly nucleophilic
and sterically demanding phosphines have been recom-
mended for Suzuki and other couplings.®# Therefore, we
decided to study the combination of macrocyclic complex
1 and phosphines such as P(Cy); and P(t-Bu); or, even
better, its tetrafluoroborate.31212 Spectral and analytical
data of triolefinic complex 1 has been reported.’* Al-
though no crystals of 1 could be obtained, the X-ray struc-
ture and full analysis of very related azamacrocyclic
triolefinic complexes was later published.®

First we studied the reaction of 4-bromoacetophenone
(2a) with phenylboronic acid (3a) using the catalytic sys-
tem 1/PCy;, (Scheme 2, Table 1). Toluene was superior to
THF or dioxane and among the bases studied (K;PO, +
KF, Cs,COj3, and K,CO,), cesium carbonate gave the best
results. An attempt was made to recover the catalyst by
column chromatography. Thus, the reaction of entry 1
(Table 1) was repeated targeting the isolation of 1 at the
end of the process. This was achieved with an 80% yield
of recovery, eluting the complex with a mixture hexane—
ethyl acetate 94:6. This recovered complex was used in a
second run under the same conditions affording a 100%
conversion of 2a to 4a after 22 hours. Then we found that
tri(tert-butyl)phosphine was better than tricyclohexy-
Iphosphine, but dueto thelow quality of the commercially
available tri(tert-butyl)phosphine,’® we decided to use its
salt with tetrafluoroboric acid. In summary, the chosen
conditions for other organic halides were refluxing anhy-
drous and degassed toluene, cesium carbonate (2 equiv),
macrocyclic complex 1, and P(t-Bu);-HBF,.> Neverthe-
less, in several cases ahigher boiling point solvent such as
xylene was required in order to achieve higher conver-
sions in reasonable times. The results are collected in
Table 1 and in Scheme 2. Every reaction was performed
twice. Thefirst, on smaller scale to determine the optimal
time at highest conversion of aryl halide 2 by means of
GL Cinthe presence of aninternal standard (hexadecane).
Then the reaction was performed as indicated in the ex-
perimental section under the conditions of Table 1.

A variety of aryl bromideswere active aswell aschlorides
2c¢,d. Inthe heterocyclic series, 3-bromopyridine (2€) per-
formed well. However 3-chloropyridine was inert. More
activated chlorides such as 2f—h gave excellent results,
even when a double substitution was required. Full con-
versions of the heteroaryl halides were achieved, lower
yields of the isolated coupling products being due to the
purification process.

The reaction between 2b and 3a described in entry 2 was
followed by P NMR. After one hour at reflux tempera-
turetwo signals at 6 = 65 (attributed to the corresponding
phosphine oxide) and 87 ppm were observed. Thissignal,
which was assigned to a Pd(P(t-Bu);), species by com-
parison with literature data,'>!" disappeared from the
crude mixture after four hours at reflux. In this case only
the signal at & = 65 ppm was observed and the *H NMR
spectrum showed the presence of complex 1.
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Scheme 2 Suzuki couplings catalyzed by complex 1. For experi-
mental conditions see Table 1.
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Although some cases of room temperature Suzuki cross-
couplings of aryl chlorides with palladium/bulky phos-
phines exist,*2'® most of the reported works for aryl and
heteroaryl chlorides'® involve some heating of the reac-
tion mixture. Beller?® has shown that 1,6-diene palladi-
um(0)—monophosphine complexes are also efficient
catalysts for Suzuki coupling of aryl chlorides in THF at
100 °C. Our system based on macrocyclic complex 1
offers the possibility of recovery of the metal. Catalyst
recovery by supporting the macrocycle in organic or
inorganic polymers, an aternative that we have aso
undertaken,5” requires the previous preparation of the
heterogeneous version and would need also the addition
of aliphatic bulky phosphines to accomplish the Suzuki
coupling with aryl chlorides.

In summary, the use of macrocyclic complex 1 together
with a sterically hindered o-donor phosphine allows the
efficient Suzuki cross-coupling with aryl bromides and
chlorides. The macrocycle prevents the precipitation of
palladium black and allows the recovery of the metal.
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Table 1 Suzuki Cross-Couplings on Aryl (Heteroaryl) Bromides and Chlorides

Entry Ar-X 3 1 (mol%) HP (t-Bu);BF, (mol%)2  Time (h) 40r5 (%)°
1 2a 3a 0.5 0.8 18 4a (85)

2 2b 3a 05 1.0 5 4b (82)

3 2b 3b 1.0 2.0 14 5(83)¢

4 2c 3a 1.0 2.0 48 4c (68)

5 2d 3a 2.0 4.0 120 4d (76)4°
6 2 3a 05 1.0 5 4e(73)

7 2f 3a 1.0 2.0 48 4f (41)

8 29 3a 2.0 4.0 60 4g (50)¢

9 2h 3a 2.0 4.0 72 4h (98)¢

aHP(t-Bu);BF, was used unless otherwise stated; Cs,CO; (2 equiv) and refluxing toluene were the base, the solvent and the temperature;

[2a—h] ca 0.4 x 102 M.
b PCy, was used.

¢ |solated yields.

4 Refluxing xylene.

¢ After 3 d at reflux temperature one more equiv of 3a was added and the mixture was refluxed for 2 d more.

Experimental Section

Preparation of 4b — General Procedure

Phenylboronic acid (1.05 g, 8.4 mmol), macrocycle 1 (36 mg, 0.032
mmol), tri(tert-butyl)phosphine tetrafluoroborate (19 mg, 0.063
mmol) and anhyd Cs,CO; (4.22 g, 13 mmol) were added into a
Schlenk flask. Three vacuum/argon cycles were made. p-Bromo-
tert-butylbenzene (2b, 1.12 mL, 6.5 mmol) and degassed anhyd tol-
uene (20 mL) were added. This solution was stirred for 5 h at reflux
temperature under argon atmosphere and then it was maintained
overnight at r.t. The solution was filtered and the organic phase was
washed with a sat. NH,Cl solution, with H,O, and dried over
N&,SO,. The solvent was evaporated to obtain ayellow solid which
was purified by flash-chromatography (silicagel) with hexaneto af -
ford 1.2 g of 4b (82% yield); mp 48-50 °C (lit.** 51-52 °C). IR
(ATR): 3034, 2959, 1598, 1484, 1360 cm . 'H NMR (250 MHz,
CDCly): § = 1.42 (s, 9H), 7.35-7.67 (m, 9H). BC NMR (62.5 MHz,
CDCly): 6 =315, 34.7, 125.8, 126.9, 127.1, 127.2, 128.8, 138.5,
141.2, 150.4.

Physical Data of Products4 and 5

Compound 4a; mp 121 °C (1it.%2 120.5 °C). IR (ATR): 2999, 1676,
1599, 1402, 1357, 1259 cm . 'H NMR (250 MHz, CDCl,): = 2.64
(s,3H), 7.37—7.51(m, 3H), 7.61-7.65 (m, 2H), 7.69 (d, J = 8.7 Hz,
2 H), 8.04 (d, J=8.7 Hz, 2 H). ¥C NMR (62.5 MHz, CDCly):
6 =26.8, 127.3, 127.4, 128.4, 129.0, 129.1, 136.0, 140.0, 145.9,
197.9.

Compound 4c: ail; (lit.2 mp 49.1 °C). IR (ATR): 3032, 2229, 1580,
1476, 1451 cm™. *H NMR (250 MHz, CDCl,):* § = 7.42-7.65 (m,
7H), 7.80-7.86 (M, 2 H). 3C NMR (62.5 MHz, CDCl,): § = 113.0,
118.9, 127.2, 128.5, 129.2, 129.6, 130.8, 131.6, 138.9, 142.5. MS
(E1): m/z= 179.10 [M*].

Compound 4d:% oil. IR (ATR): 3061, 1519, 1350, 773 cm™. H
NMR (250 MHz, CDCly): § = 7.36-7.53 (m, 8 H), 7.62-7.71 (m, 4
H), 7.98 (d, J=8.4 Hz, 1 H). °C NMR (625 MHz, CDCly):

§=1251, 126.7, 127.5, 128.1, 128.4, 128.7, 128.8, 129.3, 130.8,
137.3, 137.8, 138.9, 145.6, 148.1. MS (El): m/z= 275.05 [M"].

Compound 4e: ail. IR (ATR): 3030, 1581, 1472, 1047, 1006 cm™.
'H NMR (250 MHz, CDCl,):% § = 7.34-7.61 (m, 6 H), 7.88 (ddd,
J=41,23,1.6 Hz, 1 H), 859 (dd, J=4.8, 1.4 Hz, 1 H), 8.85 (d,
J=21Hz, 1 H). ®C NMR (62.5 MHz, CDCl,): § = 123.6, 127.2,
128.2,129.2, 134.4, 136.7, 137.9, 148.4, 148.6.

Compound 4f:? qil. IR (ATR): 3059, 1579, 1563, 1467, 1449, 1424
cmr. 'H NMR (250 MHz, CDCly): § = 7.19-7.25 (m, 1 H), 7.38—
7.51 (m, 3 H), 7.71-7.74 (m, 2 H), 7.97-8.00 (m, 2 H), 8.68-8.71
(m, 1 H). 3C NMR (62.5 MHz, CDCl,): § = 120.7, 122.2, 127.0,
128.9, 129.0, 136.8, 139.5, 149.8, 157.6. MS (El): m/z = 155.10
(M.

Compound 4g: mp 84-86 °C (1it.22 91.0-92.5 °C). IR (ATR): 3034,
1518, 1416, 1277, 1014 cm® H NMR (250 MHz, CDCly):
§ = 7.47-7.59 (m, 6 H), 8.16 (dd, J = 8.2, 1.8 Hz, 4H), 8.98 (s, 2 H).
13C NMR (625 MHz, CDCl,): 6=127.2, 129.1, 130.1, 136.7,
140.1, 151.7. MS (El): m/z = 232.05 [M"].

Compound 4h: mp 79-80 °C (lit.?*® 80-81 °C). IR (ATR): 3057,
2961, 1561, 1452, 1268 cmt. 'H NMR (250 MHz, CDCly):
§=7.40-7.54 (m, 6 H), 7.69-7.72 (m, 2 H), 7.83 (dd, J= 8.8, 6.8
Hz, 1 H), 8.15-8.18 (m, 4 H). 3C NMR (62.5 MHz, CDCl,):
6 =118.8,127.1, 128.8, 129.1, 137.6, 139.6, 156.9.

Compound 5: mp 68-76 °C (lit.*° 77.0-78.5 °C). IR (ATR): 2958,
2901, 1536, 1369, 1202 cm™. *H NMR (250 MHz, CDCl,): § = 1.39
(s, 9 H), 7.40-7.48 (m, 5 H), 7.58 (d, J = 8.6 Hz, 2 H). 3C NMR
(62.5 MHz, CDCly): 8 =315, 34.7, 119.9, 125.8, 126.1, 126.3,
126.5, 133.2, 142.4, 150.2.
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