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Immobilized Pd-complexes allowed macrocyclisations via the
Tsuji-Trost-reaction in concentrated solutions. Systematic studies
suggest that the origin of this pseudodilution effect is neither film
diffusion nor gel diffusion, but the reduction in conformational
freedom of intermediates and intramolecular prenucleophile acti-
vation. In contrast a pseudodilution effect could not be observed
for Sonogashira- and Suzuki-macrocyclisations.

The conformational restriction caused by the macrocyclic
nature of many natural products and several drug molecules is
believed to be of superior importance for their biological
activity.! The synthesis of such macrocyclic structures is a
challenging task as any cyclisation reaction of a difunctional
substrate has to compete with concurring intermolecular oligo-
merization reactions.” According to the high dilution principle
of Ziegler and Ruggli, concentrations of 107> M or less are
applied to favor intramolecular reactions.? In 1982 Trost and
Warner reported a stunning observation: with a polymer-
bound metal complex macrocyclisations via Pd-catalyzed
allylation of vinylepoxides succeeded in good yields at
0.1-0.5 M concentrations, while using a homogeneous variant
of the catalyst at the same concentrations delivered only oligo-
merization products.” Besides another report of Tsuji-Trost
allylation,® the only other examples of a similar effect have
been documented for macrocyclisations via Stille-coupling®
and Cu-catalyzed Huisgen-cycloaddition.” The dramatic
improvements in macrocyclisation products using an immobi-
lized catalyst have been interpreted as originating from a
pseudodilution effect. This effect is well documented in solid
phase synthesis for immobilized substrates at low substrate
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loadings, which favors intramolecular reactions through site
isolation.® We report now a systematic investigation to study
several parameters which might be involved in the performance
of immobilized catalysts. In particular we were interested in the
following questions: (1) How general is this effect? Can it be
extended to other metal-catalyzed reactions? (2) Is the substrate
transport to and across the catalyst-bead an influencing factor?®
(3) Do other resin properties (loading, flexibility, hydrophilicity/
hydrophobicity) of the polymer support play a role?"°

One prerequisite for our studies was a reliable access for
well characterized polymer bound phosphine ligands. A limit-
ation of previous studies which have relied on polystyrene (PS)
phosphine is that this ligand is not only difficult to prepare
but due to its monodentacity it might lead to several different
catalytically active species. We identified the bis(phosphino-
methyl)amine moiety’" as a convenient and suitable ligand
unit for our purposes, as it can be easily made from readily
accessible H,N-functionalized resins in quantitative yield."?
The bidentate ligand should warrant more defined Pd-coordi-
nation, which through the chelating effect should also dimin-
ish leaching. We synthesized a series of polymer-supported
bis(phosphinomethyl)amine ligands 1a-1g, in which we
varied loading, cross linking, bead size and hydrophilicity of
the support (Scheme 1, Table 1). All polymer ligands were
characterized by *"P-NMR showing only a single signal for the
P(u)-species. The ligands were converted to the Pd-complexes
1a-g/Pd by stirring the resin with Pd[PPh;], followed by exten-
sive washing.

For a first series of experiments in the Tsuji-Trost-macro-
cyclisation we needed a suitable substrate which can be

[ /PPhz /PP
O—NHz - —N e —N Pd[PPhs]y
\_ /
PPh, PPh,
1a-g 1a-g/Pd

Scheme 1 Synthesis of immobilized phosphine ligands 1a—-g and the conver-
sion to the corresponding Pd-complexes. (i) (1) Ph,PH, HCHO, MeOH, 60 °C, (2)
resin, toluene, 105 °C, 2d; (ii) Pd[PPhs]4.
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Table 1 Properties of immobilized phosphine ligands 1a-1g
Entry 1 Type® Size [mesh] DVB[%] Loading” [mmol g7']
1 a PS 200-400 1 0.77
2 b PS 100-200 1 0.59
3 c PS 70-90 1 0.79
4 d PS 70-100 1 0.72
5 e PS ~120 1 0.29
6 f Tentagel ~20 1 0.68
7 g PS ~100 High 0.90

“For more details about the resins see ESL ?Loading with respect to
NH,-groups.

synthesized in a convergent manner and would give ready
access to differently sized analogs. Similar to the methodology
reported before, substrate 8 was prepared from vinylepoxide 5,
which resulted from a reaction of sulfur ylide 4 with aldehyde
3.'% After silyl deprotection, alcohol intermediate 5 was esteri-
fied with carboxylic acid 7 to furnish cyclisation substrate 8 in
21% overall yield for the 6 step synthesis in the longest linear
sequence. Adapting the conditions of Fiirstner and Weintritt
established for their total synthesis of roseophilin,”> we
achieved the Tsuji-Trost-macrocyclisation (10% Pd[PPh;],,
20% dppe, THF, reflux, 0.0015 M) of 8 to form 17-membered
lactone 9 in 64% yield (Scheme 2).

In order to evaluate the performance of polymer-supported
catalysts for the same macrocyclisation of 8, we used catalyst
1a/Pd as a standard, as it featured the most popular resin pro-
perties (PS, 1% DVB, 200-400 mesh) used in solid phase
organic synthesis. Using 10% 1a/Pd under reflux conditions in
THF, we varied the substrate concentration from 0.002 to
0.2 M (Fig. 1). To our delight, we could observe that immobi-
lized catalyst 1a/Pd produced macrocycle 9 even at the high
concentration of 0.2 M in good yields (45%), confirming the
previously reported effect of catalyst immobilization in Tsuji-
Trost-cyclizations. The best yields were observed at 0.04 M
(63%) (Fig. 1).

We used the concentration of 0.04 M for the next experi-
ment in which we varied the reaction temperature. While at RT
the yield decreased to 59% yield, at 50 °C it improved to 67%.
As these experiments had confirmed that the immobilization
effect was also valid for our substrate, we were considering the
hypothesis that diffusion through the laminar layer surround-
ing the bead (film diffusion) resp. diffusion inside the bead
(pore/gel diffusion) might be rate limiting. In such a scenario
a locally lower substrate concentration inside the bead would
be created, potentially equivalent to high dilution concen-
trations.”"* In order to validate this hypothesis, we performed
two sets of experiments. To test for potential film diffusion at
first, we varied the stirring rate of the magnetic stirrer, which
should influence the thickness of the laminar film layer
around the beads. No influence of film diffusion could be
detected, as the yields for a reaction at 0.022 M remained
almost indistinguishable at the highest stirring rate (52%)
from the one where no stirring was applied (51%) and values
in between. Secondly, we screened our set of Pd-catalysts
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Scheme 2 Synthesis of cyclisation substrate 8. (i) NaH, TBDMSCI, 67%,; (ii)
(COdl),, DMSO, EtsN, DCM, =78 °C to rt, 88%; (iii) MeOH-H,O (9/1); (iv) 3,
DCM-10 M NaOH (1/1), =20 °C to rt, 1 h, 80%; (v) NH4F, MeOH, reflux, 8 h,
65%; (vi) MeOH, H,S50,4, 89%; (vii) (PhSO;),CH,, NaH, DMF, 81%; (viii) LiOH,
THF-MeOH-H,0 (3/3/1), quant.; (ix) EDC, DMAP, DCM, RT, 12 h, 68%; (x) 10%
Pd[PPhs]s, 20% dppe, syringe pump, 0.0015 M, THF, reflux, 64%.
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Fig. 1 Influence of the substrate concentration on the product yield for the

macrocyclisation of substrate 8 with immobilized catalyst 1a/Pd.

produced from polymer-supported phosphine resins la-g
featuring different bead sizes and degrees of cross linking
(Table 2).
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Table 2 Macrocyclisation yields for substrate 8 with immobilized Pd-catalysts
1a-g/Pd

o 10% 1a-g/Pd OH
N 0.04 M, THF =
—_——— >
50°C,15h PhO,S
O SO,Ph o SO,Ph
o) SO,Ph
8 © 9
Entry Catalyst Size [mesh] 9 Yield [%]
1 1a/Pd 200-400 67
2 1b/Pd 100-200 67
3 1c/Pd 70-90 59
4 1d/Pd 70-100 62
6 1e/Pd ~120 70
7 1f/pd ~20 51
8 1g/Pd ~100 44

When comparing the similarly structured catalysts 1a/Pd,
1b/Pd, 1c¢/Pd, 1d/Pd, which differ primarily in their bead size,
consistently good yields (59-67%) could be observed. Catalyst
1e/Pd, which is in bead size similar to catalyst 1b/Pd but has
only half its loading, performs equally well (70%). As the larger
beads (1c and 1d) exhibited similar or slightly diminished
yields, the hypothesis that pore/gel diffusion might have any
(or even a positive) effect on macrocycle yields is not sup-
ported. For comparison, the homogeneous catalyst Pd[PPh;P],
gave under otherwise identical conditions only 29% yield of 9.
A resin which significantly performed differently, in this case
worse than others, was catalyst 1g made from a highly cross-
linked resin, which does not swell in solvents. Interestingly,
Tentagel-derived catalyst 1f which is most distinct from all
other resins in terms of bead size, ligand flexibility, loading
and hydrophilicity performed quite well with test substrate 8.
From these two series of experiments we conclude that we
have no evidence that limitation of substrate transport to and
across the beads has an influence on macrocyclisation yields
for the Pd-catalyzed Tsuji-Trost-macrocyclisation of our test
substrate. To explore other substrates we limited our investi-
gations to three catalysts: our standard catalyst 1a/Pd, its close
analog 1b/Pd, and Tentagel-derived catalyst 1f/Pd, and com-
pared them with the homogeneous catalyst Pd[PPh;],.

When comparing catalyst performance, it can be seen that
1a/Pd and 1b/Pd gave consistently good yields also for other
substrates, whereas the Tentagel-based catalyst 1f/Pd gave
results similar to the homogeneous catalyst with the previously
investigated standard substrate 8 as an exception. The almost
congruent behaviour between homogeneous and Tentagel-
immobilized catalysts matches well the perception that Tenta-
gel-resin through its long and flexible spacer units emulates
solution-phase behaviour, which has been used advanta-
geously for several applications.'® Together these data led us
to conclude that the observed effect, that catalyst immobiliz-
ation on cross-linked polystyrene resins leads to improved
yields for Tsuji-Trost-cyclisations, can be explained by two
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factors: (a) a pseudodilution effect, which results from the
intermittent immobilization of the substrate as a Pd-allyl
complex within a polymeric bead, thereby restricting the con-
formational reach of its reactive ends, and (b) the special case
of the internal base activation mechanism via intramolecular
deprotonation of the prenucleophile by the alkoxide resulting
from vinylepoxide opening by the Pd-catalyst, which positions
the nucleophile in close proximity to the electrophilic Pd-allyl
complex (Fig. 3).*

We next set out to explore if the catalyst-immobilization
effect can be extended to other Pd-catalyzed transformations.
In particular, we were interested in the Sonogashira- and
Suzuki-macrocyclisations. Despite its frequent application in
synthesis these macrocyclisation reactions have not been per-
formed with immobilized Pd catalysts yet. For the Sonoga-
shira-macrocyclisation'® a set of eleven different substrates
was synthesized, which would result in 14- to 25-membered
rings. The synthetic strategy is based on the modular assembly
of terminal alkyne building blocks with various iodoarenes. As
an example the synthesis of 19 is described in Scheme 3 (for
all other substrates see ESIT) (Table 3, Fig. 2).

12-Hydroxy undecanoic acid (16) was silyl-protected allow-
ing the esterification with 5-hexyn-1-ol to produce ester 18.
Fluoride-mediated deprotection of the TBDMS-group quanti-
tatively furnished the free alcohol which underwent carbodi-
imide-mediated esterification with 2-iodo benzoic acid to
produce macrocyclisation substrate 19 in 34% yield for the
entire four step synthetic sequence. The homogeneous catalyst
Pd[PPh;], and the standard polymer supported catalyst 1a/Pd
were compared at 0.04 M substrate concentration for the

— =
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///\/\/ M
O

18

iii-iv

|
v (0] (0]
20 ///\/\/M\:i:
O (6]
19

Scheme 3 Synthesis of Sonogashira-cyclisation substrate 19. (i) TBMSCI, imid-
azole, 50%; (ii) EDC, DMAP, 83%; (iii) NH4F, quant.; (iv) 2-iodobenzoic acid, EDC,
DMAP, 83%; (v) 20% Pd[PPhs]s, 20% Cul, 0.04 M, 1,4-dioxane—piperidine (2/1),
60 °C, 15 h, 22%.
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Table 3 Tsuji-Trost-macrocyclisation yields with immobilized Pd-catalysts 1a,b,
f/Pd

Entry Catalyst 17-Ring 9 19-Ring 13 21-Ring 11  22-Ring 15
1 1a/Pd 67% 33%"“ 46% 53%
2 1b/Pd 67% 48% 47% 26%
3 1g/Pd 51% 28% 35% 19%
4 Pd[PPh;], 29% 31% 34% 29%

Conditions: 10% 1/Pd, 50 °C, 0.04 M, THF, 15 h.* At 80% conversion.
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Fig. 2 Tsuji-Trost-macrocyclisation products. The bond formed in the cyclisa-
tion step is indicated in bold.
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Fig. 3 Mechanistic proposal for intramolecular cyclization at the active site
within a catalyst bead.

transformation of 19 to cyclisation product 20. Both catalysts
produced the 23-membered ring in 22% yield. In order to gain
a more representative view of the Sonogashira-macrocyclisa-
tion, more substrates were investigated to produce the macro-
cycles depicted in Fig. 4 (Table 4).

The experimental results allow two important conclusions:
(1) due to the conformational constraints imposed by the large
number of sp> and sp-hybridized carbon atoms in our sub-
strates the yield depends strongly on the particular substrate
ranging from 0% for highly constrained rings 24 and 28
(entries 5 and 9) up to 50% (entry 3) for product 22, which is
less constrained. (2) The yields from the reactions with the
immobilized catalyst and the homogeneous reaction are very
similar with only slight variations. We interpret these data that

This journal is © The Royal Society of Chemistry 2013
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Fig. 4 Sonogashira-macrocyclisation products. The bond formed in the cyclisa-
tion step is indicated in bold.

Table 4 Comparison between homogeneous catalyst and immobilized catalyst
for the Sonogashira-macrocyclisation

Entry Product Ringsize Yield with Pd[PPh;], Yield with 1a/Pd
1 20 23 22% 22%
2 21 25 — 25%
3 22 17 40% 50%
4 23 22 29% 27%
5 24 19 0% 0%
6 25 24 9% 13%
7 26 19 6% 12%
8 27 24 40% 38%
9 28 14 0% 0%
10 29 19 35% 33%
11 30 21 14% 14%

Conditions: 20% catalyst, 20% Cul, 0.04 M, 1,4-dioxane/piperidine
(2/1), 60 °C, 15 h.

we cannot observe a catalyst immobilization effect for the
Sonogashira-macrocyclisation of the investigated substrates.
Apparently, the pseudodilution effect stemming from the tran-
sient immobilization of a reaction intermediate as it would
occur during oxidative addition of the substrate is not
sufficient to produce an improved cyclisation yield for the
Sonogashira reaction.

The Suzuki-reaction has achieved considerable attention for
macrocyclisations.'” However, to the best of our knowledge no
efforts have been made to explore the use of immobilized cata-
lysts in the context of this transformation. For substrate syn-
thesis we had to adapt our modular synthetic strategy, as a
direct transformation of our alkyne substrates for Sonogashira-
macrocyclisations via hydroboration failed because of sub-
strate decomposition. Our preferred synthetic route is illus-
trated for substrate 34 in Scheme 4 (for all other Suzuki
substrates, see ESIT).

Alkynol 31 was converted via hydroboration by catechol-
borane followed by in situ hydrolysis and transesterification to
vinyl pinacol boron ester 32. This intermediate underwent
carbodiimide-mediated esterification with carboxylic acid 33
to furnish cyclisation substrate 34 in 33% yield for the five-step
reaction sequence. All in all, we had six substrates in hand
which upon Suzuki-reaction would form 17- to 24-membered
rings (Fig. 5, Table 5).
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Scheme 4 Synthesis of Suzuki-macrocyclisation substrate 34. (i) TBDMSCI,
EtsN, DMAP, DCM, overnight, quant,; (ii) catecholborane, 75 °C, 6 h; (iii) H,O,
1 h, then CH,O, 1 h, then pinacol, overnight; (iv) NH4F, MeOH, 6 h, 49%
(3 steps); (v) DIC, DMAP, DCM, overnight, 68%; (vi) 10% Pd[PPhs],;, 0.04 M
DME-H,0-DMF (7/3/2), 2 eq. Cs,C0O3, 80 °C, 15 h, 60%.
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Fig. 5 Suzuki-macrocyclisation products. The bond formed in the cyclisation
step is indicated in bold.

Table 5 Comparison between homogeneous catalyst and immobilized catalyst
for the Suzuki-macrocyclisation

Entry Product Ringsize Yield with Pd[PPh;], Yield with 1a/Pd
1 35 17 60% 41%
2 36 22 57% 58%
3 37 19 0% 0%
4 38 24 61% 47%
5 39 19 22% 30%
6 40 26 0% 0%

Conditions: 10% Pd[PPh;];, 0.04 M DME-H,0-DMF (7/3/2), 2 eq.
Cs,C03, 80 °C, 15 h.

When performing the cyclisations with immobilized cata-
lyst 1a/Pd and homogeneous catalyst Pd[PPh;], at 0.04 M sub-
strate concentration, we again saw a great substrate
dependence originating from the conformational strain of the
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formed compounds. Importantly, we also observed again a
largely coherent efficiency between heterogeneous and homo-
geneous catalysts, showing better yields with the homo-
geneous catalyst for substrates 35 (entry 1) and 38 (entry 4),
which led us to conclude that no substrate immobilization
effect can be observed for the Suzuki-macrocyclisation of our
tested substrates.

In conclusion, we have achieved the macrocyclisation of
suitable substrates via Tsuji-Trost-macrocyclisation, and for
the first time the Sonogashira-macrocyclisation and Suzuki-
macrocyclisation using polymer-bound Pd-complexes.'® Our
study has revealed that the catalyst-immobilization effect is
not of general applicability to Pd-catalyzed macrocyclisations.
For a set of eleven Sonogashira- and six Suzuki-macrocyclisa-
tion substrates we could not observe any evidence for such an
effect. However, we could consistently see such an effect for
Pd-catalyzed Tsuji-Trost-allylation of vinylepoxides. In contrast
to previous intermolecular alkylation reactions catalyzed by
solid-supported phase transfer catalysts,” we could show that
for the intramolecular Tsuji-Trost-allylation, substrate trans-
port to and across the resin beads does not play a major role.
Instead we believe that the combination of restricted freedom
of the intermittently immobilized substrate and the idiosyn-
cratic intramolecular activation mechanism through the for-
mation of an alcoholate base and subsequent deprotonation of
the prenucleophile plays an important role in this reaction.
The flexibility of Tentagel resins does obscure the immobili-
zation effect. It remains to be seen that other macrocyclisation
reactions can be designed in which the effect of catalyst immo-
bilization will allow macrocyclisations even in concentrated
solutions,"® as has now been well exemplified for the intra-
molecular Tsuji-Trost-allylation with vinylepoxide substrates.
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