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ABSTRACT

Palladium(II)-catalyzed macrocyclizations of bis(vinylboronate ester) compounds are demonstrated to provide a strategically efficient approach to
transannular Diels�Alder reaction substrates. In several systems reported, themacrocycle is preorganized such that cycloaddition at room temperature
occurs concomitantly with cyclization. Numerous advantages over palladium(0)-catalyzed cross-coupling approaches are demonstrated.

Transannular Diels�Alder (TADA) reactions are a
topologically powerful synthetic strategy for the construc-
tion of polycyclic ring frameworks1 and have been utilized
in the synthesis of complex targets.2 They can exhibit
stereoselectivity not attainable in inter- or intramolecular
Diels�Alder reactions as elegantly demonstrated by
Roush and co-workers.3 Remarkably, the first character-
ized Diels�Alderase enzyme catalyzes a TADA reaction.4

The challenge for chemists, though, is synthesis of the
requisite macrocyclic TADA substrate. Macrocyclization
is the crucial issue, and geometric constraints often pre-
clude SN2 type substitutions as the key bond-forming step.
Palladium(0)-catalyzed cross-couplings arewidely used for
macrocyclizations and also for formation of strained rings5

and, thus, can be applied toward the synthesis of TADA
substrates. Indeed,Deslongchampsdemonstrated theutility
of Stille macrocyclizations as the key synthetic strategy for
the preparation of macrocyclic trienes.6 That approach was
developed to solve the key problem of “The bottleneck of
the TADA strategy resides in the macrocyclization step.”6

Unfortunately, Pd(0)-catalyzed cyclization strategies are
not without limitations. Vinyl halide intermediates can be
toxic or carcinogenic, Pd(0) reactions require an inert atmo-
sphere, complex ligands can be necessary to promote oxi-
dative addition, and heating is often required which can
preclude isolating strained structures. Most importantly,
macrocyclization substrates must have the end groups
differentiated into electrophilic (i.e., vinyl halide) and nu-
cleophilic (i.e., vinyl metal) components. Inevitably that
requirement translates into lengthy synthetic pathways.
We developedPd(II)-catalyzed cross-coupling reactions of

vinylboronate esters as a solution to the problems inherent in
Pd(0)-catalyzed cross-couplings.7 Our approach efficiently
prepares cyclic targets in just two steps from R,ω-diynes.
We report herein on the development and application of
Pd(II)-catalyzed macrocyclizations as a strategically efficient
approach to prepare TADA substrates.
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Dialkylation of cis-2-butene-1,4-diol provided ene-diyne 2,
and hydroboration with pinacolborane catalyzed by
Schwartz’s catalyst using the Srebnik procedure8 gave bis-
(vinylboronate ester) 3 as the macrocyclization substrate
(Scheme 1). A Pd(II)-catalyzed reaction using 10 mol %
palladium(bistriphenylphosphine)dichloride, anaqueouspo-
tassium carbonate activator for boron, and chloroacetone as
the reoxidant in methanol solvent at room temperature for
12 h gave tricycle 5 resulting from a tandem cyclization/
TADA sequence as the only observable product in 86%
yield. Cyclization at 60 �C reduced the yield to 42% due to
competing protodeboronation. Thus, reduced temperatures
are preferred and also have strategic advantages (vide infra).

The stereochemistry of 5 is proposed based on density
functional theory calculations at the B3LYP/6-31G* level9

using the Gaussian 09 package,10 which is known to be
effective for explaining reaction stereoselectivities.11 Calcula-
tions on the endo and exo Diels�Alder transition state
structuresof4 identified twoglobal stationary transitionstates
(Figure 1). The endo transition state leading to the cis-syn-cis
product ispredicted tobe3.54kcal/mol lower inenergy,which
corresponds to a greater than 99.7:0.3 selectivity. Indeed, no
evidenceofanyotherdiastereoisomerwasdetectedbyTLCor
NMR. The large difference in transition state energies can be
attributed to thepreference for a staggered conformationwith
respect to forming bonds, or torsional steering.12

Starting again from cis-2-butenediol, monoalkylation and
Mitsunobu substitution readily provided diyne 6 and hydro-
borationgavesubstrate7.13Pd(II)-catalyzedmacrocyclization
under the standard conditions gave a single diastereomer 9
resulting again from a tandem cyclization/TADA sequence
in 72%yield (eq 1).Using a similar synthetic path as that for
3, but starting from trans-2-butene-1,4-diol, substrate 11
was constructed. Cyclization of 11 yielded 13 in 78% yield
(eq 2). In this instance 5 days were required for the reaction
to proceed to completion. Calculations on the TADA
transition state for 12 found the activation energy to be
1.26kcal/mol lower than that for 4, so the increased reaction
time was due to the palladium-catalyzed step and not the
TADA step.
12-Membered trienes 4, 8, and 12werenot observedduring

the reactions likelydue to conformationalpreorganization for
the TADA reaction.14 Notable is that the dienes and dieno-
philes were not activated with electron-donating or -with-
drawing substituents. Such proximity-induced14 reactivity in
TADA reactions was first reported by Deslongchamps.15

Scheme 1. Pd(II)-Catalysis Applied to a TADA Reaction

Figure 1. Calculated endo and exo transition state structures for
TADA reaction of 4 to 5.
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A benefit of Pd-catalyzed cyclizations is the ability to

prepare strained ring systems.5 In such processes, the pre-

cursor to the strained target is a larger ring palladacycle.

Given the larger ring size and longer Pd�Cbonds, typically

on the order of 2 Å for Pd�C(sp2) bonds, the palladacycle is

not as strained and so is readily formed. Subsequent

reductive elimination forms the desired strained product.

To further increase the ring strain of the intermediate

macrocycle, we explored three 12-membered TADA sub-

strates containing alkyne dienophiles.
Dialkylation of 2-butyne-1,4-diol provided triyne 14 and

hydroboration yielded cyclization substrate 15 (eq 3).13 A

Pd(II)-catalyzed reaction led to tricycle 17 in 84% yield as

the result of a tandem cyclization/TADAprocess. A similar

sequence starting from 2,5-dimethyl-3-hexyne-2,5-diol pro-

duced tricycle 21 (eq 4). Finally, dialkylation of 1,4-dibromo-

2-butyne with benzylpropargylamine gave triyne 22 that

was carried forward under the standard conditions to

provide tricycle 25 in 71% yield (eq 5). As with all of the

12-membered trienes, no macrocyclic dienyne intermedi-
ates were observed.
Products 17, 21, and 25 contain dihydrobenzene rings,

so it might be expected to be subject to aromatization
via hydrogen loss under oxidizing conditions. In prac-
tice, high yields for products were obtained and aro-
matized products were not observed. This is an advan-
tage of being able to perform Pd(II)-catalyzed cycliza-
tions at room temperature in contrast to other types of
cyclizations which typically require heating. In fact,
heating product 17 in air at a mere 60 �C started
aromatization.

Next we turned to larger ring TADA triene and dienyne
targets.Monoalkylation of cis-2-butene-1,4-diol andDCC
coupling with acid 26 provided diyne 27a which was
hydroborated to yield substrate 28a (Scheme 2).13 Pd(II)-
catalyzedmacrocyclization of 28a afforded triene 29a, and
tricycle 30a was not detected. In an attempt to execute the
TADA reaction, 30awas heated at 100 �C for 24 h, but no
TADA product was seen. In contrast with macrocycles 4,
8, and 12 thatwere primed forTADAreaction,macrocycle
29a may not readily attain the conformation required
for cycloaddition. Such lack of reactivity has been ob-
served in a TADA system.16 In an exactly analogous series
of transformations,13 2-butyne-1,4-diol was converted
to macrocycle 29b. Even with the more geometrically
constrained alkyne unit in 29b, a TADA reaction was
not observed.

As a direct head-to-head comparison of the efficiency
of our Pd(II)-catalyzed macrocyclization strategy versus
a Pd(0)-catalyzed Stille strategy for TADA substrate
synthesis, we examined a specific target prepared by
Deslongchamps.6 As a component of extensive studies on
TADA reactions, Deslongchamps reported using Stille

Scheme 2. Macrocyclic Triene 29a and Dienyne 29b
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reactions as an effective entry to macrocyclic trienes,
and one system is shown in Scheme 3. In the pivotal

Pd(0)-catalyzed macrocyclization of substrate 32, pre-
pared in 12 steps, macrocyclic triene 33 was not observed
and, instead, TADAproduct 34was obtained. A potential
reason macrocyclic triene 33 was not seen is that the
reaction was performed at 90 �C.17

We applied our Pd(II)-catalyzedmacrocyclization strat-
egy to the identical target (Scheme 4). Starting also from
3-methylanisole (31), Birch reduction, selective reductive
ozonolysis, tosylation, alkylation, and hydroboration af-
forded substrate 36 in just five steps. Pd(II)-catalyzed
macrocyclization at rt cleanly yielded triene 33. Triene 33
was sensitive, but unlike Deslongchamps, we were able to
characterize it fully by spectroscopic means. Furthermore,
we were able to observe the TADA reaction in real time
and study the reaction kinetics.18 Heating 33 at 70 �C in
benzene-d6 converted it to TADA product 34 with a half-
life of only 67 min. Thus, it is apparent why Deslong-
champs did not observe the macrocycle from the Pd(0)-
catalyzed reaction at 90 �C.
In conclusion, we demonstrated a rapid and efficient

strategy for the synthesis of transannular Diels�Alder
cycloaddition macrocycles using Pd(II)-catalyzed cy-
clizations of bis(vinylboronate ester) substrates at rt.
Nine systems were prepared, and a direct comparison
example demonstrated the remarkable efficiency of this
protocol. Six systems reacted by an intriguing tandem
cyclization/TADA sequence due to conformational
preorganization favoring proximity-induced cycload-
dition that is currently under further study. The exam-
ples herein employed E,E-dienes, but E,Z- and Z,
Z-dienes are also accessible,7 making this a powerful
strategy.
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Scheme 3. Deslongchamps Transannular Diels�Alder System6

Scheme 4. Improved Transannular Diels�Alder System Using
Pd(II)-Catalysis
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