A General Protocol for Robust Sonogashira Reactions in Micellar Medium
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A robust and general protocol for a sustainable copper-free Sonogashira cross coupling under micellar aqueous reaction conditions with high turnover was

developed. By using the commercially available catalyst CataCXium A Pd G3 and THF as co-solvent, various alkyne substrates were efficiently cross-coupled

with a broad range of aryl halides, providing improved yields and low catalyst loadings. The reaction parameters were optimized to render the process

operationally simple, robust and scalable. The method gives access to alkynylated arenes, heterocyclic compounds and monofunctionalized products from

dihalogenated substrates with an improved selectivity achieved by the micellar aqueous reaction conditions.
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Introduction

Cross-coupling reactions belong to the most widely utilized transformations
in the pharmaceutical industry, ranging from the discovery phase to multi-
ton scale production. ™61 Whereas meticulous process optimization reduced
the ecological footprint and cost of production, solvents remain a main
economic and environmental factor in these reactions. Numerous initiatives
from the industrial side therefore aim at replacing problematic solvents,
while regulatory legislations have further incentivized the development of
sustainable processes by a suitable solvent selection.”# The use of aqueous
reactions conditions is thereby often considered as ideal medium, taking
into account the overall assessment of cost and environmental impact.!

However, many organic transformations are incompatible with water as
solvent, often due to the low solubility of substrates, reagents or
catalysts.l'9-121 Micellar reaction conditions utilizing readily available
surfactants allowed to overcome some of these limitations and thus
expanded the range of transformations that are amenable to aqueous
reaction conditions.[3%3) In particular, catalytic cross-coupling reactions
under micellar conditions allowed a broad range of application, especially
when a small amount of co-solvent is used which increase the size of the
micelles and therefore the overall reaction dynamics of the system.[16:17]
However, for a versatile and robust reaction protocol, the distribution of
catalyst and substrates and their mass transfer processes require suitably
general reaction conditions and an exceptionally efficient catalytic process.
We therefore aimed at increasing the scope of copper-free Sonogashira
reactions in aqueous micellar media, which allows to cross-couple
hydrophilic alkynes with a broad range of aryl halides and heterocyclic
substrates. Furthermore, the procedure was designed to be operationally
simple, robust, tolerant to air, amenable to scale-up and directly applicable

by using commercially available catalysts and reagents.

Results and Discussion

To develop a method with improved generality, robustness and scalability,
we chose the selective mono-functionalization of 1,2-dibromobenzene with
3-butynol under micellar reaction conditions using an aqueous solution of
surfactant TPGS-750-M as our reaction platform. With the HandaPhos ligand
known to be effective for other copper-free Sonogashira reactions under
micellar conditions, "8 we observed a low conversion (Table 1, entry 1, 8%),
further underlining the importance of complementary ligands for
sustainable Sonogashira reactions. Significant improvements of reactivity

were observed with 1 mol% DPEPhos and t- BuXPhos (entries 2 and 3).

Table 1. Comparison of catalysts for the micellar Sonogashira reaction?

OH
Br oH ligand,? Pd =
@E I

Br 2 wt% TPGS-750-MP Br
EtsN, Hp0, 45 °C

Entry Ligand®/Catalyst Cat.-Loading Additivec Yiedd
1 HandaPhos, Pd(OAc), 1.00 mol% - 8%
2 Pd(DPEPhos)Cl, 1.00 mol% - 27%
3 t-BuXPhos Pd G3 1.00 mol% - 28%
4 CataCXium A Pd G3 1.00 mol% - 53%
5 cBRIDP, Pd(OAc), 3.00 mol% - 16%
6 Pd(dppf)Cl, 3.00 mol% - 38%
7 CataCXium A Pd G3 3.00 mol% glucose 52%
8 Tris-Adam-Phosphine, 3.00 mol% glucose 20%
Pd(OAc),
9 EvanPhos, Pd(OAc), 3.00 mol% glucose 0%

2 Reactions performed with 420 pmol o-dibromobenzene, 504 umol 3-butynol and
840 pmol Et3N in 1.0 mL 2.0 wt% TPGS-750M in HPLC grade water (420mmolL?) at
45°C for 24 hours. ® See Supporting Information for Structures of TPGS-750-M and

ligands ¢ 5 mol% glucose was added 9 Yield was determined by calibrated HPLC.




However, the CataCXium A Pd G3 catalyst indicated the significance of ligand
structure variation to modulate the reactivity of the copper-free
Sonogashira reaction under micellar reaction conditions (entry 4, 53%). We
next determined the effect of a higher catalyst-loading and the use of
additives by investigating the reaction yield and processability. Inferior
results were obtained with cBRIDP or the ferrocenyl dppf-ligand (entries 5
and 6) and interestingly, a similar yield was obtained with 3 mol% of
CataCXium A Pd G3 (entries 7-9). However, the use of 5 mol% glucose
strongly affected the homogeneity of the reaction mixture, allowing
improved robustness, more effective stirring and an ideal
processability.[120]

Having identified CataCXium A Pd G3 as an optimal catalyst and the
beneficial effect of glucose, we set out to explore the impact of the size of
micelles, the amount of base, Pd/ligand ratio and the minimal catalyst
loading. Interestingly, reducing the catalyst loading to 0.50 mol% provided a
similar conversion, while the use of THF as co-solvent resulted in
substantially increased reactivity and more homogeneous reaction
conditions, particularly when 3.00 eq. of EtsN is used as base (Table 2,
entries 1 and 2, 72%). With this more effective catalytic system, the
expected two-fold Sonogashira reaction was also observed, thus reducing
the selectivity for the mono-functionalization to 76%. Moreover, further
decreasing the catalyst loading to 0.1 mol% sharply effected the reaction
outcome (entry 3), while the Pd/ligand ratio afforded only minor
improvements of the conversion (entries 4 and 5). Furthermore, we
confirmed the impact of the temperature on the active catalyst generation
and the conversion by a comparison with reactions at ambient temperature
(45°C vs. RT). Ambient temperature thereby resulted in an unsuitably low

conversion when CataCXium A was used in combination with Pd(OAc).

Table 2. Optimization of the reaction conditions using CataCXium A and co-solvent.2b

CataCXium A, Pd(OAc), or OH
Br oH CataCXium A Pd G3 =
+
©i ///\/ 2 wt% TPGS-750-M, 5.0 mol% glucose
Br EtN, H,0, THF, 45 °C Br
Entry Cat.-Loading EtsN (eq.) Co-solvent Conversion
[Pd/Ligand ratio] Selectivity©
1 0.50 mol% [1.00/1.00] 2.00 eq. - 55%
2 0.30 mol% [1.00/1.00] 3.00 eq. 15 Wt% THF  72% ; 76%
3 0.10 mol% [1.00/1.00] 3.00 eq. 15 wt% THF  10% ; 100%
4 0.30 mol% [0.80/1.00] 3.00 eq. 15 wt% THF  76% ; 68%
5 0.30 mol% [1.20/1.00] 3.00 eq. 15 wt% THF  65% ; 79%
6¢ 0.30 mol% [1.00/1.00] 3.00 eq. 15 wt% THF  11%; 100%
7 0.30 mol% [G3] 3.00 eq 15 wt% THF  81%;58%
8d 0.30 mol% [G3] 3.00 eq 15 wt% THF  62% ;94%

(entry 6) or in a reduced reactivity with CataCXium A Pd G3 as compared to
the transformation carried out at 45°C (entries 7 vs. 8, 81% vs. 62%).
Whereas the selectivity is improved by lowering the reaction temperature,
the formation of a substantial amount of double alkynylation could not be
fully prevented (58% vs. 94%).

Having in hand conditions that allow low catalyst loadings and a high
substrate conversion, we next investigated the scope of the optimized
protocol for Sonogashira reaction under micellar reaction conditions

(Table 3). Compared to o-dibromobenzene, a lower selectivity was observed

Table 3. Scope of the micellar Sonogashira reaction.?
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2 Reactions performed with 420 pmol o-dibromobenzene, 504 pmol 3-butynol and
840 umol or 1.26 mmol Et3N in 1.0 mL 2.0 wt% TPGS-750M in HPLC grade water
(420mmolLt) and 150 pl THF at 45°C for 24 hours. ® 5 mol% glucose was added

¢ Conversion and selectivity were determined by calibrated HPLC. 9 Reaction at RT.

a Reactions performed with 100 mg aryl bromide, 3.00 eq. EtsN, 1.20 eq. alkyne, 2.0
wt% TPGS-750M in HPLC grade water (420 mmolL1), 5 mol% glucose and THF as co-

solvent at 45°C for 24 hours. b Isolated yields.




with the meta-substituted congener, resulting in 31% yield (entry 1),
whereas a slightly higher selectivity provided a 49% isolated yield of the
corresponding product with isomeric p-dibromobenzene (entry 2).

However, when employing substrates without selectivity concerns, the
optimized conditions with CataCXium A Pd G3 as catalyst afforded the
corresponding alkynylated products with up to 98 % isolated yield (entries
3-9). Various aryl bromides and heterocyclic substrates poised for further
functionalization were well tolerated by this versatile transformation and a
broad range of alkynes with different lipophilicities, alkyl (entries 1-3 and 5),
aryl (entries 6 and 7) or heteroaryl substitution (entries 4, 8 and 9) as well
appropriately protected substrates (2-hydroxyprop-2yl (HOP), entry 5) were
efficiently cross-coupled. We next studied this notable catalytic efficiency by
examining the coupling of 2-iodobenzene with 3-butynol, which provided
the product in 88% yield on a 5 g scale. Furthermore, the improved stirring
with increased reaction scale allowed to reduce the amount of EtsN to 2.0

eq (Scheme 1).

OH
! OH  0.30 mol% CataCXium A Pd G3 Z
+ ///\/ '
Br 2 wit% TPGS-750-M, 5.0 mol% glucose Br
2.0 eq. EtgN, H,0, THF, 45 °C
88 %

Scheme 1. Sonogashira reaction with 2-iodobromobenzene (5 g, mechanic stirrer).

This result was consequently compared to an analogous reaction with
HandaPhos, establishing the differences of these two ligands (72% vs. 29%—
38% conversion, Table 4).21 Interestingly, an inversed effect of the addition
of glucose was observed, providing 29% with and 38% conversion without

the use of the additive (entry 2 vs. 3).

Table 4. Effect of ligand variation.?

| 0.30 mol% CataCXium A or > OH
OH HandaPhos, Pd(OAc),
©j + ///\/
Br 2 wt% TPGS-750-M, 5.0 mol% glucose Br

3.0 eq. EtgN, Hp0, THF, 45 °C

Entry Variation Conversion®
1 none 72%¢
2 HandaPhos, with glucose 28%
3 HandaPhos, without glucose 38%

2 Reactions performed with 420 pmol 2-iodobromobenzene, 504 pumol 3-butynol
and 1.26 mmol EtzN in 1.0 mL 2.0 wt% TPGS-750M in H,0 and 150 pl THF at 45°C for

24 hours. ® Conversion determined by calibrated HPLC. < Magnetic stirrer.

The advantages of micellar reaction conditions were further highlighted by
comparing the transformation of 2-iodobromobenzene (Table 5, entry 1,
magnetic stirring, 80%) with an analogous reaction in THF without the
aqueous solution of TPGS-750-M, affording a markedly reduced conversion
(Table 5, entry 2, 40%).2Y Moreover, the use of micellar reaction conditions
provided an improved impurity profile and a suitable mass transfer ideal for

scale-up of the process.

To gain further insights into the crucial parameters for catalysis under
micellar reaction conditions, we explored the effect of late additions of
different reaction components after 5 min. at 45°C. Notably, the late
addition of catalyst, base, co-solvent or glucose resulted in inferior
conversions (entries 3—6), whereas improved results were obtained by the
late addition of the substrates (entries 7 and 8, 81% and 84%). As expected
the late addition of the surfactant TPGS-750-M also gave a lower yield,
indicating that the formation of micelles is required prior to cross-coupling.
Considering the low catalyst loading, the mass transfer of the different
components of the reactions is hence considered as a crucial factor for

efficient turnover.
Table 5. Comparison of the micellar reaction conditions and study of late additions.2
| .
OH 0.30 mol% CataCXium A Pd G3
@ =
Br 2 wt% TPGS-750-M, 5.0 mol% glucose

3.0 eq. Et3N, H,0, THF, 45 °C or
THF without H,O, TPGS-750-M

OH
=

Br

Entry Variation Conversion®
1 none 80%°¢
2 without H,0, TPGS-750-M, THF as solvent 40%
3 late additiond of CataCXium A Pd G3 77%
4 late additiond of EtzN 75%
5 late additiond of THF 77%
6 late additiond of glucose 77%
7 late addition? of 2-iodobromobenzene 81%
8 late addition? of 3-butynol 84%
9 late additiond of TPGS-750-M 67%

2 Reactions performed with 420 pmol 2-iodobromobenzene, 504 pumol 3-butynol
and 1.26 mmol Et;N in 1.0 mL 2.0 wt% TPGS-750M in H,0 (420 mmol L) and 150 pl
THF at 45°C for 24 hours. ® Conversion determined by calibrated HPLC. < Magnetic

stirrer. 4 Addition of the component after 5 min of initial stirring at 45°C.

To further demonstrate the utility of the method, a reaction sequence
comprised of a Sonogashira cross-coupling, followed by a hydrolysis and an
amide coupling of an unprotected amino alcohol under micellar
conditions®?? was investigated (Scheme 2). With the developed protocol
using CataCXium A Pd G3 as catalyst, PMB protected p-bromobenzoate was
first coupled to N-Boc-propargylamine and the liberated acid converted with
(£)-2-phenylglycinol to give the corresponding amide in 46% yield over three
steps without purification of the intermediates. This sequential synthesis
shows the high efficiency not only in terms of chemical yield, but also in a
low environmental impact. The Process Mass Intensity (PMI) 23-251 for the
overall process throughout 3 steps is equal 110 and only 70 if we consider
only the organic solvents used (EtOAc for extraction and THF as co-solvent,

being both biodegradable with low impact on the environment).



NHBoc
Br = "NHBoc
0.3 mol % CataCXiumA Pd G3

2 wt % TPGS-750-M, 1.7 eq. Et3N,
5 mol % Glucose, H,0, THF, 45 °C

PMBO™ ~O
PMBO™ ~O
1. MeOH/
KOH (aq.)
2. H*/H,0
NHBoc Cl
NHBoc

N™SN

NH,
\
I HO\)\Ph , CI/I\N/)\CI I

2 wt % TPGS-750-M, NMM,
5 mol % Glucose, H,0, THF, 45 °C

HN™ ~O

HO HO™ ~0O
\)\Ph 46% over three steps

Scheme 2. Reaction sequence combining the copper-free Sonogashira reaction under
micellar reaction conditions with the hydrolysis and amide coupling step without

purification of intermediates.

In conclusion, an efficient general catalytic system for Sonogashira reactions
under aqueous micellar conditions was developed. With the surfactant
TPGS-750-M in H20, THF as co-solvent and CataCXium A Pd G3 as catalyst,
isolated yields of up to 98% were obtained with 0.30 mol% catalyst loading.
With glucose as an additive, more homogeneous reaction mixtures where
observed throughout our study, rendering the process amenable to scale-
up. Considering the low concentration of the intermediates and the mass
transfer required for catalyst and substrate species, a catalytic system with
synergistic ligand and surfactant properties had to be identified. A precise
characterization of relevant ligand features, process parameters, the role of
glucose and the characteristics of the external, internal and on-surface
processes of the catalytic transformations under micellar aqueous

conditions is subject of our current investigation.

Experimental Section

To a solution of 2-bromoiodobenzene (5.00 g, 17.7 mmol) in 2 wt.% aqueous
TPGS-750-M (75.0 mL) were added 0.2 mol % CataCXium A Pd G3 (25.7 mg,
35.4 umol), 5 mol% glucose (159 mg, 884 pmol), THF (11.2 mL) and 3-butynol
(1.49 g, 21.2 mmol). The mixture was stirred for 5 min at RT and EtsN
(7.35 mL, 53.0 mmol) was added. The reaction was stirred for 22 h at 45°C
and extracted with EtOAc (50 mL, 25 mL). The combined organic layers were
washed with brine (50 mL), dried over Na.SOs and then concentrated in
vacuo. The residue was purified by column chromatography (MTBE/heptane,
5:1) to give a yellowish oil (3.52 g, 88%). Rf 0.49 (heptane — MTBE/heptane
5:1); Vmax (neat) 3402w, 2886m, 1740w, 1540w, 1470s, 1440m, 1340w,
1096m, 1045s, 849m, 752s; 'H NMR (400 MHz, DMSO-ds): § = =7.67 (1H, dd,
3J7.7 Hz, % 1.7 Hz, C3H), 7.51 (1H, dd, 3/ 8.0 Hz, 4/ 1.1 Hz, C6H), 7.37 (1H, dt,
3J7.5 Hz, %J 1.2 Hz, C5H), (1H, dt, 3/ 7.9 Hz, 4J 1.8 Hz, C5H), 3.62 (1H, t, 3/ 6.9
Hz, C10H), 2.61 (1H, t, 3/ 6.9 Hz, C3H), 4.93 (1H, bs, OH); 13C-NMR (101 MHz,
DMSO-de): & = 133.8 (C6), 132.7 (C3), 130.1 (C4), 128.1 (C5), 125.4 (C2),
125.0 (C1), 93.9 (€8), 80.1 (C7), 60.1 (C10), 23.9 (C9).
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