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The concept of resin-to-resin transfer reactions (RRTR),
also called two-resin systems, constitutes a significant
simplification of solid-phase organic synthesis (SPOS) which
can be extremely valuable as a time saving strategy in
combinatorial chemistry.1 RRTR systems allow for the
convergent solid-phase synthesis and eventual coupling of
fragments for which a linear SPOS strategy would involve
incompatible reaction conditions. There are currently no
RRTR systems available for carbon-carbon bond formation.
Herein, we present a successful strategy for resin-to-resin
Suzuki coupling reactions via phase transfer of solid sup-
ported arylboronic acids under both aqueous and anhydrous
conditions.2,3 We demonstrate the potential of these methods
with the convergent solid-phase synthesis of unsymmetrically
functionalized biphenyl compounds.

Recently, we reported on the first solid support for the
immobilization of boronic acids.4 Through forming stable,
resin-bound boronic esters, theN,N-diethanolaminomethyl
polystyrene support (DEAM-PS,1, in Scheme 1) can be
employed to efficiently immobilize and transform function-
alized arylboronic acids using amide coupling, acylation, and
reductive amination methods. Despite their widespread use
as building blocks in the Suzuki cross-coupling reaction,5

there remains a shortage of commercially available aryl-
boronic acids.6 The use of DEAM-PS resin facilitates the
synthesis of new arylboronic acids that could, in turn, provide
novel biphenyl units such as those represented in several
biologically active molecules.7

In RRTR, transfer of one resin-bound substrate to solution
phase is necessary in order to effect its coupling to the other
resin-bound substrate. A neutral chemical agent, or chaper-
one, is required to promote this event under conditions
compatible with the desired reaction.8 The DEAM-PS
boronate adducts can be cleaved under mild conditions such
as prolonged exposure to water or alcohols. We have first
optimized aqueous conditions for Suzuki cross-coupling in
which water or a hydroxylic cosolvent acts as phase transfer
agent. As shown conceptually in Scheme 1, hydrolysis or
transesterification on the DEAM-PS boronate linkage is
expected to liberate the free boronic acid (or ester) which
will be transferred in situ to a haloarene resin under
palladium(0) catalysis and added base.

As a working model, the transfer of DEAM-PS resin-
boundp-tolueneboronic acid (2, Scheme 2) to Wang resin-
boundp-iodobenzoic acid (3)3l was attempted with different

stoichiometries under various solvent, base, and temperature
conditions. The resulting resin mixture was then treated with
1:1 trifluoroacetic acid/dichloromethane to liberate the bi-
phenyl product4 and, if any, unreactedp-iodobenzoic acid.9

The conversion results are summarized in Table 1. With 10-
20% Pd(0) catalyst loading and either sodium or potassium
carbonate as base, the original Suzuki conditions5b using
toluene/ethanol (3:1) as solvent gave the highest conversions
(entries 1-2). By comparing entries 1 and 3, it is clear that
4 equiv of the resin-bound boronic acid are required to reach
full conversion within 20 h at 85°C. Using the optimal
conditions of entry 1, designated method A, a larger scale
reaction (∼0.1 mmol) afforded a 91% yield of essentially
pure4 (Scheme 2).

To widen the scope of this RRTR process to the use of
water sensitive substrates, we have also optimized anhydrous

* To whom correspondence should be addressed. Tel: (780) 492-3141.
Fax: (780) 492-8231. E-mail: dennis.hall@ualberta.ca.

Scheme 1

Scheme 2a

a Method A: DEAM-PS-boronic ester (4 equiv), iodoarene resin (1
equiv), Na2CO3 (5 equiv, 2 M/H2O), 20% Pd(PPh3)4, toluene/MeOH 3:1,
85 °C, 24 h. Method B: DEAM-PS-boronic ester (4 equiv), iodoarene resin
(1 equiv), 20% Pd2(dba)3, DMF/Et3N/(HOCH2)2 8:1:1, 105°C, 24 h.

Table 1. Suzuki RRTR of2 and3 under Aqueous
Conditionsa

entry solvent baseb
equiv
of 2

temp
(°C)

time
(h)

conversion
(%)c

1 PhMe/EtOH 3:1 Na2CO3 4 85 20 100
2 PhMe/EtOH 3:1 K2CO3 4 85 20 100
3 PhMe/EtOH 3:1 Na2CO3 3 85 16 70
4 DME/H2O 9:1 Na2CO3 4 85 20 60
5 DMF/H2O 9:1 Na2CO3 3 85 20 35
a Typical trials were carried out with 40 mg of3 (0.55 mmol/g)

and the according amount of2 in 2 mL of degassed solvent and
10-20% Pd(PPh3)4 as catalyst.b An additional equivalent relative
to 2 was employed (from a 2 Maqueous solution).c Measured by
1H NMR integration on crude reaction products.
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conditions employing a tertiary amine as base (Table 2).3h

Knowing the propensity of diethanolamine and triethanol-
amine to transesterify boronic esters,10 we examined their
use as phase transfer agents that could also function as
required base. However, as shown from entries 5-7, they
were surprisingly ineffective.11 The use of ethylene glycol
as transfer agent (Scheme 1) with triethylamine as base in
DMF was found to be superior (entries 1-4). When
triethylamine and ethylene glycol (1:1) were used in large
excess, full conversion was achieved at 85°C for 20 h (entry
3). Furthermore, substitution of Pd(PPh3)4 for Pd2(dba)3 led
to crude reaction products of apparently higher purity. We
chose to adopt the latter conditions as optimal method B,
with a temperature of 105°C to ensure completion of more
demanding substrates. On a larger scale, method B afforded
a 80% yield of4 (Scheme 2).

Control experiments were devised to confirm the role and
efficiency of ethylene glycol as phase transfer agent under

anhydrous method B. Resin-to-resin cross-coupling of model
substrates2 and 3 in the absence of ethylene glycol gave
largely incomplete transfer as shown by a lower than 50%
conversion to product4.12 This confirms the expected
advantage of using the phase transfer agent. In fact, ethylene
glycol transesterifies the resin-bound boronic acid within a
time scale that minimizes any rate-lowering of the cross-
coupling. When resin2 was treated for 0.5 h in a 8:1:1
mixture of DMF/triethylamine/ethylene glycol at 105°C, less
than 10% of the boronic acid remained bound to the DEAM-
PS support.

The usefulness of DEAM-PS to synthesize new aryl-
boronic acids and the potential of the resin-to-resin Suzuki
coupling strategy are clearly demonstrated by the convergent
synthesis of unsymmetrically functionalized biphenyl com-
pounds (Scheme 3, eqs 1-3). Amide derivative6 was made13

from DEAM-PS-boundp-carboxybenzeneboronic acid (5)
under standard carbodiimide methods.4 Following washing
and drying operations, resin6 was reacted with3 using
method A, affording 4,4′-biphenyl dicarboxylic acid mono-
amide8 after cleavage from the resin mixture (7+1). This
example makes a very significant case for using a convergent
RRTR strategy in solid-phase synthesis. Indeed, asp-
carboxybenzeneboronic acid is inept as a substrate in Suzuki
reactions,14 a linear solid-phase strategy involving its cou-
pling to 3 followed by amide formation would be imprac-
ticable.

The Suzuki RRTR strategy is also useful to afford
monoalkylated biphenyl dibenzylamines (Scheme 3, eq 2).
For example, DEAM-PS-boundp-(bromomethyl)benzene-
boronic acid (9) was alkylated with morpholine to give10.13

Table 2. Suzuki RRTR of2 and3 under Anhydrous
Conditionsa

entry solvent base
transfer
agent

temp
(°C)

time
(h)

conversion
(%)d

1 DMF Et3Nb (HOCH2)2
b 105 20 100

2 DMF Et3Nc (HOCH2)2
c 105 20 100

3 DMF Et3Nb (HOCH2)2
b 85 20 100

4 DMF Et3Nc (HOCH2)2
c 85 20 85

5 DMF N(CH2CH2OH)3b 105 20 40
6 PhMe N(CH2CH2OH)3b 105 20 45
7 dioxane NH(CH2CH2OH)2b 85 20 25
a Typical trial same as in Table 1 except for the constant use of

4 equiv of2 (107 mg, 0.82 mmol/g).b A large excess is used, ca.
10% v/v. c 20 equiv.d Measured by1H NMR integration on crude
reaction products.

Scheme 3a

a Methods A, B: see legend below Scheme 2. (a) Ph(CH2)3NH2, DIC, HOBT, DMF, rt, 6 h. (b) Morpholine (10 equiv), DMF, rt, 17 h. (c) Modified
method B using 6 equiv of10 or 15, and K2CO3 (8 equiv) in place of Et3N, 115 °C, 60 h. (d) PhCOCl (10 equiv), (i-Pr)2EtN (11 equiv), THF, rt, 8 h.
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The latter was treated with trityl-PS-boundm-iodobenzyl-
amine (11) under modified RRTR method B (K2CO3 as
base), and after cleavage of the resin mixture, it afforded
crude diamine13 in 84% yield and high purity (>90% by
HPLC). Again, with this example, a linear synthesis based
on the cross-coupling of11 with p-(bromomethyl)benzene-
boronic acid would be hampered by incompatible reaction
conditions. The basic conditions required in the Suzuki
coupling could promote nucleophilic displacement on the
benzylic bromide which, in addition, can react with pal-
ladium(0) by oxidative addition.15 As shown through the
formation of18, monoacylated biphenyl dianilines can also
be synthesized efficiently (Scheme 3, eq 3).16 In the above
examples, cleavage and handling of the boronic acid prior
to the Suzuki coupling were obviously eliminated, and there
is no need for transferring the resin to a new reaction vessel
after washing and drying operations.17 These advantages are
very appealing toward combinatorial chemistry applications
where libraries of new DEAM-PS-bound arylboronic acids
could be made and combined with libraries of supported
haloarenes. To demonstrate this, a small model library was
made using a commercial, semiautomated parallel synthesizer
(Scheme 4).18 Supported boronic acids20{1-3} were
synthesized from14 and acid chlorides19{1-3}, and after
resin rinsing were immediately reacted with iodoarene resins
11 and16 using the same conditions used for the synthesis
of 18. After on-line cleavage, all six biphenyl products
21{1-3} and22{1-3} were obtained in good to excellent
yields (75-100%) and high purity (>90% by NMR).
Interestingly, reactions performed with the synthesizer were
significantly more efficient and cleaner compared to the
manual protocol using glass vessels. This was clearly shown
by comparing spectra of reference library member22{1} with
another sample made previously via manual synthesis (see
18 in Scheme 3).

In summary, we have developed the first resin-to-resin
transfer reaction for the formation of carbon-carbon bonds.
The Suzuki RRTR system described herein allows for the
convergent solid-phase synthesis of unsymmetrically func-
tionalized biphenyl compounds that would be difficult to
access using a linear solid-phase strategy. Added with the
potential of DEAM-PS resin to generate libraries of several
new arylboronic acids as coupling partners, this simple and
practical strategy is particularly promising toward high-
throughput combinatorial library synthesis. We are currently
looking to expand this concept to other types of reactions
involving boronic acids.19
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