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Abstract: The reaction of [PACly(CH3CN),] and bis-4,4’-(R¢CH,OCH>)-2,2-bpy (1a-d), where R = n-
C11F23 (a), n-CygFp1 (b), n-CoFyg (c) and n-CgFqy (d), respectively, in the presence of dichloromethane
(CH,Cly) resulted in the synthesis of Pd complex, [PdCl,[4,4"-bis-(RiCH,OCH;)-2,2'-bpy] (2a—d).
The Pd-catalyzed Stille arylations of vinyl tributyltin with aryl halides were selected to demonstrate
the feasibility of recycling usage with 2a as the catalyst using NMP (N-methyl-2-pyrrolidone) as the
solvent at 120-150 °C. Additionally, recycling and electronic effect studies of 2a—c were also carried
out for Suzuki-Miyaura reaction of phenylboronic acid derivatives, 4-X-C¢Hy-B(OH),, (X = H or
Ph) with aryl halide, 4-Y-C¢Hy-Z, (Y = CN, H or OCH3; Z = I or Br) in dimethylformamide (DMF)
at 135-150 °C. At the end of each cycle, the product mixtures were cooled to lower temperature
(e.g., —10 °C), and then catalysts were recovered by decantation with Pd leaching less than 1%. The
products were quantified by gas chromatography/mass spectrometry (GC/MS) analysis or by the
isolated yield. The complex 2a-catalyzed Stille reaction of aryl iodides with vinyl tributyltin have
good recycling results for a total of 8 times, with a high yield within short period of time (1-3 h).
Similarly, 2a—c-catalyzed Suzuki-Miyaura reactions also have good recycling results. The electronic
effect studies from substituents in both Stille and Suzuki-Miyaura coupling reactions showed that
electron withdrawing groups speed up the reaction rate. To our knowledge, this is the first example
of recoverable fluorous long-chained Pd-catalyzed Stille reactions under the thermomorphic mode.

Keywords: homogeneous; sustainable catalysis; catalyst; fluorous; thermomorphic; recovery; palla-
dium; long-chained; Stille; Suzuki-Miyaura; coupling

1. Introduction

Carbon-carbon bond forming reactions are among the most useful and most widely
studied synthetic transformations. Most importantly, the Stille, Suzuki-Miyaura, Heck,
Negishi and Sonogashira coupling reactions typically catalyzed by palladium have been
abundantly used in syntheses and widely studied in recent decades. Stille coupling, which
is the palladium-catalyzed cross-coupling of an organostannane and an organohalide, is
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one of the most powerful methods for the straightforward joining together of carbon-carbon
bonds in synthetic chemistry [1-3]. It is currently a widely used cross-coupling method
for the synthesis of functional molecules and polymers, both in laboratory research and in
industry [1,4]. In such kind of coupling reaction, several advantages are observed from the
substrate groups. These include the stability and functional group tolerance of stannanes,
the broad reaction scope of aryl halides and pseudo-halides, and its chemoselectivity. On
the other hand, Suzuki-Miyaura coupling reaction has become a main method in modern
synthetic organic chemistry for the preparation of biaryl compounds [5,6]. Therefore,
the coupling products of both the reactions have been widely applied in natural prod-
ucts [7-9], medicinal chemistry [10,11], chemical biology [12], industrial process [13] and
materials [14,15] in a controlled and selective manner.

Homogeneous catalysis of Stille coupling reaction generally takes place in organic
solvents and, hence, it is difficult to separate the catalyst from the reaction mixture and
recover it at the end of the reaction, leading to wastage of noble metals. Concerns for the
environment and scarcity of resources is becoming a challenge, which motivates chemists to
look for greener processes that are more economical and ecofriendly. Therefore, developing
a catalyst with a better activity, excellent selectivity, easy separation and better yield is
everyone’s goal. To solve this problem, several noble strategies involving heterogeneous
and improvised homogeneous catalysts have been developed for recycling and reusing
Stille catalysts, including the use of Pd complexes supported by recombinant peptide fusion
nanoparticles [16], magnetic nanoparticles [17], stainless steel mesh-GO (graphene oxide)
nanoparticles [18], polymer [19-21], silica [22], porous metal-organic framework (MOF) [23],
functionalized nanoporous silica [24,25], bulky ligands [26] and metal nanoparticles [27,28].
Additionally, a few reaction solvent options, including alcohols [29,30], water [31-33], and
ionic liquid [34,35] were also studied to ensure that successful recovery occurred. Similarly,
several recoverable Suzuki-Miyaura catalysts, including the use of Pd complexes supported
by agar [36], polymer [37], aminophosphine supported on Al,O3 [38], perovskite-based [39],
and magnetically recoverable ones [40,41] were used.

In this work, the fluorous long-chained palladium catalysts, [PACl,[4,4’-bis-(n-CF;
(CF2)10CH,0OCH,)-2,2’-bpy] (2a—c) had been synthesized and been applied to catalyze the
Stille and Suzuki-Miyaura reaction of aryl halides with their respective reagents. Recently
in Lu’s group, both linear and branched fluorous chains are used to diversify and enrich
the fluorous ligand selection pool, when designing the recoverable fluorous catalysis and
keeping the enough amount of fluorine content in the complex necessary for this kind of
recoverable catalysis. To the best of our knowledge, this is the first example of the appli-
cation of fluorous long-chained Pd complexes as effective, recoverable catalysts for Stille
and Suzuki-Miyaura reactions under thermomorphic condition for many times of re-usage.
The thermomorphic property of few fluorous long-chained palladium complexes was
previously demonstrated in DMF solvent in Lu’s group and published elsewhere [42,43].
In this study, we have a more complete thermomorphic survey of a series of the chain
length of Pd complexes and a related fluorous compound (see Figure 1 below). This type
of fluorous long-chained palladium complexes 2a—c features on homogeneously catalyzing
at high temperature in common polar organic solvent and turning to the heterogeneous
precipitation at lower temperature. Taking their good catalytic ability and good thermal
stability into consideration, these catalysts could be regarded as a very good alternative to
homogeneous complexes in sustainable catalysis.

2. Results and Discussion
2.1. Catalyst Synthesis

The preparation of fluorous long-chained ligands bis-4,4’-(n-R{CH,OCH,)-2,2"-bpy
(la—e), where Rf = n—C11F23 (a), n—C10F21 (b), I‘l-CgFlg (C), n—C8F17 (d) and n—C7F15 (e),
respectively, followed a literature procedure [44—46]. The reaction of fluorinated long-
chained bipyridine (bpy) ligands, 1a—d, with [PdCl(CH3CN);] in CH,Cly, as shown in
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Scheme 1, resulted in the synthesis of Pd complex [PdCl,[4,4’-bis-(RgCH,OCHy)-2,2"-bpy]
(2a—d) as pale yellow solid already published elsewhere [47,48].
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Figure 1. Solubility of Pd complexes 2a—-d and ligand 1e in dimethylformamide (DMF) as a function
of temperature.
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Scheme 1. Synthesis of the fluorous long-chained Pd complexes.

2.2. Thermomorphic Property Study

The solubility of Pd complexes 2a—c in DMF as a function of temperature was shown on
the previously published work from Lu’s group [42,43]. As reported here, the solubility was
measured by the variable temperature nuclear magnetic resonance (NMR) spectrometer,
where the temperatures were varied from —40 to 80 °C (see Figure 1). In this study, we
recorded the solubility of Pd complex 2a-d and a bpy ligand, bis-4,4’-(n-C;F,5CH,OCHy)-
2,2'-bpy (1e), by adapting more temperature points when using a similar procedure (see
Supplementary Materials). It was shown that compounds 1e and 2a—d which showed their
solubilities increased dramatically with the increasing temperature. The complex 2d was
soluble in DMF at 20 °C, but complexes 2a—c were not soluble at —10 °C and below. The
Pd complexes 2a—c were then selected as good candidates for the subsequent catalytic
experiments to examine the temperature dependency of the recoverable reactions.

2.3. Recoverable Pd Complex-Catalyzed Stille Reaction of Aryl Halides

The fluorous long-chained Pd complex 2a was then examined for the following Stille
reactions where Pd-catalyzed the coupling reaction of vinyl tributyltin (3) with aryl iodides
(4-7) or aryl bromides (8-11).

2.3.1. Aryl Iodides

As shown in Scheme 2, the Pd-catalyzed Stille arylation of vinyl tributyltin (3) with
aryl iodides was selected to demonstrate the feasibility of recycling usage with 2a as the
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catalyst using NMP (N-methyl-2-pyrrolidone) as the solvent under thermomorphic mode,
at ca 120 °C for 1-8 h varying in each run for different substituents. At the end of each
cycle, the product mixtures were cooled to below —10 °C and centrifuged, and the catalyst
was recovered by decantation. The recovered 2a was added with NMP and substrates
to proceed to the next cycle. The products were quantified with GC/MS analysis by
comparison to internal standard (anisole). As one example shown in Table 1, 2a-catalyzed
Stille reaction of CgHsI (4) with vinyl tributyltin (3) could give rise to the good recycling
results for a total of 8 times. To our knowledge, this is the first example of recoverable
fluorous Pd-catalyzed Stille reaction under a thermomorphic mode with such a high yield
and recyclability.

cat. 2a ;
+ |OR e /_O*R TN
R S e 20ec /. g
= 3 4567 4a 5a, 6a, 7a
R=H (4), CN (5), NO, (6), CH; (7)
Scheme 2. The Pd catalyst (2a)-catalyzed Stille reaction of aryl iodides (4-7) with vinyl tributyltin (3)
under the thermomorphic condition.

Table 1. Recycling results of 2a-catalyzed Stille reaction of iodobenzene (4) and vinyl tributyltin (3)
under the thermomorphic mode.

Cycle No. Time (h) Temp (°C) Yield (%) 2 TON ¢
1 3 120 100 (99) b 20
2 3 120 100 (91) 20
3 3 120 100 (95) 20
4 3 120 100 20
5 4 130 100 20
6 4 130 100 20
7 6 130 100 20
8 6 130 100 20

Reaction conditions: Temp (T) = 120-130 °C, cat. 2a (5 mol%), 4 (204 mg, 1 mmol), 3 (333 mg, 1.05 mmol), solvent:
5mL. 2: measured by GC/MS (see Supplementary Materials); P: isolated yield in parenthesis; °: turnover number.

With electron-withdrawing groups (EWGs) CN and NO; substituents on iodobenzene,
the 2a-catalyzed Stille reactions also gave rise to respective 5a and 6a with the excellent
yield and recyclability under the thermomorphic mode (see Tables 2 and 3).

Table 2. Recycling results of 2a-catalyzed Stille reaction of 4-cyanoiodobenzene (5) and vinyl trib-
utyltin (3) under the thermomorphic mode.

Cycle No. Time (h) Temp (°C) Yield (%) 2 TON
1 1 120 100 (98) b 100
2 1 120 100 100
3 1 120 100 (95) 100
4 1 120 100 100
5 1 120 100 (99) 100
6 1 120 100 100
7 1 120 99 99
8 1 120 98 98

Reaction conditions: T = 120 °C, cat. 2a (1 mol%), 5 (229 mg, 1 mmol), 3 (320.3 mg, 1.01 mmol), solvent: 5 mL
2: measured by GC/MS; b. isolated yield in parenthesis.
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Table 3. Recycling results of 2a-catalyzed Stille reaction of 4-nitroiodobenzene (6) and vinyl tributyltin
(3) under the thermomorphic mode.

Cycle No. Time (h) Temp (°C) Yield (%) 2 TON
1 1 120 100 (98) 100
2 1 120 100 (95) 100
3 1 120 100 (97) 100
4 1 120 100 100
5 1 120 100 100
6 1 120 100 100
7 1 120 99 99
8 1 120 97 97

Reaction conditions: T = 120 °C, cat. 2a (1 mol%), 6 (249 mg, 1 mmol), 3 (320.3 mg, 1.01 mmol), solvent: 5 mL :
measured by GC/MS; P: isolated yield in parenthesis.

Similar to the recycling observed in the reaction of parent aryl compound (4), here
complex 2a could be easily recovered and reused in the Pd-catalyzed Stille arylation of vinyl
tributyltin under the thermomorphic mode. The aryl compounds with EWGs exhibited a
greater rate (only 1 h as shown in Tables 2 and 3) than the parent aryl compound, which
needed 3-6 h to complete the reaction.

When an electron-releasing group (ERG) CHj substituted on iodobenzene (7) was
used as a substrate in 2a-catalyzed Stille reaction, the electron-releasing Me group slowed
down the reactions (Table 4), although 8 mol% of catalytic loading was used. Nonetheless,
the recyclability could be demonstrated, only with both a longer time and at higher
temperature. The yields were 100% throughout, but the temperature was 130 °C for the
first five cycles in 8 h and raised to 140 °C time to 9 h in the sixth cycle; it then continued to
rise to 150 °C in the seventh and eighth cycles in 10 and 15 h, respectively.

Table 4. Recycling results of 2a-catalyzed Stille reaction of 4-iodotoluene (7) and vinyl tributyltin (3)
under thermomorphic mode.

Cycle No. Time (h) Temp (°C) Yield (%) 2 TON
1 8 130 100 (98) b 12.5
2 8 130 100 (95) 12.5
3 8 130 100 (99) 12,5
4 8 130 100 12.5
5 8 130 100 12.5
6 9 140 100 12.5
7 10 150 100 12.5
8 15 150 100 12.5

Reaction conditions: T = 130-150 °C, cat. 2a (8 mol%), 7 (218 mg, 1 mmol), 3 (323.4 mg, 1.02 mmol), solvent: 5 mL
2: measured by GC/MS; ?: isolated yield in parenthesis.

Sajiki and his co-workers [49] have reported palladium on charcoal-catalyzed ligand-
free Stille coupling aryl iodides as shown on Scheme 2. They have used 5 mol% of catalytic
loading for 4-cyanoiodobenzne to obtain a yield of 88% in 24 h at an elevated temperature
with turnover number (TON) and turnover frequency (TOF) values of 17.6 and 0.73 h~!,
respectively. For same catalytic loading and duration of time, they have obtained 63%
yield at 50 °C by using 4-nitroiodobenzene with TON and TOF values of 12.6 and 0.52 h~1,
respectively. However, for a similar reaction only 1 mol% of catalytic loading was needed
for our catalyst 2a to have a 100% yield at 120 °C in 1 h with TON and TOF values of 100
and 100, respectively. Thus, the activity of catalyst 2a reported here is robust with better
recovery of 8 cycles.

Thus, the iodobenzene bearing an electron-withdrawing group (CN and NO;) smoothly
underwent the cross-coupling reaction compared to the non-substituted (R = H) case or the
case bearing an electron-releasing group (R = CH3) to give the desired vinyl derivatives in
excellent yields.
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2.3.2. Aryl Bromides

The Pd complex 2a was also found to be effective in the Pd-catalyzed Stille vinylation
of less reactive aryl bromide under thermomorphic mode, as shown in Scheme 3. Table 5
shows the results of Stille reaction of the unsubstituted aryl bromides (8) with vinyl
tributyltin (3) using NMP as a solvent.

cat. 2¢

+ Br R—————>» R + g

C NMP, 120°C /4 C O N=
Br

8,9,10 8a, 9a, 10a

R=H (8), CN (9), NO, (10)

Scheme 3. The Pd catalyst (2a)-catalyzed Stille reaction of aryl bromides (8-10) with vinyl tributyltin (3) under the

thermomorphic condition.

Table 5. Recycling result of 2a-catalyzed Stille reaction of bromobenzene (8) and vinyl tributyltin (3)
under the thermomorphic mode.

Cycle No. Time (h) Temp (°C) Yield (%) 2 TON
1 12 140 100 10
2 12 140 100 (99) b 10
3 12 140 100 10
4 14 150 100 10
5 14 150 100 10
6 20 150 100 (97) 10
7 24 150 95 9.5
8 30 150 86 8.6

Reaction conditions: T = 140-150 °C, cat. 2a (10 mol%), 8 (157 mg, 1 mmol), 3 (475.6 mg, 1.5 mmol), solvent: 5 mL
2: measured by GC/MS; ?: isolated yield in parenthesis.

Tables 6 and 7 show the good results of reactivities and recycling of 2a-catalyzed Stille
reaction of the EWGs CN and NO,-containing aryl bromides (9 and 10, respectively) with
vinyl tributyltin (3) using NMP as a solvent. The same reaction had been performed by
using an aryl bromide containing the ERG CHj in the same conditions expressed above.
Although the reaction proceeded forming the products, it took a very long time to finish
the reaction. Thus, those data have not been presented here.

Table 6. Recycling results of 2a-catalyzed Stille reaction of 4-cyanobromobenzene (9) and vinyl
tributyltin (3) under the thermomorphic mode.

Cycle No. Time (h) Temp (°C) Yield (%) 2 TON
1 4 140 100 10
2 5 140 100 (98) P 10
3 5 140 100 10
4 6 140 100 (98) 10
5 6 140 100 10
6 7 140 100 (97) 10
7 10 140 100 10
8 18 140 100 10

Reaction conditions: T = 140 °C, cat. 2a (10 mol%), 9 (182 mg, 1 mmol), 3 (475.6 mg, 1.5 mmol), solvent: 5 mL
2: measured by GC/MS; : isolated yield in parenthesis.
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Table 7. Recycling results of 2a-catalyzed Stille reaction of 4-nitrobromobenzene (10) and vinyl
tributyltin (3) under the thermomorphic mode.

Cycle No. Time (h) Temp (°C) Yield (%) 2 TON
1 4 120 100 10
2 4 120 100 10
3 4 120 100 (98) ® 10
4 4 120 100 10
5 4 120 100 (98) 10
6 5 150 100 10
7 15 150 100 10
8 20 150 100 10

Reaction conditions: T = 120-150 °C, cat. 2a (10 mol%), 10 (202 mg, 1 mmol), 3 (475.6 mg, 1.5 mmol), solvent:
5 mL ?: measured by GC/MS; ?: isolated yield in parenthesis.

Lerebours and Wolf [50] have reported that they have used 6 mol% of Pd-catalyst
at 140 °C for 24 h to catalyze a similar kind of Stille reaction (Scheme 3) which uses
bromobenzene as a substrate. As a result, they have obtained a product in 95-96% yield
with a TOF = 0.67 h™1, after the first two cycles of reactions, but it was found that the
catalytic performance of the recovered Pd catalyst slightly diminished after each step to
the 4th cycle. However, at similar temperature we have obtained a better yield in 12 h (for
the first two cycles) by using unsubstituted aryl bromide substrate with a TOF = 0.83 h~1.
Thus, a catalytic efficiency of 2a was proved to be better comparatively. Additionally, for
the EWG substituted aryl bromides, only 6 h was required to reach a yield of 100% in the
first 5 cycles, even at a slightly reduced temperature (120 °C; see Table 7). Additionally,
catalyst 2a can be recovered and reused for up to 8 cycles by keeping their activity used for
all kinds of substrates.

2.3.3. Purification of Crude Product Mixture from Pd-Catalyzed Stille Reaction

At the end of the reaction, a two-step procedure was followed to obtain a pure product.
On the first step, the crude reaction mixture obtained was added to an aqueous solution of
potassium fluoride (KF) according to a reported literature procedure using an alcoholic KF
solution [51]. The KF solution was allowed to react with the tin by-product in the mixture,
so that the tin by-product precipitates into a white powder of polymeric BuzSnF [2] and is
removed by filtration. This was repeated until no residue was observed in the flask. Finally,
water and CH,Cl, were used for extraction in the second step, so that the solvent (NMP)
would be trapped into the water layer with the KI after several extractions to achieve the
pure product in the CH,Cl, layer (Scheme 4). Therefore, the recoverability of Pd catalyst
and easy isolation of product demonstrated that 2a-catalyzed Stille reactions of aryl halides
are good examples of sustainable catalysis.

Bu;SnF NMP and KI in
precipitates out aqueous layer
Step 1 Step 2
Product KF (aq) Product
NMP NMP Product in CH,Cl, layer
Bu;Snl KI
Adding (CH,Cl,/ Water)

Step 1

g — : + Kl(aq)
S N + KF (aq) TR~

| F

Scheme 4. Schematic drawing of the purification process of the Stille reaction product mixture.
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X=H (11), Ph (12);

2.4. Recoverable Pd Complex-Catalyzed Suzuki-Miyaura Reaction of Aryl Halides
2.4.1. Aryl Iododes

We also evaluated complex 2a in Suzuki-Miyaura reaction of aryl iodides (13-15) with
phenyl boronic acid derivatives (11, 12) as indicated in Scheme 5. The results showed that
2a could effectively catalyze the Suzuki-Miyaura reactions as shown in Table 8. The catalyst
could be recycled and reused several times. The electron withdrawing phenyl substituent
on the 4-biphenylboronic acid (12) was seen to speed up the reaction (see entries 1-3 in
Table 8). It is known that the electron-withdrawing CN substituent on aryl iodide (14)
could speed up Suzuki-Miyaura reactions. Thus, the entries 1-6 in Table 8 were tested
first for 2a-catalyzed Suzuki-Miyaura reaction of 4-cyanoiodobenzene (when Y = CN) (14).
After the 1st run, the recovered catalyst was subjected to the normal washing steps and
then reused for the next runs. For two sets (entries 1-3 and entries 4-6) of three runs, the
reactions were all completed with high yields within 4 h at 135 and 140 °C for 4-biphenyl
boronic acid (12) and phenyl boronic acid (11), respectively.

K2C03, cat. 2a
O X Q O Y + B(OH),I

DMF, 135-140 0C

Y=CN (13), H (14), OCH,(15) 12a (X=Ph, Y=CN)
13a (X=H, Y=CN)
13b (X=H, Y=H)
13¢ (X=H, Y=0OCH,)

Scheme 5. The Pd catalyst (2a)-catalyzed Suzuki-Miyaura reaction of two phenyl boronic acid derivatives with three
iodobenzene derivatives under the thermomorphic condition.

Table 8. Recycling results of 2a-catalyzed Suzuki-Miyaura reaction of two phenyl boronic acid
derivatives, 4-X-C¢H4-B(OH), [X = H (11) or Ph (12)], with three iodobenzene derivatives, 4-Y-C¢Hy-
I, [Y = CN (13), H (14) or OCH3(15)] under the thermomorphic condition.

Entry Cycle Reactant A Reactant B Temp (°C)  Yield(%)? TON
X=) (Y=)

1 1st Ph CN 135 100 333
2 2nd Ph CN 135 100 33.3
3 3rd Ph CN 135 100 33.3
4 1st H CN 140 95 31.7
5 2nd H CN 140 92 30.7
6 3rd H CN 140 85 28.3
7 1st H H 140 80 26.7
8 2nd H H 140 75 25
9 1st H OCHj3 140 70 233
10 2nd H OCHj3 140 60 20

Reaction conditions: Time = 4 h (for all entries), T = 135 or 140 °C, cat. 2a (3 mol%), 11 or 12 (0.2 mmol), 13, 14 or
15 (0.3 mmol), solvent: 5 mL. ?: measured by GC/MS.

For entries 7 and 8 of Table 8, iodobenzene (when Y = H) (14) with phenyl boronic
acid (11) were used as the substrates for the 2a-catalyzed Suzuki-Miyaura reaction. The
results demonstrated that complex 2a, was a good recoverable catalyst for the two runs
with the respective yields of 80% and 75% under the conditions outlined in Scheme 5. For
entries 9 and 10, these two results also showed that 2a-catalyzed Suzuki-Miyaura reactions
were efficient and recyclable. Although these two Suzuki-Miyaura reactions using the less
reactive 4-methoxyiodobenzene (when Y = OCH3) (15) were found to be slower with the
reduced yields of 70% and 60% within 4 h for entries 9 and 10, respectively. Thus, the
results in Table 8 have clearly demonstrated that the fluorous long-chained Pd complex
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OH

(2a) is an excellent thermomorphic catalyst for C—C forming Suzuki-Miyaura reactions of
aryl iodides.

2.4.2. Aryl Bromides

The catalytic recovery of fluorous long-chained Pd complexes 2a—c were then examined
for the following Suzuki-Miyaura reaction experiment to catalyze the coupling of phenyl
boronic acid (11) with 4-cyanobromobenzene (16) under the thermomorphic condition.

The Pd-catalyzed Suzuki-Miyaura reactions of phenyl boronic acid (11) with 4-cyanobr
omobenzene (12) (see Scheme 6) were successfully carried out under the thermomorphic
condition at a 3 mol% of catalytic loading. It was shown that, at an elevated temperature a
higher yield was obtained within 8 h. The catalytic recovery has was proven to be robust
for 8, 8 and 9 consecutive cycles for 2a, 2b and 2c¢, respectively. Their good results are
shown in Tables 9-11, respectively.

base (e.g. K,CO3), cat 2a-¢

OH
v DMF, 150 °C

16

Scheme 6. The Pd catalyst (2a—c)-catalyzed Suzuki-Miyaura reaction of phenyl boronic acid (11) with 4-cyanobromobenzene

(12) under the thermomorphic condition.

Table 9. Recycling results of 2a-catalyzed Suzuki-Miyaura reaction of aryl boronic acid (11) with
4-cyanobromobenzene (16) under the thermomorphic mode.

Cycle No. Time (h) Temp (°C) Yield (%) @ TON
1 8 150 99 33
2 8 150 99 33
3 8 150 99 (98) b 33
4 8 150 92 30.7
5 8 150 81 27
6 8 150 78 (77) 26
7 8 150 73 243
8 8 150 78 26

Reaction conditions: T = 150 °C, cat. 2a (3 mol%), 11 (202 mg, 1 mmol), 16 (475.6 mg, 1.5 mmol), solvent: 5 mL.
2: measured by GC/MS. ®: isolated yield in parenthesis.

Table 10. Recycling results of 2b-catalyzed Suzuki-Miyaura reaction of aryl boronic acid (11) with
4-cyanobromobenzene (16) under the thermomorphic mode.

Cycle No. Time (h) Temp (°C) Yield (%) 2 TON
1 8 150 99 33
2 8 150 97 323
3 8 150 99 (97) b 33
4 8 150 99 33
5 8 150 99 33
6 8 150 99 33
7 8 150 99 33
8 8 150 92 30.7

Reaction conditions: T = 150 °C, cat. 2b (3 mol%), 11 (202 mg, 1 mmol), 16 (475.6 mg, 1.5 mmol), solvent: 5 mL.
2: measured by GC/MS. P: isolated yield in parenthesis.
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Table 11. Recycling results of 2¢c-catalyzed Suzuki-Miyaura reaction of aryl boronic acid (11) with
4-cyanobromobenzene (16) under the thermomorphic mode.

Cycle No. Time (h) Temp (°C) Yield (%) 2 TON
1 8 150 99 33
2 8 150 98 32.7
3 8 150 99 (98) b 33
4 8 150 99 33
5 8 150 98 32.7
6 8 150 99 33
7 8 150 99 33
8 8 150 92 (89) 30.7
9 8 150 83 27.7

Reaction conditions: T = 150 °C, cat. 2¢ (3 mol%), 11 (40 mg, 0.2 mmol), 16 (36.6 mg, 1.5 mmol), solvent: 5 mL.
2: measured by GC/MS. P: isolated yield in parenthesis.

Note: after 8 cycles, the recovered Pd catalyst (2b) was checked by the 'F NMR
method. The results show that the F NMR spectrum of catalyst 2b are exactly the same
before and after (8 cycles) reactions (see Figure S1 in Supplementary Materials).

2.5. Detection of Metal Recovery by ICP-MS

The amount of Pd leaching of catalyst (2a) in the product solution of Stille reaction
after centrifugation from the two randomly selected specific runs from each table were
determined by inductively coupled plasma mass spectrometry (ICP-MS). The results
indicate that less than 1% of the Pd was leached out to the solution from the catalyst as
shown in Tables 12 and 13. Most of the recovery studies in Stille reaction reported so far
have not included ICP-MS data in their works.

Table 12. Pd leaching (%) after 2a-catalyzed Stille coupling of aryl iodides from inductively coupled
plasma mass spectrometry (ICP-MS).

Table No.-Cycle Pd Detected from Wt of the Catalyst Pd Leaching (%) Pd Recovery (%)

No. ICP-MS (In ppm) ? Used (mg)

1-1 2.932 80 0.11 99.89
1-8 5.953 80 0.21 99.79
2-1 4.109 16 0.72 99.28
2-5 1.372 16 0.27 99.73
3-2 0.37 16 0.06 99.94
3-6 0.393 16 0.08 99.92
4-3 2.673 128 0.07 99.93
4-7 21.86 128 0.46 99.54

2: Pd (in ppm) detected from ICP-MS analysis.

Table 13. Pd leaching (%) after 2a-catalyzed Stille coupling of aryl bromides from ICP-MS.

Table No.-Cycle Pd Detected from Wt of the Catalyst Pd Leaching Pd Recovery

No. ICP-MS (In ppm) ? Used (mg) (%) (%)

5-1 2.514 160 0.05 99.95
5-3 4.398 160 0.08 99.92
6-2 34.89 160 1.18 98.82
64 15.08 160 0.63 99.37
7-5 0.62 160 0.03 99.97
7-8 21.76 160 0.76 99.24

2: Pd (in ppm) detected from ICP-MS analysis.

Similarly, a Pd leaching study was done for two randomly selected specific runs from
each table of Suzuki-Miyaura reactions (see Table 14). From these tables, we can find that
the recovery rate of the fluorous long-chained palladium, catalysts 2a—c can reach up to
99%, under the thermomorphic system. Almost all the metal catalysts could be recycled for
the next reaction and get reused. The negligible Pd loss during the 8 cycles did not seem to
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affect the catalytic activity much, which proves that metal catalysts 2a—c can achieve the
goals of sustainable catalysis.

Table 14. Pd leaching (%) after 2a—c-catalyzed Suzuki-Miyaura coupling of aryl bromides from ICP-MS.

Table No.-Cycle Pd Detected from Wt of the Catalyst RPN Pd Recovery

No. ICP-MS (In ppm) 2 Used (mg) Pd Leaching (%) (%)

8-1 5.12 47 0.40 99.6
8-3 7.69 47 0.60 99.4
9-1 4.08 44 0.31 99.69
9-5 12.32 44 0.99 99.01
10-3 3.33 41 0.26 99.74
10-5 13.03 41 1.06 98.94

2: Pd (in ppm) detected from ICP-MS analysis.

3. Experimental
3.1. General Procedures

Gas chromatographic/mass spectrometric data were obtained using an Agilent 6890 Se-
ries gas chromatograph (Taipei, Taiwan) with a series 5973 mass selective detector. Reactions
were monitored with a HP 6890 GC using a 30 m 0.250 mm HP-1 capillary column with a
0.25 mm stationary phase film thickness. The flow rate was 1 mL/min and split-less. Fourier
transform infrared (FT-IR) spectra were obtained on a PerkinElmer RX I FI-IR spectrometer
(Taipei, Taiwan). NMR spectra were recorded on Bruker AM 500 and 300 spectrometers
(Taipei, Taiwan) using 5 mm o.d. sample tubes.

3.2. Starting Materials

The chemicals, reagents and solvents employed were commercially available and used
as received. RfCH,;OH where R = n-Cq1Fp3 (a), n-CqoF31 (b), n-CyF9 (¢) and n-CgFq7 (d),
and CgyFi5 (e) were purchased from either Aldrich or SynQuest (Taipei, Taiwan).

3.3. Preparation of Palladium Complexes

The fluorous bipyridyl ligandes were prepared using the literature method [42].
The reaction of [PdCl,(CH3CN),] with fluorinated bipyridine derivatives, bis-4,4'-(n-
R¢{CH,0OCH,)-2,2"-bpy (1a—d), resulted in the synthesis of [PdCl,[4,4"-bis-(n-CF3(CF,)10CH;
OCH,)-2,2"-bpy] (2a-d) as pale yellow solids, where R¢ = n-Cy1Fp3 (a), n-C1oF21 (b), n-CoFyg
(c) and n-CgFyy (d), respectively [44—48,52-57]. The reaction was stirred in CH,Cl, under
nitrogen for 6 h, and the complexes 2a-d would then precipitate from the reaction mixture.
The precipitate was collected after removing the solvent by using vacuum pump and finally
washed with methanol to remove the excess metal. The yield was about 85%.

3.4. Analytical Data for the Ligands and Pd Metal Complexes

Analytical data of ligand 1e (as a representative example; for others, see refs [44—48]).
Yield: 90%. m.p.: 93-96 °C. FT-IR (cm™1): v (bpy, m) 1602, 1561; v (CF; stretch, s) 1242,
1208, 1147. 'H-NMR (500 MHz, DMSO-dg, rt): § (ppm) 8.67 (d, ] = 5.0 Hz, 2H, He), 8.34
(s, 2H, H3), 7.34 (d, ] = 5.0 Hz, 2H, H5), 4.77 (s, 4H, bpy-CH,), 4.04 (t, ] = 14.6 Hz, 4H,
-CH,CF,-); ¥C-NMR (113 MHz, CDCl3, 350 K): & (ppm) 155.9, 149.5, 146.8, 121.8, 119.1
(10C, bpy), 118-108 (-C;Fis5), 72.9 (bpy-CH,0-), 67.6 (-CH,CF,-); F-NMR (470 MHz,
CDCl3, 350 K): 5 (ppm) —80.8 (t, ] = 9.7 Hz, 6F, -CF,CF3), —119.3 (t, ] = 8.6 Hz, 4F, -CH,CF,),
—122.0 (8F), —122.7 (4F), —123.2 (4F), —126.1 (4F). GC/MS: 582 (M*-OCH,C7F;5), 183
(M*-2 (OCH,C7F5)), 91 (C¢Hs5N™).

For Analytical data of complexes 2a—d, see the literature methods in [42—-44].

3.5. Procedures in Catalytic Stille Reaction and Recovery

In a typical run, an aryl iodide (1 mmol) and vinyl tributyltin (1.02 mmol) were
charged into a 10 mL reaction tube containing a magnetic stirrer bar, then the Pd catalyst
(1 mol%) and followed by NMP solvent (5 mL). Then the reaction mixture was set to
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react at 120 °C for the given period of time before GC/MS analysis was done to confirm
the completion of the reaction. Once the catalytic recovery was done, the pure product
was isolated by using CH,Cl, /H;O extraction and the CH,Cl, layer was pumped under
reduced pressure to obtain the pure product. The product was finally analyzed by using
'H-NMR spectroscopy.

The Pd-catalyzed Stille reactions of all the aryl halide substrates with 3 were carried
out under the thermomorphic condition that effectively confirmed the practicability of
reutilizing the catalyst in NMP solvent. For every round, the catalytic reaction was per-
formed at 120-150 °C under N, gas. At the end of each run, the product mixtures were put
into a freezer (—10 °C) for about five minutes and then centrifuged to separate the catalyst
and reaction mixture. After the catalyst was recovered by decantation and washed three
times by the same solvent, it was again supplied with the same amounts of NMP solvent,
aryl halide and vinyl tributyltin to continue to the next round. The products were tracked
with GC/MS (see Section 3 in Supplementary Materials) and 'H NMR, using anisole as an
internal standard until the completion of the reaction was confirmed.

3.6. Procedures in Catalytic Suzuki-Miyaura Reaction and Recovery

In a typical run, 4-cyanoiodobenzene (0.3 mmol) and phenylboronic acid (0.2 mmol)
were charged into 10 mL reaction tube containing a magnetic stirrer bar, then the Pd
catalyst (3 mol%) and followed by DMF solvent (5 mL). Then the reaction mixture was set
to react at 150 °C for 8 h before GC/MS analysis was done to confirm the completion of the
reaction. The Pd-catalyzed Suzuki-Miyaura reactions of boronic acid substrates with aryl
halides were carried out under the thermomorphic condition that effectively confirmed
the practicability of reutilizing the catalyst in a DMF solvent. Every round the catalytic
reaction was performed at 135, 140 or 150 °C under N, gas. At the end of each run, the
product mixtures were put into a freezer (—10 °C) for about 2 h and then centrifuged to
separate the catalyst and reaction mixture. After the catalyst was recovered by decantation
and washed three times, it was again supplied with the same amounts of DMF solvent and
the substrates to continue to the next round. The products were tracked with GC/MS (see
Section 3 in Supplementary Materials) and 'H NMR.

4. Conclusions

The recovery and recycling of catalysts in Pd-catalyzed Stille and Suzuki-Miyaura cou-
pling reactions employing the thermomorphic condition were successfully demonstrated.
The prepared Pd complexes 2a—c had very high fluorine contents and worked well in both
Stille and Suzuki-Miyaura reactions up to 8 cycles. The product yield was also higher in
most reaction runs; sometimes it even reached 100%. In the Stille reaction by using catalyst
2a, when aryl iodides were used as the substartes, good catalytic activities and recoverabil-
ity were observed for all the cases while the R group was unsubstituted, EWG or ERG. The
electronic effects from the R group could also be easily observed with R = EWG speeding up
the reaction and R = ERG slowing down the reaction. The metal leaching study for the Stille
reaction via the ICP-MS method showed that the Pd metal in the complex was effectively
recovered throughout the catalytic cycles with almost no loss in activity. Similarly, the
2a-catalyzed Suzuki-Miyaura reaction of iodobenzene derivatives with biphenyl boronic
acid derivatives took place with good catalytic activities and recoverability. Additionally, in
the extended work, the metal complexes 2a—c were also shown to be active in Pd-catalyzed
Suzuki-Miyaura reactions of 4-cyanobromobenzene with phenyl boronic acid. Previously,
we have reported that this type of fluorous long-chained Pd complexes have good catalytic
activity for Heck and Sonogashira reactions under the thermorphic mode. Therefore, we
can conclude that the catalysts 2a—c are effective in all major Pd-catalyzed C-C coupling
reactions for the sustainable research.

Supplementary Materials: The materials are available online. They include thermomorphic curve
studies, GC/MS data of products, and Figure S1. 19F NMR spectrum of the catalyst 2b.
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